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Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

is the causative agent of coronavirus disease 2019 (COVID-19), 

which started as an epidemic in China and culminated in a global 

pandemic. Typical COVID-19–related symptoms include fever, 

dry cough, breathing difficulties, and gastrointestinal (GI) symp-

toms (1). Although most infected adults develop a mild course 

of the disease, COVID-19 manifests as a severe interstitial 

pneumonia with hyperinflammation and many extrapulmonary 

complications in 20% of patients (2–4). Severe COVID-19 in 

adult patients is associated with overactivation of the immune 

system and increased release of proinflammatory cytokines, a 

process called “cytokine storm” (4). The percentage of pediatric 

cases diagnosed with SARS-CoV-2 infection has risen steadily 

since mid-April, 2020, from just 2% to 11% of all US COVID-19 

cases (5). Children are less likely to suffer from life-threaten-

ing COVID-19 disease, and account for just 3.5% of current 

COVID-19 hospitalization in the United States (5). Although 

rare, children can develop severe disease caused by SARS-CoV-2 

infection, presenting with high fever and acute respiratory dis-

ease. In addition, beginning in March and April 2020, there have 

also been reports of children admitted to hospital with a multi-

system hyperinflammatory syndrome, presenting with fever, 

severe abdominal pain, diarrhea, myocardial dysfunction, and 

cardiogenic shock and rash, reminiscent of Kawasaki disease 

(KD) (6–11). The first reports of this new syndrome, now called 

multisystem inflammatory syndrome in children (MIS-C), were 

from the United Kingdom, and they later emerged from across 

Europe and the eastern part of North America (6–11). Recently, 

a similar disease in adults (MIS-A) has also been identified (12). 

Both MIS-C and MIS-A usually require intensive care; howev-

er, these two entities are not associated with severe respiratory 

symptoms (6–12). It is interesting to note that approximately 

one-third or fewer of MIS-C patients tested positive for SARS-

CoV-2, but the majority had serologic evidence of infection or a 

history of exposure to COVID-19 (6–11). MIS-C may therefore 

be triggered by an extrapulmonary SARS-CoV-2 infection or be 

caused by a delayed, postinfectious inflammatory response.

Multisystem inflammatory syndrome in children (MIS-C), a hyperinflammatory syndrome associated with SARS-CoV-2 

infection, shares clinical features with toxic shock syndrome, which is triggered by bacterial superantigens. Superantigen 

specificity for different Vβ chains results in Vβ skewing, whereby T cells with specific Vβ chains and diverse antigen specificity 

are overrepresented in the T cell receptor (TCR) repertoire. Here, we characterized the TCR repertoire of MIS-C patients and 

found a profound expansion of TCRβ variable gene 11-2 (TRBV11-2), with up to 24% of clonal T cell space occupied by TRBV11-

2 T cells, which correlated with MIS-C severity and serum cytokine levels. Analysis of TRBJ gene usage and complementarity-

determining region 3 (CDR3) length distribution of MIS-C expanded TRBV11-2 clones revealed extensive junctional 

diversity. Patients with TRBV11-2 expansion shared HLA class I alleles A02, B35, and C04, indicating what we believe is a 

novel mechanism for CDR3-independent T cell expansion. In silico modeling indicated that polyacidic residues in the Vβ 

chain encoded by TRBV11-2 (Vβ21.3) strongly interact with the superantigen-like motif of SARS-CoV-2 spike glycoprotein, 

suggesting that unprocessed SARS-CoV-2 spike may directly mediate TRBV11-2 expansion. Overall, our data indicate that a 

CDR3-independent interaction between SARS-CoV-2 spike and TCR leads to T cell expansion and possibly activation, which 

may account for the clinical presentation of MIS-C.
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of MIS-C and control patients demonstrated that patients with 

TRBV11-2 expansion shared 3 HLA class I (HLA-I) alleles, suggest-

ing what we believe is a novel T cell activation mechanism in MIS-C.

Results

The TCR repertoires of mild MIS-C patients are richer and more diverse 

than those of severe MIS-C patients

To determine if MIS-C is associated with TCR repertoire skew-

ing, we collected blood samples from mild MIS-C (n = 4), severe 

MIS-C (n = 16), and age-matched febrile control patients (n = 15). 

Patient demographics are presented in Table 1. MIS-C diagnosis 

was performed according to the US Centers for Disease Control 

guidelines. TCR-sequencing analysis was performed on extracted 

RNA. Global T cell metrics showed no differences in basic rep-

ertoire metrics when comparing MIS-C patients (mild or severe) 

with febrile controls. However, we observed that 2 mild MIS-C 

patients were characterized by a generally richer TCR repertoire 

than severe MIS-C patients or febrile controls (Supplemental Fig-

ure 1, A–D; supplemental material available online with this arti-

cle; https://doi.org/10.1172/JCI146614DS1). These findings were 

consistent with adult COVID-19, in which mild cases present with 

higher TCR richness than age-matched controls, indicating diver-

sification of the repertoire in an antigen-dependent manner (19).

Skewing of TRBV genes in MIS-C. We next performed principal 

component analysis (PCA) of TCR V and J gene usage to deter-

mine their global distributions between cohorts. PCA of the TRBV 

gene repertoires revealed that MIS-C patients clustered apart 

from febrile controls, whereas the usages of TRAV, TRGV, and 

TRDV genes did not show any skewing (Figure 1A). PCA of TRBJ 

gene usage revealed no differences between febrile controls and 

MIS-C patients or among the severity groups (Supplemental Fig-

ure 2), indicating that a selective pressure was exclusively exerted 

on the V gene distribution.

Severe MIS-C TCR repertories are characterized by a profound 

expansion of TRBV11-2. Since MIS-C patients exhibit strong 

TRBV skewing, we next performed differential gene usage anal-

ysis between mild MIS-C, severe MIS-C, and febrile controls. 

Several TRBV genes were overrepresented in the overall MIS-C 

patient group. Specifically, TRBV11-2, TRBV24-1, and TRBV11-

3 were expanded in MIS-C patients relative to febrile control 

patients, such that up to 24% of the clonal T cell space was taken 

up by clones using TRBV11-2 (Figure 1B). Further comparisons 

between subgroups showed that this enrichment was restricted to 

individuals with severe disease. In contrast, TRBV-28 was exclu-

sively enriched in mild MIS-C patients. We previously found that 

TRBV24-1 was overrepresented in a cohort of adult COVID-19 

patients with severe, hyperinflammatory courses compared with 

patients with mild COVID-19 (18). Figure 2A shows the distribu-

tion of TRBV11-2, TRBV24-1, and TRBV11-3 genes on an individ-

ual repertoire level. This analysis shows that expansion of the 

TRBV11-2 compartment predominantly occurs in individuals 

with severe disease. Furthermore, analysis of serum cytokines 

from matching samples (18 of 20 MIS-C patients) demonstrat-

ed significant correlation between TRBV11-2 usage and TNF-α, 

IFN-γ, IL-6, and IL-10 levels (Figure 2B), indicating that TRBV11-

2 expansion is associated with the cytokine storm.

Clinical and laboratory features of MIS-C are remarkably 

similar to those of toxic shock syndrome (TSS), including severe 

GI symptoms, neurological symptoms, myocardial involvement, 

lymphopenia, elevated levels of C-reactive protein, ferritin, and 

D-dimers, and increased expression of proinflammatory cyto-

kines (6–8, 13–15). TSS is driven by bacterial superantigens (SAgs) 

such as staphylococcal enterotoxin B (SEB). SAgs are highly potent 

T cell activators able to engage both T cell receptors (TCRs) and 

MHC class II molecules (16). Typically, bacterial SAgs activate 

T cells by binding to specific β chains of TCRs at their variable 

domain in a complementarity-determining region 3–independent 

(CDR3-independent) manner. As such, SAgs can bypass the TCR 

antigen specificity and induce T cell activation and proliferation 

along with a cytokine storm that results in toxic shock (16, 17). SAg 

binding specificity for different TCR Vβ chains results in Vβ skew-

ing, whereby T cells with specific Vβ chains and diverse antigen 

specificity are overrepresented in the TCR repertoire of patients 

upon exposure to SAgs.

Using structure-based computational models, we recent-

ly demonstrated that the SARS-CoV-2 spike glycoprotein has a 

unique insert that displays a SAg-like sequence motif that exhibits 

a high affinity for binding TCRs (18). Furthermore, we found that 

this SAg-like motif has high sequence and structural similarity to 

a motif in SEB (18). We further reported TCR Vβ skewing in adult 

COVID-19 patients with severe hyperinflammation, consistent 

with a SAg immune response (18).

Since MIS-C clinical features are quite similar to those of TSS, 

here we analyzed the TCR repertoire of MIS-C patients to deter-

mine if MIS-C is associated with Vβ skewing and junctional diver-

sity as well as signs of SAg activation. Immunosequencing of the 

peripheral blood samples of MIS-C patients revealed a profound 

expansion of TCRβ variable gene 11-2 (TRBV11-2), which correlat-

ed with MIS-C severity and serum cytokine levels, consistent with 

SAg-triggered immune responses. Furthermore, HLA genotyping 

Table 1. Patient demographics

Mild MIS-C  
(n = 4)

Severe MIS-C  
(n = 16)

Febrile controls  
(n = 15)

Median age, years (IQR) 10.5 (2.5–18) 9 (3.75–13.25) 12 (5.5–18.5)

Sex

Male 2 (50%) 11 (68.8%) 11 (73.3%)

Female 2 (50%) 5 (31.2%) 4 (26.6%)

Race and ethnicity    

White/non-Hispanic 2 (50%) 1 (6.25%) 5 (33.3%)

Hispanic 1 (25%) 11 (68.75%) 6 (40%)

Black 0 1 (6.25%) 1 (6.7%)

Black/Hispanic 0 1 (6.25%) 0

Asian 1 (25%) 1 (6.25%) 1 (6.7%)

Unknown 0 1 (6.25%) 2 (13.3%)

SARS-CoV-2 serology positive 3/4 (75%) 15/16 (94%) 0/15

SARS-CoV-2 PCR positive  
(at time of admission)

0/4 6/16 (37.5%) 0/15
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(Figure 3E). The latter analysis showed clustering of expanded 

TRBV11-2 sequences only if the full sequence from framework 2 

(FR2) to CDR3 was used for construction, but not if the clustering 

analysis was limited to the CDR3 sequence (Figure 3E). Together, 

our results suggest that patients with MIS-C show expansion of 

TCRs using distinct V genes, along with J gene and CDR3 diversity 

in these rearrangements, compatible with a SAg selection process.

Although the CDR3 of TRBV11-2 is heterogeneous, and its 

expansion is only observed in severe MIS-C and not in mild MIS-C, 

we asked whether TRBV11-2 could define a public clonotype that 

recognizes SARS-CoV-2 epitopes specifically in children. We ana-

lyzed publicly available databases including 8 TCR repertoires of 

patients aged 0–21 years with acute COVID-19 (21, 22). Compared 

with adult COVID-19 patients from the same data repository, there 

was no difference in mean TRBV11-2 usage (Supplemental Figure 

4), further supporting our observations that TRBV11-2 expansion 

is exclusive to severe MIS-C and very unlikely the consequence of 

a shared public immune response to SARS-CoV-2.

TRAV8-4 is overrepresented in patients with expanded TRBV11-2

Although no global skewing was observed for TRA, TRG, or TRD 

V or J gene distributions, we reasoned that minor skewing, espe-

cially of the TRAV repertoire that is associated with TRBV, may 

have been missed due to the global PCA approach. Since some 

SAgs can interact with both the TCR Vβ and Vα chains (23), we 

searched for skewing in TRAV, TRGV, and TRDV genes associ-

ated with TRBV11-2 by investigating their distributions in MIS-C 

patients with and without TRBV11-2 expansions. While TRGV 

and TRDV genes did not show any skewed distribution, there was 

a significant TRAV skewing in MIS-C patients with and without 

TRBV11-2 expansions (Figure 4A). Further analyses suggested 

that no single TRAV gene was associated with expanded TRBV11-

2, potentially reflecting the lack of skewing in mild versus severe 

MIS-C cases, but a number of different TRAVs were overrepre-

sented in MIS-C patients with TRBV11-2 expansions and a severe 

clinical course (Figure 4B). TRAV8-4 was the most expanded 

gene, while expansions of TRAV17 and TRAV22 were less pro-

nounced. These data suggest that in MIS-C patients, the interac-

tion may also involve the TRAV genes.

HLA-I allele–associated expansion of TRBV11-2 in severe MIS-C 

patients. Specific HLA class II (HLA-II) haplotypes can enhance 

SAg-induced T cell proliferation and cytokine responses (24). To 

understand if certain HLA alleles are associated with TRBV11-

2 expansion, we performed HLA genotyping on DNA samples 

from 10 febrile control patients, 3 severe MIS-C patients without 

TRBV11-2 expansion, and 4 severe MIS-C patients with TRBV11-

2 expansion (Figure 5). While we did not find any association of 

MIS-C or TRBV11-2 expansion with HLA-II alleles (Figure 5A), 

all 4 severe MIS-C patients with TRBV11-2 expansion used HLA-I 

A02, B35, and C04 alleles (Figure 5, A–C). In contrast, the per-

centage of patients with all 3 of these HLA-I alleles (A02, B35, 

and C04) was 20% for febrile controls and 0% for MIS-C patients 

lacking TRBV11-2 expansion (Figure 5C). Although the numbers 

of patients analyzed was small, these data suggest that MHC class 

I may mediate TRBV11-2 expansion requiring a specific HLA-I 

allele combination. Furthermore, these analyses strongly indicate 

that a genetic component may contribute to MIS-C severity.

TRBV24-1 and TRBV11-3 expansions were less pronounced 

and restricted to fewer individuals. One patient (MIS-C_severe_14) 

showed massive expansion of TRBV24-1 (Figure 2A). This patient 

was 15 years old, which might explain why their TCR repertoire was 

closer to that previously observed in adult patients. Overall, chil-

dren between 7 and 16 years of age showed strong TRBV11-2 expan-

sions associated with the severe course of the disease (Supplemen-

tal Figure 3A). However, no age drifts in TRBV11-2, TRBV24-1, or 

TRBV11-3 distribution were found in the TCR repertoires of 254 

individuals, indicating that age does not underlie TRBV11-2 skew-

ing in severe MIS-C patients (Supplemental Figure 3B).

Of the MIS-C patients in this study, 95% were serology posi-

tive for SARS-CoV-2, while only 30% were PCR positive by naso-

pharyngeal swab. Interestingly, however, PCR positivity seemed to 

correlate with TRBV11-2 expansion. We found that 55% of patients 

with TRBV11-2 expansion were PCR positive for SARS-CoV-2, 

whereas none of the patients without expansion were PCR positive 

for SARS-CoV-2 (Figure 2C). These data suggest an association of 

TRBV11-2 expansion with the presence of SARS-CoV-2 RNA.

Junctional diversity in MIS-C patients with expanded TRBV11-

2. SAg interactions involve the V gene, but spare the CDR3 of the 

TCR (17, 20). If the TRBV11-2 expansions observed in patients 

with severe MIS-C were due to SARS-CoV-2 acting as a SAg, the 

diversity of the V(D)J junction in TCR with TRBV11-2 usage should 

be high. To investigate junctional diversity, we first searched for 

CDR3 overlaps between different MIS-C patients. This analysis 

showed no overlaps between patients with TRBV11-2 expansions, 

suggesting high CDR3 diversity in this cohort (Figure 3A). Repeti-

tive blood samples taken from the same healthy donor were used 

as control, showing overlapping repertoires at the different sam-

pling time points. In our global analysis, TRBV J gene usage was 

not biased in MIS-C patients (Supplemental Figure 2).

To further investigate junctional diversity specifically for the V 

genes expanded in MIS-C cases, we extracted all the J genes rear-

ranged with TRBV11-2 from the repertoires of severe and mild 

MIS-C patients, and compared these to J genes extracted from age-

matched febrile controls. TRBJ2-1, 2-2, 2-3, and 2-7 were the most 

frequent combinations for TRBV11-2; however, we did not see a dif-

ference in TRBJ usage between the different subcohorts, suggest-

ing a full diversity of J genes rearranged with TRBV11-2 (Figure 3B). 

Moreover, we found an even distribution of CDR3 lengths within 

the fraction of TCRs using TRBV11-2, suggesting no CDR3-driven 

clonal selection (Figure 3C). CDR3 diversity in TCRs using TRBV11-

2 was also confirmed by gapped local alignment of motifs (GLAM) 

analysis (Figure 3D) as well as by unsupervised analysis of phyloge-

netic trees constructed from the top 100 clones of each repertoire 

Figure 1. TRBV-driven repertoire skewing in MIS-C patients. (A) Principal 

component analysis (PCA) of differential TRBV, TRAV, TRGV, and TRDV 

gene usage in MIS-C patients (n = 20) versus febrile controls (n = 15), and 

between mild MIS-C (n = 4) and severe MIS-C (n = 16) patients. Statistical 

analysis: Pillai-Bartlett test in MANOVA of all principal components. (B) 

Frequencies of differentially used TRBV genes in MIS-C and febrile control 

patients. The boxes extend from the 25th to 75th percentiles, whiskers 

from min to max, and the line within the box indicates the median. 

Lines in dot plots indicate mean ± SEM. Individuals considered TRBV11-2 

expanded are marked with a red box.
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To determine if the HLA-I restriction with TRBV11-2 expan-

sion was specific to MIS-C, we next analyzed a publicly available 

data set of 63 adult COVID-19 patients with matching TRB reper-

toires and HLA data from Adaptive Biotechnologies (22). Out of 

these 63 cases, we identified 6 patients with expanded TRBV11-2, 

which we defined as higher than the mean plus 1 SD of the entire 

cohort (Supplemental Figure 5). Within these 6 patients we did not 

observe HLA biases in HLA-I or -II (Supplemental Figure 5), indi-

cating our findings are unique to MIS-C.

In silico modeling indicates the TCR Vβ chain encoded by 

TRBV11-2 engages in a CDR3-independent interaction with the 

SAg-like motif of SARS-CoV-2 spike. We previously demonstrated 

through in silico modeling the presence of a SAg-like motif on the 

SARS-CoV-2 spike protein, distinguished by its high sequence and 

structural similarity to a segment of SEB (18). Furthermore, the 

Vβ chain encoded by TRBV24-1 was shown to have a high affinity 

for binding to the SAg-like motif. Given the extensive expansion 

of TRBV11-2 in MIS-C patients, we examined in silico whether 

the Vβ chain encoded by TRBV11-2 (also known as Vβ21.3) could 

engage in a strong interaction with the SAg-like motif on spike. To 

this end, we used a TCR structure resolved in a crystal structure 

of the monoclonal T cell line DD31 TCR complexed with HLA 

B*0801 (25), the β chain variable domain of which is sequential-

ly identical to the Vβ chain encoded by TRBV11-2. Following our 

previous approach (18), we generated a series of structural models 

for the SARS-CoV-2 spike–TCR complex using the docking soft-

ware ClusPro (26), and analyzed the models grouped in structur-

ally similar clusters to detect recurrent binding patterns (Figure 6). 

The analysis led to 2 hot spots that bound the Vβ chain encoded by 

TRBV11-2 on the spike protein: (a) within the SAg-like motif (res-

idues Q677 to R685) and (b) near the neurotoxin-like motif (resi-

dues E340 to R357) identified previously (18). Interestingly, both 

hot spots contained polybasic residues at their binding epitopes, 

P
681

RRAR
685

 and N
355

RKRI
359

. Notably, the amino acids D67 and 

D68 near the CDR2 of the Vβ chain encoded by TRBV11-2 played 

a significant role in binding to these 2 motifs on the spike, thus 

serving as a paratope in more than 90% of the generated models 

for the TCR-spike complex. While we do not exclude the potential 

role of other toxin-like motifs in stimulating hyperinflammatory 

responses, we focused on the SAg-like motif Q677–R685 reported 

in our previous study, whose deletion has been shown to attenuate 

the severity of the disease (27).

Figure 6A illustrates the binding of the TCR containing the Vβ 

chain encoded by TRBV11-2 to the SARS-CoV-2 spike at the SAg-

like region containing the polybasic insertion, P
681

RRAR
685

, unique 

to SARS-CoV-2 among all SARS family coronaviruses. Notably, the 

complex is stabilized by CDR3-independent interactions. Instead, 

D67-D68 in the Vβ chain encoded by TRBV11-2 (Figure 6, B and C) 

and Vα chain D2 tightly bind the polybasic insert of the spike via salt 

bridges between these oppositely charged pairs of residues. Model-

ing and simulations for the Vβ chain encoded by TRBV14 (a skewed 

TRBV gene, identified in adults of severe COVID-19 patients; ref. 

18 and data not shown) also revealed the involvement of the corre-

sponding acidic residues D67 and E68 in binding the same epitope. 

We also observed that D97-D98 in both the Vβ chains encoded by 

TRBV11-2 and TRBV14 were also able to bind to the P
681

RRAR
685

 

region, albeit with lower probability than D67-D68.

To further assess the specificity of the polyacidic residues 

near CDR2, including D67 and D68 in the Vβ chain encoded by 

TRBV11-2, or D67 and E68 in the Vβ chain encoded by TRBV14, 

we searched the database of TRBV genes compiled in the IMGT 

Repertoire (28). We identified a total of 10 human TRBV genes 

encoding polyacidic residues near CDR2: TRBV7-3, TRBV11-1, 

TRBV11-2, TRBV11-3, TRBV12-3, TRBV12-4, TRBV12-5, TRBV14, 

TRBV16, and TRBV18. The corresponding multiple sequence 

alignment is presented in Supplemental Figure 5. With the excep-

tion of TRBV11-1, 11-2, and 11-3, all others have been identified as 

Vβ chains specific to SAgs secreted by Staphylococcus aureus and 

other select Staphylococcus species that lead to TRBV skewing in 

TSS patients (29). Notably, TRBV11-2 and TRBV14 share 3 homol-

ogous binding paratopes (blue boxes in Figure 6D and Supplemen-

tal Figure 6) and may share similar mechanisms of action.

Finally, although the amino acid sequences corresponding 

to TRBV11-1, -2, and -3 are highly similar (all being TRBV11 sub-

types), their most important differences reside in their CDR2 

sequence. Notably, TRBV11-2 CDR2 encodes a series of hydropho-

bic and polar residues that would favor interfacial contacts with 

the spike, which would bury the hydrophobic residues, whereas 

the CDR2s of TRBV11-1 and 11-3 each contain 2 or 3 acidic residues 

in addition to D67-D68. Such a cluster of 4 or 5 negatively charged 

residues that are closely neighboring in sequence (and space) may 

give rise to destabilizing effects at possible protein-protein inter-

faces, and would favor instead an exposure to the solution. Thus, 

the sequence difference between these TRBV11 subtypes seems to 

explain the significantly higher binding propensity of TRBV11-2, 

compared with TRBV11-1 and -3.

Discussion
Here, we report the identification of a TCR signature in two-thirds of 

patients with severe MIS-C that consists of (a) a massive CDR3-in-

dependent TCR Vβ skewing toward TRBV11-2 and (b) an associa-

tion with HLA-I alleles A02, B35, and C04. In these children, up 

to 24% of the clonal T cell space is occupied by T cell clones with 

identical TRBV genes (but completely heterogeneous CDR3), sug-

gesting that this massive expansion of a whole class of T cells may 

be an important pathophysiological mechanism underlying severe 

MIS-C. The elevated cytokine levels associated with this signature 

may indicate that this class of T cells is not only expanded, but also 

activated, thereby driving the cytokine storm in MIS-C. Moreover, 

the HLA association of these cases could explain why only a small 

proportion of children develop MIS-C after COVID-19 infection. 

Our structural modeling experiments suggest that unprocessed 

SARS-CoV-2 interacts with specific residues of the Vβ encoded by 

Figure 2. Clonal distribution in individual repertoires of MIS-C patients. 

(A) Visualization of clonal richness and distribution in individual productive 

repertoires from mild (n = 4) and severe (n = 16) MIS-C patients and febrile 

controls (n = 15). One bubble represents one amino acid clonotype, and the 

area size of the bubble indicates its fraction within the repertoire. Clono-

types using TRBV11-2, TRBV24-1, or TRBV11-3 are highlighted. Individuals 

considered TRBV11-2 expanded are marked with a red box. (B) Correlation 

of serum cytokine levels with TRBV11-2 usage. Statistical analysis: Spear-

man’s r correlation test. (C) Distribution of nasopharyngeal SARS-CoV-2 

PCR results among patients with or without TRBV11-2 expansion.
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group also identified a TRBV11-2 expansion in MIS-C, and found 

this expansion in both CD4+ and CD8+ T cells (40). This would not 

be expected for HLA-I–associated conventional antigen activa-

tion, and may be further support of a SAg-like response.

Moreover, additional investigation is needed to further define 

the mechanism by which 3 specific MHC class I molecules are 

involved in the CDR3-independent TRBV11-2 expansion. While 

computational studies suggest the spike protein may possess SAg-

like activity, in vitro functional studies are needed to support these 

findings. However, this awaits more advanced molecular tools, 

since expression of a stable recombinant spike protein currently 

still requires mutation of the R
682

RAR
685

 motif (41), which removes 

the putative SAg-like structure. Furthermore, exposure of the 

SARS-CoV-2 SAg motif depends on certain conformations of the 

spike protein, which are difficult to replicate in an in vitro system.

Studies examining the T cell compartment in MIS-C show 

an overall depletion of CD4+ and CD8+ T cells yet enhanced 

activation, particularly in a subset of vascular patrolling T cells 

(CX3CR1+ T cells; refs. 42–45). In addition, immune profiling of 

MIS-C patients has identified the presence of IgG and IgA autoan-

tibodies that recognize endothelial cells, indicating a breakdown 

of B cell tolerance relevant for the endothelial compartment (42, 

43). SAg-activated cytotoxic T cells have been shown to mediate 

killing of inflammatory endothelial cells (46). The HLA-I bias 

identified in our severe MIS-C patients raises the possibility that 

MHC class I expression on endothelial cells could mediate the 

SAg-like activation of T cells, thereby indirectly promoting endo-

thelial cell damage and contributing to the endothelial dysfunc-

tion and multisystem inflammation typically observed in MIS-C 

patients. However, the manner in which these processes may be 

linked remains to be determined in future studies.

Approximately one-third or fewer of MIS-C patients were 

reported to test positive for SARS-CoV-2 by nasopharyngeal PCR (6–

11). This suggests that SARS-CoV-2 causes a postinfectious, delayed 

hyperinflammatory immune response in certain children. Such a 

delayed response could be consistent with the effect of a viral SAg. 

Indeed, the ability of SAgs to induce a delayed immune response is 

supported by a number of studies (47–49), and delayed-onset TSS is 

frequently observed for nonmenstrual TSS (50, 51). SAgs have also 

been implicated in various autoimmune diseases (52). For exam-

ple, the SAg-producing bacteria Streptococcus pyogenes can induce 

postinfectious acute rheumatic fever 2 to 4 weeks after pharyngeal 

infection (52). Interestingly, rheumatic fever primarily affects chil-

dren ages 5 to 15 and is rare in adults, which is a similar demographic 

as MIS-C (53–55). One hypothesis is that SAgs induce autoimmu-

nity by triggering self-reactive T cells (17, 52). As discussed above, 

SAg activation of autoantibodies in MIS-C may also contribute to 

a postinfectious autoimmune response. Another potential expla-

nation could be that the delayed response results from insufficient 

control of the primary infection, for example by lack of neutralizing 

antibodies (56, 57), and lingering of virus in the GI tract (58).

Our structure-based in silico modeling indicated that the Vβ 

encoded by TRBV11-2 can engage in a CDR3-independent interac-

tion with the SAg-like motif of SARS-CoV-2 spike protein. Interesting-

ly, a number of very recent studies implicate the P
681

RRAR
685

 SAg-like 

motif we identified (18) in viral pathogenesis (27, 59–61). SARS-CoV-2 

S1/S2 cleavage by proteases (including furin and TMPRSS2) is an 

TRBV11-2 via its P
681

RRAR
685

 motif at the C-terminus of the S1 tri-

mer, which has been previously reported as a superantigenic motif 

in adults with severe hyperinflammatory COVID-19 (18). Togeth-

er, our data indicate that a CDR3-independent, HLA-I–associated, 

and hyperinflammatory T cell expansion is one of the essential 

features in the pathobiology of severe MIS-C, with an expansion 

pattern that is reminiscent of SAg-like stimulation.

While these data are intriguing, many questions remain 

unanswered. First, further examination is required to determine 

whether the CDR3-independent, HLA-I–associated T cell expan-

sion occurs through a true superantigenic activity of the SARS-

CoV-2 spike or through conventional presentation of processed 

SARS-CoV-2 antigenic peptides by the HLA-I binding groove to 

CD8+ T cells. Our structural modeling argues strongly in favor of a 

superantigenic interaction that relies on HLA-I restriction. This is 

at first glance counterintuitive, given that classical bacterial SAgs 

act via MHC class II interactions (16). However, it raises the pos-

sibility that MHC class I may act as a ligand to present antigen to 

TRBV11-2 in a mechanism independent of CDR3 recognition. This 

may occur in a similar way to that of MHC class II presentation 

of SAgs to TCR. Several studies have shown that MHC class II is 

not essential for SAg activation of T cells. Indeed, the MHC class 

II interaction of SAgs can be functionally replaced with an alter-

native receptor, as demonstrated with recombinant bacterial SAgs 

engineered as cancer immunotherapeutics to bind tumor-associ-

ated antigens (30, 31). In addition, the concept that MHC class I 

can act as a ligand for bacterial SAgs like SEB has been previous-

ly reported (32). It is noteworthy that while there is evidence that 

HLA-II allelic variation determines the severity of streptococcal 

SAg-mediated diseases (24), the HLA-I association observed in 

our cohort appears much stronger, potentially explaining the rar-

ity of MIS-C. Moreover, the considerable CDR3 heterogeneity in 

the TRBV11-2 TCR repertoire of our MIS-C cohort also argues 

against conventional antigen presentation and TCR interaction. 

The V gene forms an essential part of CDR3, and in some instanc-

es public clonotypes recognizing viral epitopes share a specific 

TRBV gene. Yet, such public responses require some addition-

al paratope similarity visible through CDR3 length restriction 

(33–36), TRBJ gene bias (33, 36–38), shared sequence motives (33, 

36–39), or even identical CDR3 amino acid sequences (36, 37). In 

our analysis of MIS-C repertoires (Figure 3) we did not find any of 

these features. Furthermore, classical SAgs can induce both CD4+ 

and CD8+ T cell expansion. A recent preprint from an independent 

Figure 3. Junctional diversity in MIS-C patients with TRBV11-2 expan-

sions. (A) Overlap of CDR3 amino acid clonotypes per 200 sequences 

in repetitive samples of a healthy individual and between repertoires 

of MIS-C patients with TRBV11-2 expansion. (B) PCA and differential 

usage of J genes rearranged with TRBV11-2 in MIS-C patients and febrile 

controls. Bars indicate mean ± SD. Statistical analysis: Pillai-Bartlett test 

in MANOVA of all principal components. (C) Heatmap of productive CDR3 

length distribution in the repertoires of MIS-C patients (n = 20) and febrile 

controls (n = 15). (D) CDR3 diversity in MIS-C patients with or without 

expanded TRBV11-2 and febrile controls displayed as positional weight 

matrix generated using GLAM2. (E) Unsupervised phylogenetic analysis 

of the amino acid sequences spanning FR2 to CDR3 versus CDR3 alone 

in the top 100 clones of MIS-C repertoires (n = 20), either comprising the 

complete TRBV sequence pool or TRBV11-2 sequences only.
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TRBV11-2 expansion in a CDR3-independent manner are needed 

to unravel this mechanism and the potential that genetic predispo-

sition plays a role in MIS-C. Furthermore, characterization of the 

phenotype and functional properties of MIS-C patient T cells uti-

lizing TRBV11-2, and how this skewing relates to other pathogenic 

mechanisms in MIS-C, are needed to provide a complete under-

standing of the disease pathogenesis.

Methods
Patient samples. Samples consisted of mild MIS-C (n = 4), severe 

MIS-C (n = 16), and age-matched febrile control patients (n = 15). 

MIS-C severity classification was based on admission to pediatric 

ICU requiring vasopressor use (severe) or no ICU admission (mild). 

important mechanism of cell infection and exposes the P
681

RRAR
685

 

motif at the C-terminus of the S1 trimer. The same polybasic site has 

been recently shown to bind to the cell surface receptor neuropilin-1 

(NRP1), which is important for SARS-CoV-2 cellular infectivity (60). 

Further, 2 independent studies show that deletion of the P
681

RRAR
685

 

cleavage site (by natural deletion or mutagenesis) attenuates viral 

pathogenesis in hamster models (27, 61). Therefore, targeting this 

SAg-like motif might provide a new therapeutic avenue to treat and 

prevent severe COVID-19, MIS-C, and MIS-A.

Overall, our data show a unique TCR repertoire in MIS-C 

patients, characterized by a profound expansion of TRBV11-2, 

which is consistent with a SAg-like T cell skewing. Future inves-

tigations into the mechanism of how HLA-I may participate in 

Figure 4. TRAV repertoire skewing and differential gene usage in MIS-C patients. (A) PCA of differential productive TRAV gene usage in MIS-C patients 

(n = 20) versus febrile controls (n = 15). MIS-C subgroups: mild MIS-C (n = 4), severe MIS-C (n = 16), MIS-C without TRBV11-2 shift (n = 9), and MIS-C with 

TRBV11-2 shift (n = 11). Statistical analysis: Pillai-Bartlett test in MANOVA of all principal components. (B) Frequencies of differentially used TRAV genes in 

MIS-C with or without TRBV11-2 shift as compared to febrile controls. The boxes extend from the 25th to 75th percentiles, whiskers from min to max, and 

the line within the box indicates the median. Lines in dot plots indicate mean ± SEM.
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TCR immunosequencing. RNA was isolated form peripheral blood of 

febrile controls and MIS-C patients and assessed for quality with a bioan-

alyzer (Agilent). Sequencing of the TCR genes was performed using the 

QIAseq Immune Repertoire RNA Library Kit (QIAGEN) and the Nova-

Seq 6000 system (2 × 250 bp, 11 million average reads per sample).

Median ages of febrile controls, mild, and severe MIS-C were 12, 9, 

and 10.5, respectively. Ninety-five percent of patients were serology 

positive for SARS-CoV-2 and 30% of patients were PCR positive by 

nasopharyngeal swab for SARS-CoV-2. Eighty-five percent of samples 

were collected prior to IVIG administration.

Figure 5. HLA class I alleles are associated with TRBV11-2 expansion 

in severe MIS-C patients. (A) HLA genotypes of febrile controls (n = 10), 

severe MIS-C patients without TRBV11-2 expansion (n = 3), and severe 

MIS-C patients with TRBV11-2 expansion (n = 4). (B) Percentages of  

patient groups with HLA class I alleles. (C) Percentages of patient  

groups that share HLA-I A02, B35, and C04.
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reads per repertoire. All analyses and 

data plotting were performed using R 

version 3.5.1. Broad repertoire metrics 

(clonality, diversity, richness), gene 

usage, and repertoire overlap were ana-

lyzed using packages tcR (64) and ade4 

(65) as previously described (66, 67). 

CDR3 length distributions were visual-

ized with package pheatmap (68) and 

represent the clonal abundance within 

each repertoire.

Bubble diagrams, which depict the 

clonal distribution of repertoires, were 

generated using packages packcircles 

(69) and ggplot2 (70). For plotting pur-

poses, repertoires were sampled down 

to 20,000 reads. The area size of the 

bubbles reflects the clonal fraction.

CDR3 amino acid sequence simi-

larity was assessed using GLAM2 (71) 

and FastTreeMP (72). For GLAM2, the 

50 most abundant CDR3 amino acid 

sequences of TRBV11-2 clones were 

used as input to generate the alignment 

LOGOs. Another alignment approach 

was to focus on the most frequent 100 

clones of each repertoire, irrespective 

of V gene. The amino acid sequence 

covering FR2 to CDR3 or CDR3 only of 

the rearranged TRB locus was used to 

infer sequence similarities with Fast-

TreeMP (72) and the data were visual-

ized and analyzed using the Archaeop-

teryx viewer (0.9928 beta) (73). Fastq 

raw data are deposited in the European 

Nucleotide Archive (ENA) under acces-

sion number PRJEB43418.

HLA genotyping and analysis. Patients were genotyped using a 

sequence-specific primer PCR–based low-resolution technique (Inno-

train and Protrans.). HLA-I loci A, B, and C (Cw) and HLA-II loci DRB1 

(DR), DRB3 (DR52), DRB4 (DR53), DRB5 (DR51), and DQB1 (DQ) 

were analyzed.

Serum cytokine analysis. Quantification of cytokines in serum was 

performed with a highly sensitive multiplex enzyme-linked immu-

nosorbent assay (ELISA) using electrochemiluminescence detec-

tion technology (Meso Scale Discovery). Cytokine correlation with 

TRBV11-2 usage was assessed by Spearman’s r correlation test.

In silico structural modeling. The structural model for SARS-CoV-2 

spike was generated using SwissModel (74) based on the resolved cryo-EM 

structures (PDB: 6VSB [ref. 41] and 6VXX [ref. 75]). The structure of the 

TCR with 100% Vβ domain sequence identity to TRBV11-2 was taken from 

the crystal structure of HLA B*0801 in complex with a peptide (HSKKKC-

DEL) and DD31 TCR (PDB: 4QRP) (25). Both α and β chains of the TCR 

(25) (respective chains D and E in PDB 4QRP) were adopted for docking.

Generation of the TCR-spike binary complexes: Using protein-pro-

tein docking software ClusPro (26), we constructed in silico a series of 

binary complexes for SARS-CoV-2 spike and TCR-TRBV11-2, following 

In an additional cohort of 254 healthy individuals of all age groups, 

the TRB genetic locus was amplified using 500 ng DNA from peripheral 

blood mononuclear cells (PBMCs) in 2 consecutive PCR reactions using 

BIOMED2 TRB A/B primer pools (62). During the first PCR, fragments 

were tagged with Illumina-compatible adapters for hybridization to the 

flow cell. After bead purification (AMPure XP, Beckmann Coulter), each 

sample was tagged with a unique 7-nucleotide index during the second 

PCR. All PCRs were performed using Phusion HS II (Thermo Fisher Sci-

entific). After the second PCR, amplicons were resolved by gel electro-

phoresis and purified using NucleoSpin Gel and PCR Clean-up (Mach-

erey-Nagel). Library quantification and quality control were performed 

using Qubit (QIAGEN) and an Agilent 2100 Bioanalyzer, respectively.

TCR-immunosequencing analysis. The MiXCR framework (3.0.8; 

ref. 63) was used for annotation of TCR rearrangements and clone 

construction, whereby the default MiXCR library served as reference 

for sequence alignment and each unique CDR3 nucleotide sequence 

was defined as 1 clone. Only productive sequences with a read count 

of 2 or greater were considered for further analysis. To account for dif-

ferences in sequencing depth, TRB and TRA repertoires were normal-

ized to 1.5 million reads; TRG and TRD were normalized to 50,000 

Figure 6. Complex formation between SARS-CoV-2 spike and TCR containing the Vβ chain encoded by 

TRBV11-2, and comparative analysis of TRBV sequences homologous to TRBV11-2. (A) Binding of TCR 

(with Vβ chain sequentially identical to that of TRBV11-2 gene product) to the SAg-like region of SARS-

CoV-2 spike (E661 to R685; colored yellow). The TCR α and β chains are shown in magenta and cyan, 

respectively. The spike subunits are colored dark red, beige, and gray, and the neurotoxin motif (299–356), 

green. (B and C) Overall and close-up view of the interactions between the SAg-like region and the TCR. Two 

basic residues, R682 and R683, on the SAg-like region of spike interact with 2 acidic residues, D67 and D68 

in the Vβ domain, and D2 in the Vα domain. (D) Multiple sequence alignment (MSA) of the TCR Vβ chains 

distinguished by Vβ skewing in MIS-C (protein products of TRBV11-2, TRBV11-3, and TRBV24-1 with their 

corresponding UniProt IDs) and severe adult COVID-19 patients (protein products of TRBV24-1, TRBV14, and 

TRBV5-6). The MSA was generated by Clustal Omega (76). CDR1, CDR2, and CDR3 are indicated by orange 

shades. The regions enclosed in blue boxes indicate the highly conserved paratopes in Vβ chains corre-

sponding to TRBV11-2 and TRBV14. See more extended MSA in Supplemental Figure 6.
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the protocol we used in our previous study (18). Given that the constant 

domain is proximal to the cell membrane and TCR employs the vari-

able domain for binding SAgs and/or antigen-MHC complexes (23), we 

added restraints to our docking simulations to prevent the binding of the 

TCR constant domain. An ensemble of 460 models was generated for 

the complex, which were grouped in 30 clusters based on their structur-

al similarities. Among them, 3 displayed binding between the spike and 

TRBV11-2 at the SAg-like region containing the polybasic insert PRRA.

Statistics. Analysis of principal components was performed with the 

Pillai-Bartlett test in multivariate ANOVA (MANOVA). Cytokine cor-

relation with TRBV11-2 usage was assessed by Spearman’s r correlation 

test. A P value of 0.05 or less was considered statistically significant.
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