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Abstract 61 

Multisystem inflammatory syndrome in children (MIS-C) evolves in some pediatric 62 

patients following acute infection with SARS-CoV-2 by hitherto unknown mechanisms. 63 

Whereas acute-COVID-19 severity and outcome were previously correlated with Notch4 64 

expression on regulatory T (Treg) cells, here we show that the Treg cells in MIS-C are 65 

destabilized through a Notch1-dependent mechanism. Genetic analysis revealed that 66 

MIS-C patients were enriched in rare deleterious variants impacting inflammation and 67 

autoimmunity pathways, including dominant-negative mutations in the Notch1 regulators 68 

NUMB and NUMBL leading to Notch1 upregulation. Notch1 signaling in Treg cells 69 

induced CD22, leading to their destabilization in a mTORC1-dependent manner and to 70 

the promotion of systemic inflammation. These results establish a Notch1-CD22 signaling 71 

axis that disrupts Treg cell function in MIS-C and point to distinct immune checkpoints 72 

controlled by individual Treg cell Notch receptors that shape the inflammatory outcome in 73 

SARS-CoV-2 infection.  74 

  75 



Introduction 76 

COVID-19, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-77 

2), has resulted in massive morbidity and mortality worldwide (1, 2). Acute infection is 78 

associated in some subjects with pneumonia and marked hypoxia, leading to acute 79 

respiratory distress syndrome as well as other life-threatening complications (3-5). This 80 

inflammation critically involves a dysregulated immune response characterized by intense 81 

activation of innate and adaptive immunity associated with features of a cytokine storm 82 

(6, 7). While most patients recover from this acute infection, a subset develops persistent 83 

symptoms related to different organ system dysfunction including the respiratory, 84 

cardiovascular, gastrointestinal, renal, and central nervous systems (8).  85 

A special case in point is the course of SARS-CoV-2 infection in children. While most 86 

children remain asymptomatic or develop mild infection, some develop a multi-system 87 

inflammatory syndrome in children (MIS-C) approximately one month after initial infection 88 

(9-13). These patients exhibit severe immune dysregulation characterized by intense 89 

cytokine production and lymphocyte activation associated with fever and end-organ 90 

dysfunction including mucocutaneous, cardiovascular, hematologic, and especially 91 

gastrointestinal systems (14-21). IFNg has been identified as a key cytokine in MIS-C with 92 

increased levels associated with disease severity and organ system involvement (22-25). 93 

The patients also exhibit robust T cells activation with T cell receptor repertoire skewing 94 

(24-29). There are defining characteristics of MIS-C that remain perplexing, including the 95 

substantial delay between the initial SARS-CoV-2 infection and MIS-C (9, 10, 12). Unlike 96 

children with acute COVID-19 pneumonia, most patients with MIS-C are previously 97 

healthy and are able to mount a robust immune response to SARS-CoV-2 with 98 



neutralizing antibodies to the virus (11, 18, 30). This constellation of features in MIS-C 99 

suggests that an evolving hyperinflammatory immune response to SARS-CoV-2 is part 100 

of the pathophysiology of this syndrome. Indeed, studies based on relatively small 101 

number of patients suggest that a genetic predisposition may contribute to the immune 102 

dysregulation in MIS-C (31, 32). 103 

Notch signaling pathways have emerged as important regulators of the immune system 104 

by influencing both Treg and Tconv cells responses (33, 34). In mammals, the Notch 105 

family is composed by 4 Notch receptors (Notch1–4) and 5 ligands (Delta-like1, 3, and 4 106 

and Jagged1 and 2) (35). Recent studies have outlined a prominent role for NOTCH4 in 107 

the immune dysregulation in acute COVID19 and related respiratory viral illnesses (36). 108 

Notch4 is upregulated on lung tissue Treg cells in an IL-6-dependent manner to subvert 109 

their tissue repair function in favor of an inflammatory response (36-39). The NOTCH4 110 

locus is associated with critical illness in COVID-19 (40). However, the immune 111 

dysregulatory mechanisms operative in post-acute COVID19 syndromes including MIS-112 

C remain unclear.  113 

In this study, we show that MIS-C patients exhibit robust T cells activation in association 114 

with increased Notch signaling in Treg cells. In particular, while NOTCH4 is also 115 

upregulated on circulating Treg cells of children with acute COVID19 as a function of 116 

disease severity, the Treg cells in MIS-C additionally upregulate NOTCH1 expression, a 117 

pathway previously implicated in T helper cell type 1 (Th1)-skewed immune 118 

dysregulation, autoimmunity, graft versus host disease and solid organ rejection (41, 42). 119 

Gene enrichment using whole genome/exome sequence analysis employing Fisher 120 

testing and Monte-Carlo simulation revealed the enrichment in MIS-C patients of rare 121 



mutations impacting pathways of inflammation and autoimmunity, many of which 122 

contained Notch-related genes. Consistent with these results, loss of function mutations 123 

were identified in the negative NOTCH1 regulators NUMB and NUMBL (43). In vitro 124 

experiment revealed that this loss of function mutations promotes Notch1 expression. 125 

Moreover, in mice either expressing an active form of Notch1 in Treg cells 126 

(Foxp3EGFPCreR26N1c/+) or lacking NUMB expression in these cells (Foxp3EGFPCreNumb∆/∆), 127 

treatment with Poly I:C to simulate viral infection induced systemic inflammation. Notch1 128 

signaling in Treg cells induced the B cell inhibitory receptor CD22 (44, 45), which 129 

promoted systemic inflammation in association with the expression of the a4b7 gut 130 

homing receptor. CD22 destabilized Treg cells and impaired their suppressive function in 131 

an mTORC1-dependent manner. Treatment of Foxp3EGFPCreR26N1c/+ or 132 

Foxp3EGFPCreNumb∆/∆ mice with an anti-CD22 mAb suppressed the development of 133 

systemic inflammation following Poly I:C treatment by restoring the Treg cells suppressive 134 

function. These findings point to the mobilization of Treg cell-specific tissue inflammatory 135 

licensing modules involving different Notch receptors that is operative in MIS-C and point 136 

to interventions along the Notch1-CD22 axis as therapeutic strategy in MIS-C.  137 

  138 



Results 139 

Increased CD4+ T cell activation and Treg cell destabilization in MIS-C. To elucidate 140 

the immune dysregulatory mechanisms operative in MIS-C, we studied an international 141 

cohort of 45 children with MIS-C and 50 children with COVID-19 from centers in the United 142 

States, Italy and Turkey (Table S1 and Patient Cohorts section in Methods). For 143 

comparison, 5 children with Kawasaki disease (KD), 12 adults with COVID-19, and 18 144 

pediatric healthy controls were also evaluated. All MIS-C patients met the Centers for 145 

Disease Control (CDC) Case Definition for MIS-C (46), while 93% fulfilled the WHO case 146 

definition (47-49). Fever was universal in MIS-C patients and rash (49%), conjunctivitis 147 

(58%), and GI symptoms (96%) were also common. Children with MIS-C were highly 148 

inflamed (median CRP 16.0 mg/dL, IQR 7.8-24.0), lymphopenic (median absolute 149 

lymphocyte count 0.91 x103/mL, IQR 0.53-1.35) and coagulopathic (median D-dimer 3.1 150 

mcg/mL, IQR 1.5-6.2). Over 90% of MIS-C patients demonstrated positive SARS-CoV-2 151 

serologies. 18/45 (40%) were considered to have severe MIS-C defined by admission to 152 

the intensive care unit (ICU), need for vasopressor support, and/or development of 153 

coronary artery aneurysms. The demographics and key clinical findings in the respective 154 

patient groups are delineated in Table S1.  155 

To further delineate the CD4+ T cell dynamics in MIS-C, we carried out single-cell RNA 156 

sequencing (scRNA-seq) analysis on CD4+ T cells from the peripheral blood of four 157 

healthy controls, three MIS-C patients sampled prior to treatment and another five MIS-C 158 

patients sampled post-treatment. We first mapped our transcriptomic data to a reference 159 

human PBMC dataset using Azimuth (50), thereby delineating 6 subsets of CD4+ T cells 160 

(Fig. 1 A and B). We further performed a graph-based clustering analysis using Seurat, 161 



which uncovered 16 clusters. Eight of these clusters (Clusters 1 to 8) were enriched in 162 

cells annotated as CD4 naïve by Azimuth and expressing genes associated with a naïve 163 

CD4+ T cell profile (e.g., CCR7 and SELL), 5 (Clusters 10 to 14) were enriched in 164 

activated CD4+ T cells (CD69), including one with high NF-kB signaling (Cluster 10; 165 

NFKB1). The final 3 clusters encompassed a mix of naïve and activated cells, including 166 

one cluster delineated by viral sensing gene transcripts (Cluster 9; IFIT2, IFIT3), one 167 

cluster enriched in Treg cell transcripts (Cluster 15; FOXP3) and another with mitotic cells 168 

(Cluster 16; TRBC1) (Fig. S1A-F). Prior to treatment, MIS-C patients exhibited prominent 169 

expansion of cluster 10, enclosing both cells annotated as Tconv and Treg cells by 170 

Azimuth. Cluster 10 was characterized by increased NFKB1 expression, and NF-kB 171 

signaling and contracted following immunomodulatory therapy (Fig. S1A-F).  172 

To further decipher differences in CD4+ T cell transcriptomic programs between patient 173 

groups, we also performed pseudobulk differential analysis (DEA) with a focus on both 174 

Treg (cells found in Cluster 15 or delineated as Treg cells by Azimuth) and Tconv cells 175 

(cells found in clusters 9 to 14 and delineated as activated Tconv by Azimuth). We 176 

aggregated gene expression data at the patient level for Treg cells and activated Tconv, 177 

and performed pairwise comparisons of MIS-C pre-treatment, post-treatment and control 178 

groups using DESeq2. The DEA were followed by gene set enrichment analyses (GSEA) 179 

against the MSigDB Hallmark collection and using the ranked log2 fold changes as input, 180 

which reinforced our prior observations of NF-kB pathway activation in pre-treatment MIS-181 

C samples, not only in Tconv but also in Treg cells (Fig. 1 C-H and Fig S1G-H ). Pathways 182 

that were up regulated in the MIS-C pre-treatment group included mTORC1, whose 183 

hyperactivity has been previously noted to mediate Treg cell destabilization (Fig. 1 C-H 184 



and Fig S1G-H) (51, 52). These results indicated that MIS-C is associated with enhanced 185 

Tconv activation and Treg dysregulation.  186 

Increased NOTCH1 expression on CD4+ Treg and Tconv cells in MIS-C. Previous 187 

studies have demonstrated a key role for Notch signaling-mediated Treg cell 188 

dysregulation in licensing tissue inflammation (36, 38, 41, 42). For example, NOTCH4 is 189 

upregulated in lung tissue Treg cells during SARS-CoV2 and influenza infections, leading 190 

to enhanced tissue inflammation and disease severity (36). We analyzed the expression 191 

of different Notch receptors on CD4+ Treg and Tconv cells in pediatric subjects with mild 192 

and severe COVID19 and those with MIS-C. As comparison groups we included healthy 193 

children, adults with severe COVID19 and children with KD, some of whose clinical 194 

features overlap with those of MIS-C (16, 31, 48, 49). There was marked increase in 195 

NOTCH1 expression on both Treg and Tconv cells of patients with MIS-C but not on those 196 

of other subject groups (Fig. 2A-C, Fig S2A). NOTCH4 expression was also selectively 197 

increased on the circulating Treg cells of adult and pediatric subjects with severe COVID-198 

19 and with MIS-C but not on their Tconv cells. NOTCH4 was also not upregulated on 199 

Treg cells of patients with mild COVID19 or with KD (Fig. 2D-F, Fig S2B). NOTCH1 200 

expression in MISC was associated with increased intracellular expression of NOTCH1 201 

cytoplasmic domain (N1c) in Treg cell (Fig. 2G). In contrast, NOTCH2 expression was 202 

increased on NOTCH1+ Treg and Tconv cells of MIS-C subjects albeit at a lower 203 

magnitude than that of NOTCH1, while there was no difference in the NOTCH2 single 204 

positive Treg and Tconv cell populations between MIS-C and healthy controls (Fig. S2C, 205 

Fig. S3 A and B, E-F). Expression of NOTCH1 and NOTCH4 on Treg cells of MIS-C 206 

patients was non-overlapping, suggesting that they may represent distinct Treg cell 207 



populations possibly arising in different tissues (Fig. S3E-F). Also, there was no 208 

difference in NOTCH3 expression between the circulating Treg and Tconv cells of 209 

different patient populations and control subjects (Fig. S2D and Fig. S3C and D). Overall, 210 

these results identified increased NOTCH1 expression on Treg and Tconv cells as a 211 

distinguishing feature of pediatric patients with MIS-C.  212 

Further analysis revealed that MIS-C patients present a decrease of naive Tconv and 213 

Treg cells associated with an increase of activated T cells (Fig. S4 A to B). As in previous 214 

studies (7), we found increased serum levels of IP-10, IL-1b, IL-6 and IFNl2/3 in MIS-C 215 

and in severe COVID-19 compared to controls (Fig. 2H). Also, Treg and Tconv cells of 216 

patients with MIS-C versus severe COVID-19, KD and control subjects had increased 217 

IFN-g production (Fig. S4, C and D). Notably, IFN-g expression was selectively increased 218 

in Treg cells of MIS-C subjects, while IFN-g expression in Tconv cells was common to 219 

both severe COVID-19 and MIS-C (Fig. S4, C and D). We analyzed the capacity of 220 

different cytokines found increased in the sera of MIS-C subjects to induce NOTCH1 221 

expression on cell-sorted CD4+CD25+CD127– human Treg cells from control subjects. IL-222 

1b and IL-6, and to a lesser extent IFN-g and IP-10 all induced increased NOTCH1 223 

expression on human Treg cells (Fig. 2I). MISC patients from North America and Europe 224 

were overall closely matched in their immunological analyses, with only differences found 225 

in NOTCH4, IP-10 and IFNL1 between these two cohorts (Fig.S5 A-F). Together, these 226 

results linked the upregulation of NOTCH1 expression on CD4+ Treg and Tconv cells with 227 

the development of MIS-C.  228 

Identification of Notch pathway genetic variants in MIS-C. To investigate underlying 229 

genetic factors that may predispose to MIS-C versus acute pediatric COVID-19, we 230 



performed gene-enrichment tests for rare variants (stop-gain/start-loss, frameshift 231 

deletions/insertions and canonical splicing mutations) using 8626 pathways from Gene-232 

Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases 233 

(8,299 and 327 respectively). We collected genome and exome sequences on 39 MIS-C 234 

and 24 acute pediatric COVID-19 subjects, which we compared with 8 different datasets 235 

comprising 4,682 exomes collected at the Boston Children’s Hospital, including 4 rare 236 

disease categories, obesity, myopathy, autism-ADHD and Immune 237 

deficiency/dysregulation (53) (see Methods section). All samples were processed using 238 

the Variant Explorer (VExP) Pipeline with the same set parameters to avoid bias in the 239 

selection of the rare variants (54). We performed a Fisher test for each group to test for 240 

enrichment in the respective GO and KEGG pathways. Furthermore, we validated these 241 

results by Monte-Carlo simulation testing as an unbiased stochastic approach to test for 242 

enrichment in genetic variants along individual pathways in the MIS-C group versus the 243 

sum total of the clinical comparison groups used for the Fisher tests, as described in the 244 

Methods section. Several inflammation and autoimmunity pathways were significantly 245 

enriched in rare mutations (≤10 in 280,000 chromosomes) in MIS-C versus acute 246 

pediatric COVID-19 and the other comparison groups (Fig. 3A and B, Dataset 1). A 247 

number of those pathways contained NOTCH related genes. Specific NOTCH pathway 248 

mutations predicted to be damaging and linked to those pathways were identified included 249 

NOTCH2, NOTCH4 and RBPJL (Dataset 2). Additionally, and in agreement with a 250 

previous report (55), we also detected rare heterozygous mutations in some genes 251 

associated with familial hemophagocytic lymphohistiocytosis, including AP3B1, PRF1, 252 



LYST  and DOCK8, in patients with MIS-C (Dataset 2). Overall, these results supported 253 

the presence of an underlying genetic predisposition for MIS-C. 254 

To validate the above findings from our initial cohort, we screened 88 additional patients 255 

with MIS-C from the U.S. multicenter Overcoming COVID-19 Network for mutations in 256 

Notch-related genes (see methods in Supplement) (9, 56). Rare damaging mutations 257 

were identified in NUMB and NUMBL, encoding closely conserved eponymous proteins 258 

that negatively regulate Notch receptor signaling and trafficking and which are expressed 259 

by human Treg and Tconv cells (Fig S1D and E) (43, 57-59). We further analyzed three 260 

mutations found in different patients that localized to the phosphotyrosine binding (PTB) 261 

domain of NUMB (NM_001005745.1:c.280C>T; p.Leu94Phe), NUMBL 262 

(NM_004756.5:c.236G>T,NP_004747.1:p.Ser79Ile) and NUMBL 263 

(NM_004756.5:c.262G>A,NP_004747.1:p.Val88Met) (Fig. 4A and Dataset 3). These 264 

mutations, which were either not found in the Genome Aggregation Database (gnomAD) 265 

(NUMBLeu94Phe and NUMBLSer79IIe; gnomAD=0) or very rarely so (NUMBLVal88Met; 266 

gnomAD=4), were predicted to impair NUMB and NUMBL regulatory functions (43, 58, 267 

59). This prediction was tested by analyzing the impact of the respective NUMB/NUMBL 268 

mutations on NOTCH1 expression and function. Transgenic expression of the respective 269 

mutant protein in CRISPR-Cas9-generated NUMB/NUMBL-deficient human embryonic 270 

kidney 293 (HEK293) cells revealed that their expression was similar to wild-type NUMB 271 

(NUMBWT) and NUMBL (NUMBLWT) proteins (Fig. 4B and C). However, whereas 272 

transgenic NUMBWT and NUMBLWT decreased NOTCH1 expression in HEK293 cells, the 273 

NUMBLeu94Phe, NUMBLSer79IIe and NUMBLVal88Met mutants failed to do so. Similarly, 274 

transgenic NUMBWT and to a lesser extent NUMBLWT decreased nuclear NOTCH1 275 



cytoplasmic domain (N1c) expression whereas the mutant proteins failed to do so (Fig. 276 

4D and E). Co-transfection studies revealed that the NUMBLeu94Phe behaved as a 277 

dominant negative mutation that suppressed the capacity of NUMBWT to decrease 278 

NOTCH1 and NOTCH1c expression (Fig. 4D). The NUMBLSer79IIe and NUMBLVal88Met also 279 

behaved as dominant negative mutants in antagonizing the decrease in NOTCH1c (N1c) 280 

expression induced by NUMBLWT (Fig. 4 E). Studies on the PBMCs of patients with the 281 

NUMB and NUMBL mutations showed upregulation of NOTCH1 expression on the Treg 282 

cells of all three patients (Fig. S6 A-C). Expression of N1c reflected the functional impact 283 

of these mutations as revealed in the vitro testing (Fig. 4D and E), with the different 284 

mutations falling along a spectrum of NUMBLeu94Phe > NUMBLSer79IIe > NUMBLVal88Met (Fig. 285 

S6 A-F). These results established that the identified NUMB/NUMBL mutations were 286 

functionally deleterious and that MIS-C subjects may harbor mutations in the Notch 287 

pathway that contribute to disease pathogenesis.  288 

Poly I:C-induced multiorgan inflammatory disease in Foxp3EGFPCreR26N1c/+ mice. To 289 

further delineate the mechanisms by which increased NOTCH1 signaling in CD4+ T cells 290 

promotes MIS-C, and in view of the critical role played by Treg cells in licensing Notch1-291 

dependent immune dysregulation (41, 42), we employed a mouse model in which the 292 

intracellular domain of Notch1 (N1c) is conditionally expressed from the Rosa26 locus 293 

(R26N1c/+) in Treg cells using a Foxp3 promoter-regulated Cre recombinase fused with 294 

EGFP (Foxp3EGFPCre) (Fig. 5A) (41). Treatment of Foxp3EGFPCreR26N1c/+ mice with 295 

polyinosinic:polycytidylic acid (Poly I:C), a proxy model of infection with RNA viruses (36, 296 

60-62), resulted in progressive weight loss and multi-organ inflammation. In contrast, Poly 297 

I:C-treated control Foxp3EGFPCre were minimally affected (Fig. 5B-D). Analysis of CD4+ T 298 



cells of Foxp3EGFPCreR26N1c/+ mice revealed that their activation phenotype recapitulated 299 

that of CD4+ T cells of MIS-C patients, including increased memory markers 300 

(CD44+CD62L–) and heightened IFNg production by both Treg and Tconv cells (Fig. 5E-301 

G).  302 

Most MIS-C patients present gastrointestinal symptoms (Table S1) (14) (13). Notably, the 303 

Treg and to a lesser extent the Tconv cells of the Foxp3EGFPCreR26N1c/+ mice had 304 

increased expression of the gut-homing integrin a4b7 (Fig. 5H). Increased expression of 305 

integrin a4b7 (ITGB7) was also observed on the circulating Treg cells of MIS-C but not 306 

acute pediatric COVID-19 subjects, in agreement with a critical role of Notch1 in driving 307 

the expression of this marker (Fig. 5I). Consistent with this finding, MIS-C patients 308 

exhibited an increase in CD62L–CD38+ mucosally imprinted Treg cells (Fig. S7A) (63, 309 

64). sc-RNA seq analysis demonstrated increased ITGB7 transcripts (Fig. 5J and Fig. 310 

S7B). Expression of integrin a4b7 on Treg cells of MIS-C subjects declined post-311 

treatment, in synchrony with decreased Notch1 and CD22 expression (Fig. 5K-M). These 312 

results indicated that increased Notch1 activity in Treg cells predisposes to multi-organ 313 

inflammation in the context of a viral trigger and promotes Treg cell gut homing.  314 

Notch1-mediated CD22 upregulation on Treg cells promotes multi-organ 315 

inflammation. To delineate the mechanisms by which Notch1 signaling in Treg cells 316 

promotes multi organ inflammation in the context of a viral trigger, we analyzed the 317 

transcriptome of Notch1c-expressing Treg cells for pathways involved in the immune 318 

dysregulation (41). We found upregulation of CD22, a member of the Siglec family of 319 

lectins normally found in B cells, where it acts to regulate B cell receptor signaling (45). 320 

In particular, CD22 directs B cells to the intestinal lymphoid and mucosal tissues by 321 



upregulating the expression of the gut homing receptor a4b7 (44). Flow cytometric 322 

analysis of Treg cells of Foxp3EGFPCreR26N1c/+ mice revealed increased CD22 expression 323 

upon treatment of the mice with Poly I:C (Fig. 6A). Expression of CD22 in Treg cells was 324 

abrogated upon Treg cell-specific deletion of Rbpj, the gene encoding the Notch 325 

canonical pathway transcriptional co-factor RBPJ (Fig. S8A). Analysis of peripheral blood 326 

Treg cells of MIS-C subjects revealed increased expression of CD22 that strongly 327 

correlated with NOTCH1 expression on these cells (Fig. 6B). CD22 expression was also 328 

increased in patients with NUMB/NUMBL mutations in accord with the impact of the 329 

mutation (Fig. S6 G-I). In contrast, CD22 was minimally expressed on CD4+ Tconv cells 330 

of control, acute COVID-19 and MIS-C subjects, and it did not correlate with Notch1 331 

expression on these cells signaling (Fig. 6B and C). These results indicated that CD22 332 

was upregulated on Treg cells with active NOTCH1 signaling.  333 

The functional relevance of CD22 expression on Treg cells was analyzed by performing 334 

in vitro Treg cell suppression assays on Treg cells pooled from different mice, which 335 

revealed profoundly defective suppressive function of CD22+ Treg cells of 336 

Foxp3EGFPCreR26N1c/+ mice compared to Treg cells of Foxp3EGFPCre control mice. This 337 

defect was corrected upon treatment of Treg cells with the anti-CD22 mAb (Fig. 6D). 338 

Similarly, the suppressive function of MIS-C Treg cells was profoundly deficient compared 339 

to that of Treg cells of healthy controls, which was corrected upon treatment of the cells 340 

with the anti-CD22 mAb (Fig. 6E). 341 

To determine the role of CD22 expression on Treg cells in the multi organ inflammatory 342 

disease triggered by Poly I:C treatment of Foxp3EGFPCreR26N1c/+ mice, we examined the 343 

impact of therapy with a neutralizing anti-CD22 mAb on disease outcome in these mice. 344 



Anti-CD22 mAb treatment prevented the weight loss and the multi-organ inflammation 345 

induced by Poly I:C treatment (Fig. 7A-C). It downregulated the activation of splenic 346 

CD44+CD62L– Tconv cells and the expression by Treg and Tconv cells of IFNg (Fig. 7C-347 

F). Anti-CD22 mAb treatment also downregulated the expression by splenic Treg cells of 348 

a4b7 (Fig. 7F). Anti-CD22 mAb treatment did not deplete Treg cells (Fig. 7G). In contrast, 349 

B cell depletion with an anti-B cell specific anti-CD20 mAb failed on its own to protect 350 

against disease or to abrogate protection by anti-CD22 mAb treatment (Fig. S8B and C). 351 

Analysis of gut lamina propria lymphocytes (LPL) revealed increased infiltration with 352 

activated (CD44+CD62L–) Tconv and Treg cells with increased expression of IFNg that 353 

was similarly downregulated upon treatment with the anti-CD22 mAb (Fig. S8D and E). 354 

Overall, these results indicated that anti-CD22 mAb treatment suppressed both the gut 355 

and systemic inflammation induced by Poly I:C treatment of Foxp3EGFPCreR26N1c/+ mice.  356 

To further link the above results with our human studies, we employed another mouse 357 

model in which a floxed Numb allele was conditionally deleted in Treg cells 358 

(Foxp3YFPCreNUMBD/D) (Fig. S9A and B). Treatment of Foxp3YFPCreNUMBD/D mice with 359 

Poly I:C intraperitoneally resulted in progressive weight loss similar to what was observed 360 

in Poly I:C-treated Foxp3EGFPCreR26N1c/+ mice. In contrast, Poly I: C-treatment of control 361 

Foxp3YFPCre had no effect (Fig. S9C and D). Analysis of CD4+ T cells of 362 

Foxp3YFPCreNUMBD/D mice revealed that their activation phenotype recapitulated that of 363 

CD4+ T cells of MIS-C patients, including increased memory markers (CD44+CD62L–) 364 

and heightened IFNg production by Tconv cells (Fig. S9E and F). Moreover, Treg cells of 365 

Poly I:C-treated Foxp3YFPCreNUMBD/D mice also showed upregulation of Notch1, N1c, 366 

CD22 and a4b7 that recapitulated the Treg cell phenotype of MIS-C patients and Poly 367 



I:C-treated Foxp3EGFPCreR26N1c/+ mice (Fig. S9G-J). Finally, treatment of 368 

Foxp3YFPCreNUMBD/D mice with an anti-CD22 mAb prevented disease development 369 

following Poly I:C treatment, downregulated Notch pathway and gut homing markers and 370 

suppressed CD4+ T cell expansion and activation and IFNg expression in both the spleen 371 

and the gut (Fig. S9A-M). Overall, these results indicated that Notch1-dependent 372 

induction of CD22 expression on Treg cells plays a crucial pro-inflammatory role in Poly 373 

I:C-treated Foxp3EGFPCreR26N1c/+ mice.  374 

To determine the mechanisms by which CD22 subverted Treg cell function, we analyzed 375 

the steady state transcriptome of a pool of CD22+ Treg cells of Foxp3EGFPCreR26N1c/+ mice 376 

compared to control Foxp3EGFPCre Treg cells or CD22– Treg cells of Foxp3EGFPCreR26N1c/+. 377 

KEGG/GO pathway analysis showed increased expression of genes involved in the 378 

regulation of the immune response, T cell migration and Notch signaling (Fig. S10A-F). 379 

Furthermore, we analyzed by flow cytometry the phenotypes of CD22+ colonic and splenic 380 

of Treg cells Foxp3EGFPCreR26N1c/+ mice isolated at steady state and following Poly I:C-381 

treatment in comparison with those of Treg cells of similarly treated Foxp3EGFPCre mice. 382 

The CD22+ Treg cells exhibited decreased expression of Helios and NRP-1 both at steady 383 

state and after Poly I:C treatment in the face of similar expression of markers of T cell 384 

activation including CD44, suggesting their decreased stability (Fig. S10G and H). In 385 

agreement with this conclusion, Foxp3 expression also decreased in CD22+ Treg cells 386 

following Poly I:C treatment. Treatment with anti-CD22 mAb reversed those defects in 387 

both colonic and splenic Treg cells (Fig. 8A and Fig. S10H and I).  388 

CD22 regulates B cell receptor signaling by forming a molecular scaffold that enables 389 

coordinated docking of different downstream signaling pathways (65). Analysis of CD22+ 390 



Treg cells revealed enhanced activation of T cell receptor-coupled pathways compared 391 

to control Treg cells, with increased phosphorylation of the extracellular signal-regulated 392 

kinases (ERK) and the phospholipase C gamma 1 (pPLCg1) (Fig. 8B). Downstream of 393 

the PI3-kinase pathway, phosphorylation of the kinase AKT at residue T308, a target of 394 

upstream phosphoinositide-dependent kinases, and the mammalian target of rapamycin 395 

complex 1 (mTORC1) substrate S6 kinase were also increased (Fig. 8C) (66, 67). 396 

Treatment with an anti-CD22 mAb downregulated S6 phosphorylation, thus indicating 397 

active intracellular signaling by CD22 in Treg cells (Fig. 9A and B). Anti-CD22 mAb 398 

treatment corrected the decreased MFI of Foxp3 found at the end of the In-vitro Treg 399 

suppressive assay, indicative of reversal of CD22+ Treg cell instability (Fig. 9C and D). 400 

Treatment with the mTOR inhibitor Rapamycin reversed the regulatory defect in CD22+ 401 

Treg cells and the associated loss of Foxp3 expression (Fig. 9E to G). These results 402 

indicated that CD22 positively enhanced T cell receptor signaling in Treg cells leading to 403 

their destabilization and loss of regulatory function by an mTORC1-dependent 404 

mechanism.  405 

  406 



Discussion 407 

In this study, we demonstrate that MIS-C entails the mobilization of a Treg cell-specific 408 

pathway involving Notch1-CD22 signaling that promotes immune dysregulation and 409 

which can be demonstrated both in human subjects and in proxy mouse models. Patients 410 

with MIS-C but not children or adults with acute COVID-19 demonstrated increased 411 

NOTCH1 expression on circulating CD4+ Treg and Tconv cells, all of which declined 412 

precipitously following anti-inflammatory therapy. The pathogenic function of this pathway 413 

was confirmed by the identification of dominant negative mutations in PTB domains of 414 

NUMB and NUMBL in MIS-C subjects that resulted in increased NOTCH1 expression. It 415 

was also supported by the demonstration of a role for Notch pathway-related mutations 416 

in MIS-C using Monte Carlo simulation and Fisher Test. Uniquely, MIS-C subjects 417 

exhibited increased CD22 expression on Treg but not Tconv cells which could be 418 

demonstrated in mice to involve Notch1 signaling via the RBPJ-k canonical pathway. 419 

CD22 blockade was sufficient to inhibit the immune dysregulation triggered by Notch1 420 

signaling in Treg cell in the Poly I:C proxy viral infection model, highlighting the critical 421 

role of this molecule in MIS-C disease pathogenesis.  422 

Our previous studies have identified NOTCH4 to be specifically upregulated on circulating 423 

Treg cells in adult subjects with COVID-19; their origin could be traced in mouse models 424 

of viral infection to the lung (36). NOTCH4 was similarly upregulated on circulating Treg 425 

cells of pediatric subjects with acute COVID-19, while both NOTCH4 and NOTCH1 were 426 

upregulated on those of MIS-C subjects. However, expression of NOTCH1 and NOTCH4 427 

on MIS-C Treg cells was mutually exclusive, suggesting that the respective Treg cell 428 

populations were ontogenically distinct. These findings suggest that NOTCH4 and 429 



NOTCH1 regulate distinct checkpoints in the evolution of immune dysregulation following 430 

SARS-CoV-2 and other viral infections. Thus, NOTCH4 appears critical for licensing lung 431 

inflammation following SARS-CoV2, influenza and related viral infections (36). In contrast, 432 

increased NOTCH1 expression on Treg and Tconv cells, with at least some of the latter 433 

being derived from destabilized NOTCH1+ Treg cells, may favor the evolution of Th1-434 

skewed systemic inflammation (41, 42). Overall, our studies provide a mechanistic 435 

framework for the evolution of autoimmunity in MIS-C by establishing Notch pathway-436 

dependent Treg cell dysfunction as a critical step in this process (16, 17, 25) 437 

Mouse studies revealed that a critical step by which Notch1 signaling in Treg cells 438 

promotes systemic inflammation involves its induction of CD22, an inhibitory receptor 439 

previously associated with B cells, where it functions as a regulator of B cell receptor 440 

signaling. More recently, CD22 has been described to direct the homing of B cells to the 441 

gut lymphoid and mucosal tissues by virtue of its upregulation of the gut homing integrin 442 

a4b7 (44). Consistent with these findings, treatment of mice whose Treg cells express a 443 

gain of function Notch1 mutant with an anti-CD22 blocking antibody rescued their gut and 444 

systemic inflammation following treatment with Poly I: C. CD22 impaired the in vitro Treg 445 

cell suppressive function, an effect that was reversed by treatment with the anti-CD22 446 

blocking antibody. Notwithstanding its function as an inhibitory receptor, Treg cells 447 

expressing CD22 demonstrated increased T cell receptor signaling with increased 448 

mTORC1 activity, leading to defective Treg cell suppressive function that was reversed 449 

by treatment with the mTOR inhibitor rapamycin.  450 

MIS-C is a rare complication of SARS-CoV-2 infection (68), suggesting a genetic 451 

predisposition to this disorder. In that regard, mutations in a number of immune regulatory 452 



genes have been described in MIS-C, including SOCS1, XIAP and CYBB as well as HLA-453 

class I alleles and rare heterozygous mutations in genes associated with hemophagocytic 454 

lymphohistiocytosis (25, 27, 32, 55). We found variants in a number of Notch pathway 455 

genes in patients with MIS-C. Importantly, dominant negative loss of function mutations 456 

in NUMB and NUMBL found in MISC subjects resulted in increased NOTCH1 expression 457 

and NOTCH1 signaling, consistent with the pathogenic function of these mutations in this 458 

pathway in promoting MIS-C in the context of a systemic viral infection such as with 459 

SARS-CoV2.  460 

Collectively, these results allow for the construction of a model that traces the evolution 461 

of MIS-C. An initial infection with the SARS-CoV2 virus results in the expansion of 462 

NOTCH4 and NOTCH1 Treg cells, the latter favored by rare genetic variants found in the 463 

susceptible host. A subset of NOTCH1+ Treg cells upregulates CD22, which severely 464 

impairs their regulatory function and drives their homing to the gut where they promote 465 

inflammation, possibly instigated by persistence of SARS-CoV2 in the gastrointestinal 466 

tract and/or in reaction to the gut microbiota (14). This cascading immune dysregulatory 467 

process may be amplified by heightened responses among some children to pathogen- 468 

and damage-associated signals (21), which aggravates the systemic spread of 469 

inflammation and the broad disruption of tissue Treg cell function. Importantly, Notch-470 

related immune dysregulation may extend to involve other disease states associated with 471 

inflammation including other viral infections, inflammatory bowel disease and graft versus 472 

host disease (41, 42, 44, 69). This dysregulation is reversible by anti-inflammatory 473 

therapy that targets cytokines involved in Notch1 induction. Our results also suggest that 474 

blockade of CD22 or treatment with the mTORC1/2 inhibitor rapamycin may provide an 475 



alternative therapy in those patients who prove resistant to standard of care anti-476 

inflammatory therapy.  477 
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Experimental Procedures 518 

Patient Cohorts Contributing to the Flow Cytometry, Transcriptomic, and 519 

Functional Studies:  520 

MIS-C and Pediatric COVID-19: Peripheral blood samples were obtained from children 521 

with COVID-19 (n=9) and MIS-C (n=23) who were prospectively recruited from Boston 522 

Children’s Hospital (BCH) as part of the Taking on COVID-19 Together Study and the 523 

Kawasaki Disease (KD) Biorepository between 5/2020 and 4/2021. In addition, blood 524 

samples were also collected from children cared for at the Marmara University Hospital 525 

in Istanbul, Turkey (8 COVID-19, 8 MIS-C from 12/2020 to 1/2021), Istanbul University-526 

Cerrahpaşa, Istanbul, Turkey (20 COVID-19, 2 MIS-C from 7/2020 to 1/2021), Gaslini 527 

Institute in Genoa, Italy (4 MIS-C from 12/2020 to 3/2021), and the Bambino Gesù 528 

Children’s Hospital in Rome, Italy (13 COVID-19, 12 MIS-C from 3/2020 to 4/2021). The 529 

clinical characteristics of children with MIS-C and pediatric COVID-19 are reported in 530 

Table S1. All Patients with MIS-C met the Centers for Disease Control (CDC) Case 531 

Definition for  MIS-C (46). Patients requiring intensive care unit (ICU) admission and/or 532 

vasopressor support or those who developed coronary artery aneurysms (z-score ≥ 2.5) 533 

were classified as having severe MIS-C.  534 

Children with COVID-19 presented with either a fever, respiratory illness, and/or known 535 

COVID-19 exposure and were found to be SARS-CoV-2 positive by polymerase chain 536 

reaction (PCR). Moderate pediatric COVID-19 was defined by a supplemental oxygen 537 

requirement and care on the pediatric ward while severe disease required ICU admission 538 

and/or bilevel positive airway pressure (BiPAP) or mechanical ventilation. All other 539 

children with COVID-19 were defined as having mild cases.  540 



Adult COVID-19: Twelve patients previously described (Harb et al, 2021) were used in 541 

this study.  542 

Kawasaki Disease: Five children with KD provided peripheral blood samples through the 543 

KD Biorepository at BCH from 10/2020 to 1/2021 (Table 1). These patients fulfilled the 544 

clinical criteria for either complete or incomplete KD as outlined by the American Heart 545 

Association (AHA)(70). Further, all of these patients tested negative for SARS-CoV-2 by 546 

both PCR and serology and had no known close contacts with COVID-19.  547 

Controls: Peripheral blood samples were obtained from pediatric control subjects 548 

recruited from Boston Children’s Hospital (n=6), Istanbul University-Cerrahpaşa (n=7), 549 

and Gaslini Institute (n=5). Clinical characteristics of the control study subjects can be 550 

found in Table S1.  551 

Sample Processing: Peripheral blood samples were obtained at study enrollment in either 552 

sodium heparin or EDTA tubes. At each site, PBMCs were isolated by Ficoll density 553 

gradient centrifugation and cryopreserved in liquid nitrogen. 554 

Gene Pathway Analyses using the Fischer and Monte-Carlo tests. Whole genome or 555 

whole exome sequences were obtained from patients with MIS-C and children with 556 

COVID-19. These patients were recruited from the Taking on COVID-19 Together Study 557 

at Boston Children’s Hospital (30 with MIS-C and 21 with COVID-19) as well as the 558 

Marmara University Hospital (9 with MIS-C and 3 with COVID-19).  559 

In addition, whole exome and genome sequencing data obtained from 1,885 families 560 

(4682 samples) at the Manton Center for Orphan Disease Research were used for gene-561 

enrichment test [Manton Center for Orphan Disease Research: 562 

https://www.mantonfoundation.org/]. Data were divided in 4 groups depending in their 563 



phenotypes: obesity (86 samples), myopathy (310 samples), autism-ADHD (1296 564 

samples) or rare diseases (2990 samples). Rare diseases were subdivided depending on 565 

the sequencing provider, Broad Institute (1006 samples), GeneDx (715 samples), Boston 566 

Children’s Hospital (545 samples) and others (724 samples). 162 families (385 samples) 567 

with immunodeficiency, allergic dysregulation, autoimmunity, and recurrent infections 568 

obtained from Boston Children’s Hospital repositories were also included in our analysis. 569 

Patient Screening for NOTCH-related Genes: Blood samples from patients with MIS-C 570 

enrolled in the Overcoming COVID-19 Immunobiology Study we obtained from 20 large 571 

pediatric sites in the U.S.A and were sent for whole exome sequencing (88 MIS-C from 572 

6/2020 to 5/2021). DNA was isolated from whole blood using the Gentra Puregene Blood 573 

Kit (Qiagen) or by GeneDx using IDT xGen probes. Libraries for whole exome sequencing 574 

were prepared using Agilent Technologies SureSelectXT2 Homo Sapiens All Exon V6 575 

Kit. Paired end sequencing was performed with an Illumina HiSeq-2000, generating 150 576 

base reads. Sequencing alignment to the hg19/GRCh37 reference build was performed 577 

using the Burrows-Wheeler Aligner (71). Variant calling and candidate variant analysis 578 

were completed by utilizing the Boston Children’s Hospital Genomic Learning System, as 579 

previously described (53). Minor allelic frequencies for the specified variants were 580 

identified by using the Genome Aggregation Database (72). 581 

Mice. The following mouse strains were obtained from the JAX Laboratories: 582 

Foxp3EGFPCre (B6129S-Tg (Foxp3-EGFP/icre)1aJbs/J), Rosa26N1c/+. Rbpj1fl/fl (B6.129P2-583 

Rbpjtm1Hon/HonRbrc) mice were a kind gift of Tasuku Honjo.  584 

Single-cell RNA sequencing. Cryopreserved PBMCs were thawed in plain RPMI 585 

(HyClone) pre-warmed to 37°C, washed in PBS (HyClone) and resuspended in FACS 586 



buffer (PBS with 1.5% FBS (Genesee Scientific) and 2.5 mM EDTA (Invitrogen)) for CD4 587 

T cell enrichment through negative selection (Miltenyi Biotec). Samples were studied in 2 588 

independent experiments: experiment 1 included 3 pediatric controls, 1 pre-treatment 589 

MIS-C patient, and 4 post-treatment MIS-C patients; experiment 2 included 1 pediatric 590 

control, 2 pre-treatment MIS-C patients, and 1 post-treatment MIS-C patient. Detailed 591 

procedures are described in Supplemental Materials section.  592 

Single-cell RNA sequencing clustering analyses. Sequencing data from each 10x run 593 

were processed with the CellRanger pipeline (10x Genomics) for demultiplexing and gene 594 

alignment (73). The resulting raw count matrices were imported in R (v4.0.2 and above) 595 

using Seurat (v4.0.3) (50). Data from all 3 runs were merged into one Seurat object. 596 

Genes detected in <1 per 10,000 cells were filtered out, leaving a transcriptomic coverage 597 

of 21,675 genes. High quality cells with >1400 unique molecular identifiers (UMIs), >700 598 

genes, a log10(gene) to log10(UMI) ratio >0.84 and mitochondrial to nuclear gene ratio 599 

<0.08 were retained for downstream analyses. Quality control revealed no significant 600 

batch effect: similar distributions were observed for the metrics mentioned above across 601 

different runs and experiments. Detailed procedures are described in Supplemental 602 

Materials section.  603 

Pseudobulk differential expression analyses (DEA). For pseudobulk differential 604 

expression analyses (DEA), gene expression level data was aggregated at the patient 605 

level for each subset of interest, namely Tregs and activated Tconv. For this analysis, we 606 

considered as Treg any cell assigned to Seurat Cluster 15 (FOXP3-expressing cells) or 607 

annotated as Treg by Azimuth, which added up to 1,925 Treg cells across all 12 patients. 608 

Similarly, we considered as activated Tconv any cell assigned to Seurat Clusters 9 to 14 609 



and annotated as CD4 TCM, CD4 TEM, CD4 CTL or CD4 Proliferating by Azimuth (6,674 610 

cells). Detailed procedures are described in Supplemental Materials section.  611 

Gene pathway analysis using the Fischer and Monte-Carlo tests. To identify if a 612 

pathway is relevant to MIS-C or acute-COVID-19 (mild and severe pediatrics patients), 613 

a comparison between MIS-C or acute-COV19 and the eight databanks described 614 

above was performed as detailed in the Supplemental Materials section.  615 

CRISPR/Cas9 Knock-out generation. HEK293 cells were transfected with 616 

CRISPR/Cas9 knockout plasmids NUMB/NUMBL (Santa Cruz Biotechnologies) using a 617 

CalPhos Mammalian Transfection kit (Takara), following the manufacturer protocol. 618 

CRISPR positive cells were isolated by FACS and plated at very low density to induce 619 

the formation of clonal colonies. Individual clones were then isolated and tested for 620 

knockout efficiency by flow cytometry. 621 

In vitro NOTCH1 induction: Human Treg cells from Healthy Donor were isolated by cell 622 

sorting (Sony Sorter, MA900) based on CD3, CD4, CD25high, CD127Low. Treg cells were 623 

seeded at 1× 104 cells in 96-well plates then stimulated with CD3/CD28 Dynabeads 624 

(ThermoFisher) alone or in presence of recombinant IL-1b, IP-10, IL-6, IFN-g and IFN-l2 625 

(10 μg /ml; Peprotech) for 72h. Notch1 expression on Foxp3+ Treg cells was then 626 

assessed by Flow cytometry.  627 

NUMB and NUMBL mutagenesis and cells transfection. A plasmid pCMV6-AC-Numb-628 

GFP encoding for human NUMB (NM_001005745) or human NUMBL (NM_004756) were 629 

purchased from OriGene (RG209744). The directed NUMB (c.280 C>T, p.Leu 94 Phe) 630 

and NUMBL (c.236G>T, p.Ser79Ile; c.262G>A p.Val88Met) mutagenesis plasmids were 631 

generated with standard cloning techniques by using pCMV6-AC-Numb-GFP as a 632 



template. NUMB/NUMBL-deficient HEK293T were cultured in 10% FBS DMEM medium 633 

(Gibco), supplemented with 100 U/mL penicillin, and 100 μg/mL streptomycin 634 

(Invitrogen). The day before transfection, the NUMB/NUMBL-deficient HEK293 cells were 635 

seeded at a density of 5x105 cells per well of 6 well plates. The next day, HEK293 cells 636 

were transiently transfected with 2 µg of the respective plasmids encoding either wild type 637 

or mutant NUMB or NUMBL using GeneJuice transfection reagent (Merck Millipore) 638 

according to the manufacturer’s instructions. After 48h of transfection, cells were collected 639 

for Flow cytometry analysis. 640 

Cytokine measurements. IL-1b, IL-6, IL-8, IFNa, IFNb, IFNg, IFNl, CXCL10 and TNF 641 

were measured using Legendplex (Biolegend) per manufacturer’s protocol.  642 

Polyinosinic-polycytidylic acid (Poly I:C) mouse model. Mice were treated 643 

intraperitoneally with 2.5 mg/kg of Poly I:C HMW (InvivoGen) every two days for 12 644 

consecutive days. The weight of the mice was recorded daily. Mice were euthanized and 645 

analyzed at day 13. For blockading CD22 mice were treated with an anti-CD22 antibody 646 

every two days for 12 consecutive days (InVivoMAb anti-mouse CD22; Clone: Cy34.1, 647 

Bioxcell). The antibody was given intra-peritoneally at 20 µg of antibody in PBS in a final 648 

volume of 100 µl or isotype control mAb (clone MOPC-21; Bioxcell). For the CD20 649 

depletion experiment, the mice were given intraperitoneally 10µg of anti-CD20mAB (clone 650 

MB20-11; Bioxcell) or isotype control mAb (clone MOPC-21; Bioxcell) every 2 days, six 651 

days before the start of the experiment.  652 

Histopathology staining. Paraffin-embedded lung, colon and liver sections were stained 653 

with hematoxylin and eosin (H&E) or Paraffin-acid-Schiff staining (PAS). The lung colon 654 

and liver pathology were scored by blinded operators, as described (74).  655 



Flow cytometric analysis of mouse and human cells. Antibodies against murine and 656 

human antigens used for flow cytometric analyses are described in Table S2. The 657 

specificity and optimal dilution of each antibody were validated by testing on appropriate 658 

negative and positive controls or otherwise provided on the manufacturer's website. 659 

Intracellular cytokine staining was performed as previously described (41). Dead cells 660 

were routinely excluded from the analysis based on the staining of eFluor 780 Fixable 661 

Viability Dye (1:1000 dilution) (Thermofisher). Stained cells were analyzed on a BD LSR 662 

Fortessa cell analyzer (BD Biosciences) and data were processed using Flowjo (Tree 663 

Star Inc.). 664 

Transcriptome Profiling. Treg cells were isolated from either Foxp3EGFPcre or 665 

Foxp3EGFPCre Rosa26N1c/+ mice by cell sorting, and their RNA was isolated using Qiagen 666 

RNeasy mini kit (Qiagen). RNA was then converted into double-stranded DNA (dsDNA), 667 

using SMART-Seq v4 Ultra Low Input RNA kit (Clontech). dsDNA was then fragmented 668 

to 200-300 bp size, using M220 Focused-ultrasonicator (Covaris), and utilized for 669 

construction of libraries for Illumina sequencing using KAPA Hyper Prep Kit (Kapa 670 

Biosystems). Libraries were then quantified using Qubit dsDNA HS (High Sensitivity) 671 

Assay Kit on Agilent High Sensitivity DNA Bioanalyzer. Detailed procedures are described 672 

in Supplementary Material section.  673 

In vitro suppression assays. Mouse and human Treg cell suppressive assay were 674 

performed as described (74). Treg cells of Foxp3EGFPcre and Foxp3EGFPCre Rosa26N1c/+ 675 

mice were cell sorted based on CD4, YFP and/or CD22 expression and were used as 676 

suppressor cells. Responder cells were co-cultured with Treg cells, at a 1:1 ratio, and 677 

stimulated at 37ºC 5% CO2 for 3 days with 2 μg/ml of coated anti-CD3 and 1 μg/ml of 678 



soluble anti-CD28 in presence of increased dose of anti-CD22 mAb or Rapamycin in 96-679 

well, round-bottomed plates in triplicates. For human suppression assays Treg cells 680 

(CD3+CD4+CD127–CD25High) and CD4+ Tconv (responder) cells were isolated from 681 

PBMCs by cell sorting. Responder cells were co-cultured with Treg cells, at a 1:1 ratio, 682 

and stimulated at 37ºC 5% CO2 for 3 days with 2 μg/ml of coated anti-CD3 and 1 μg/ml 683 

of soluble anti-CD28 in presence of 1 μg/ml anti-CD22 mAb or 1 ng/ml Rapamycin in 96-684 

well, round-bottomed plates in triplicates. The responder cells were then analyzed for 685 

CellTrace dye dilution by flow cytometry. 686 

Analysis of TCR signaling by phosphoflow. Total spleen from either Foxp3EGFPCre or 687 

Foxp3EGFPCreR26N1c/N1c mice were stimulated at 37°C in non-supplemented RPMI 1640 688 

using pre- formed complexes of biotinylated anti-CD3 mAb (clone 145-2C11, BD, 30 689 

μg/ml), anti-CD4 mAb (GK1.5, BD, 30 μg/ml) and streptavidin (60 μg/ml) during 1 to 5 690 

min. Reaction was stopped and cells were permeabilized using a Foxp3/transcription 691 

factor staining buffer (eBiosciences) and Perm buffer III (BD Biosciences). Cells were 692 

stained with antibodies described in Table S2. Samples were acquired on a Fortessa 693 

cytometer (BD) and data were analyzed using the FlowJo software.  694 

Statistical analysis. Student’s two-tailed t-test, one- and two-way ANOVA and repeat 695 

measures two-way ANOVA with post-test analysis and log-rank test of groups were used 696 

to compare test groups, as indicated. Linear Regression was used for correlation 697 

analysis. For analysis of the human data, summary statistics were calculated using 698 

number (percentage) for binary and categorical data and mean (standard deviation) or 699 

median (interquartile range) for continuous data depending on the normality of the 700 

distribution.  701 



Study approval.  702 

Human Subjects: Written informed consent (and assent when appropriate) was provided 703 

by the participants, their health care proxy and for minor children from at least one parent 704 

or legal guardian. The single center research protocols were approved by the Institutional 705 

Review Boards (IRBs) at Boston Children’s Hospital (IRB-P00035409 [Taking on COVID-706 

19 Together], X10-01-0308, IRB-P00005723), Marmara University Hospital (224165), 707 

Istanbul University-Cerrahpasa (159066), the Gasilini Institute (egione Liguria 708 

ImmunoCOVID19" 0012337/20), and the Bambino Gesù Children’s Hospital 709 

(2083_OPBG_2020), Boston Children’s Hospital (P0021163, P00035489, P00035810, 710 

IRB-P00004759 and 04-09-113R). Boston Children’s Hospital serves as the single IRB 711 

for the multicenter Overcoming COVID-19 Immunobiology Study (IRB-P00033157) and 712 

all enrolling sites IRBs reviewed and approved the protocol. The Rare disease cohorts 713 

research protocols were approved by the Institutional Review Boards (IRBs) at the 714 

Manton Center samples (10-02-0053).  715 

Animal Studies: All animal studies were reviewed and approved by the Boston 716 

Children’s Hospital office of Animal Care Resources. 717 

Data Availability. Any data and materials to be shared will be released via a material 718 

transfer agreement. Bullk-RNA sequencing datasets have been deposited in the Gene 719 

Expression Omnibus: GEO: GSE186799.  720 
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Figures  935 

936 

Figure 1. Increased CD4 T cell activation and Treg cell destabilization in MIS-C. 937 

Circulating CD4+ T cells from control, pre- and post-treatment MIS-C subjects were 938 

studied with 10x Genomics. A. Uniform manifold approximation and projection (UMAP) 939 

of normalized and harmonized dataset, split by disease group and color-coded by cell 940 

type. Cell identities were defined by mapping the data to a reference human PBMC 941 

dataset with Azimuth. B. Frequencies (%) of each cell type among total CD4+ T cells for 942 

each patient, as determined with scRNA-seq. C, D. Log2 fold changes (LFC) in gene 943 

expression derived from independent pseudobulk differential expression analyses (DEA) 944 

of pre-treatment MIS-C versus healthy control (x-axis) and of pre-treatment MIS-C versus 945 



post-treatment MIS-C subjects (y-axis) in Treg cells (C) and Activated Tconv (D). For 946 

each cell type, genes differentially expressed (p-value < 0.2) in pre-treatment MIS-C 947 

versus both control and post-treatment subjects are highlighted (blue: LFC < 0, red: LFC 948 

> 0). E, F. Heatmaps of all genes found to be differentially expressed and significant (p-949 

value < 0.05) in pseudobulk DEA of pre-treatment MIS-C versus either control or post-950 

treatment subjects, respectively for Treg cells (E) and Activated Tconv (F). G, H. LFC 951 

distributions of genes belonging to each of the corresponding enriched hallmarks. Gene 952 

set enrichment analysis (GSEA) was run against the MSigDB hallmark database using 953 

ranked LFC derived from pseudobulk DEA of pre-treatment MIS-C versus control subjects 954 

in Treg cells. 955 

  956 



957 

Figure 2. Increased Notch1 expression on circulating CD4+ Treg and Tconv cells in 958 

MIS-C. A to F, Flow cytometric analysis, cell frequencies, and mean fluorescence 959 

intensity (MFI) of Notch1 (A to C) and Notch4 expression (D to F) in CD4+ Treg and 960 



Tconv cells of healthy control subjects, and patients with Kawasaki disease, adult 961 

subjects with severe COVID-19, pediatric subjects with mild or severe COVID-19 and 962 

MIS-C subjects. G, Flow cytometric analysis and mean fluorescence intensity (MFI) of 963 

N1c in CD4+ Treg cells of healthy control subjects, and pediatric patients with severe 964 

COVID-19 or MIS-C. H, serum concentrations of IL-1b, IL-6, TNF, IFNa, IFNl2/3, IFNg 965 

IL-10, and IP-10 in control and the respective patient group subjects. I. Flow cytometric 966 

analysis and frequencies of Notch1 expression on anti-CD3-anti-CD28-activated CD4+ 967 

human Treg cells treated with the respectively indicated cytokines. Each symbol 968 

represents one subject. Numbers in flow plots indicate percentages. Error bars indicate 969 

SEM. Statistical tests: *P<0.05, **P<0.01, ****P<0.0001 by one-way ANOVA with 970 

Dunnett’s post hoc analysis (A to E; H to I).  971 
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 982 

Figure 3: Identification of genetic pathway operative in MIS-C. A. KEGG and GO 983 

pathways differentially enriched in rare mutations in MIS-C versus Acute COVID-19 984 

(severe and mild pediatrics patients) by Monte Carlo simulation and Fished Test as 985 

described in the Materials and Methods section. B, C. Frequency of mutations in two 986 

representative pathways: “positive regulation of NF-kB signaling”(B) and “inflammatory 987 

response to antigenic stimulus” (C), identified in A versus other disease groups either 988 

collectively by Monte Carlo simulation or individually by Fisher test. **P<0.01, ***P<0.001, 989 

****P<0.0001, *****P<0.00001. by Monte Carlo simulation and Fished Test.  990 



991 

Figure 4: Identification of NUMB/NUMBL genetic variants in MIS-C: A. Schematic 992 

representation of NUMB and NUMBL mutations identified in MIS-C subjects. B, C. 993 

Expression of recombinant wild type NUMB protein (NUMBWT) and NUMBLeu94Phe (B), and 994 

NUMBLWT, NUMBLSer79Ile, and NUMBLVal88Met proteins (D) in NUMB/NUMBL-deficient 995 

HEK293 cells. D and F. Flow cytometric analysis and fold expression of NOTCH1 and 996 

N1c in NUMB/NUMBL-deficient HEK293 cell transfected with either NUMBLeu94Phe (D), 997 

NUMBLSer79Ile or NUMBLVal88Met proteins (F) either alone or together with the respective 998 

WT proteins. Error bars indicate SEM. Statistical tests for panels (B to E): *P<0.05, 999 



**P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Dunnett’s post hoc 1000 

analysis.   1001 



1002 

Figure 5. Poly I: C-induced multiorgan inflammatory disease in Foxp3EGFPCreR26N1c/+ 1003 

mice. A. Experimental scheme. Mice were injected with Poly I: C intraperitoneally (i.p.) 1004 

daily for 12 days. B and C Weight indices of Foxp3EGFPCre and Foxp3EGFPCreR26N1c/+ mice 1005 

subjected to Poly I:C treatment. D, Hematoxylin and eosin-stained sections and 1006 

inflammation score of liver, gut, and lung tissues isolated from the indicated mouse 1007 

groups (×200 magnification). E. Flow cytometric analysis and graphical representation of 1008 



naïve (CD4+CD44–CD62L+) and activated (CD4+CD44+CD62L–) Tconv cells. F and G. 1009 

Flow cytometric analysis and graphical representation of IFNg and IL-17 expression in 1010 

Tconv (F) and Treg cells (G) in the respective poly I: C-treated mouse groups. H. Flow 1011 

cytometric analysis and graphical representation of a4b7 expression in Treg and Tconv 1012 

cells of the indicated mouse groups. I. Flow cytometric analysis and graphical 1013 

representation of a4b7 expression in Treg and Tconv cells of the indicated subject 1014 

groups. J. Relative expression of ITGB7 in the different clusters inferred from scRNA-seq 1015 

data. K. Flow cytometric analysis and cell frequencies of a4b7 (ITGB7) expression on 1016 

circulating CD4+FOXP3+ Treg cells in healthy control subjects and in MIS-C patients pre 1017 

and post-treatment. L, M. cell frequencies of Notch1(L) and CD22 (M) expression on 1018 

circulating CD4+FOXP3+ Treg cells in healthy control subjects and in MIS-C patients pre 1019 

and post-treatment. Each symbol represents one mouse (B to I), one cell (J), or one 1020 

human subject (I, K, L, M). Numbers in flow plots indicate percentages. Error bars indicate 1021 

SEM. Statistical tests: Two-way ANOVA with Sidak’s post hoc analysis (B); Student T-1022 

test (C, D) One-way ANOVA with Dunnett’s post hoc analysis (E to I, K, L, M). *P<0.05, 1023 

**P<0.01, ***P<0.001, ****P<0.0001.   1024 



1025 

Figure 6. Notch1 destabilizes Treg suppressive function by a CD22-dependent 1026 

mechanism. A. Flow cytometric analysis and graphical representation of CD22 1027 

expression in splenic Treg and Tconv cells of Poly I: C-treated Foxp3EGFPCre and 1028 

Foxp3EGFPCreR26N1c/+ mice. B. Flow cytometric analysis and cell frequencies of CD22 1029 

expression on circulating CD4+FOXP3+ Treg and CD4+FOXP3– Tconv cells in healthy 1030 

controls and in subjects with either mild pediatric COVID or MIS-C. C. Correlation analysis 1031 

of CD22 expression on Treg and Tconv cells of MIS-C and control subjects as a function 1032 

of Notch1 expression on these cells. D In vitro suppression of Tconv cell proliferation by 1033 

Foxp3EGFPCre and CD22+ Foxp3EGFPCreR26N1c/+Treg cells in the presence of increasing 1034 

concentrations of anti-CD22 mAb. E In vitro suppression of human Tconv cell proliferation 1035 

by Treg cells isolated from healthy controls or MIS-C subjects either in the absence of 1036 

presence of anti-CD22 mAb. Each symbol represents one mouse (A), or one human 1037 

subject (B and C). Numbers in flow plots indicate percentages. Error bars indicate SEM. 1038 

Statistical tests); Student T-test (A) One-way ANOVA with Dunnett’s post hoc analysis 1039 



(B); Two-way ANOVA with Sidak’s post hoc analysis (D and E); and Pearson correlation 1040 

analysis (C). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.   1041 



1042 

Figure 7: A Treg cell Notch1-CD22 axis promotes multi-organ inflammation A. 1043 

Experimental scheme. Mice were injected with Poly I: C intraperitoneally (i.p.) daily for 12 1044 

days. B, Weight indices of Foxp3EGFPCre and Foxp3EGFPCreR26N1c/+ mice subjected to Poly 1045 

I:C treatment. C, Hematoxylin and eosin-stained sections and inflammation score of liver, 1046 

gut, and lung tissues isolated from the indicated mouse groups (×200 magnification). D, 1047 

Flow cytometric analysis and graphical representation of naïve (CD4+CD44–CD62L+) and 1048 

activated (CD4+CD44+CD62L–) Tconv cells. E, Flow cytometric analysis and graphical 1049 

representation of IFNg and IL-17 expression in Tconv (E) and Treg cells (F) in the 1050 

respective poly I: C-treated mouse groups. F. Flow cytometric analysis and graphical 1051 

representation of a4b7 expression in Treg and Tconv cells of the indicated mouse groups. 1052 



G. Frequencies and cell number of Splenic Treg cells in the respective groups. Each 1053 

symbol represents one mouse (B-H). Numbers in flow plots indicate percentages. Error 1054 

bars indicate SEM. Statistical tests: Two-way ANOVA with Sidak’s post hoc analysis (b); 1055 

One-way ANOVA with Dunnett’s post hoc analysis (B,C,D,E,F,G); *P<0.05, **P<0.01, 1056 

***P<0.001, ****P<0.0001.   1057 



 1058 

 1059 

Figure 8: CD22 augments TCR signaling in Treg cells. A. Flow cytometric analysis 1060 

and MFI of colonic Treg cell markers of Poly I: C-treated Foxp3EGFPCre and 1061 

Foxp3EGFPCreR26N1c/+ mice co-treated with isotype control mAb or anti-CD22 mAb, as 1062 

indicated. B. Flow cytometric analysis and MFI of p-Erk (B) and pPLC-g  expression 1063 

induced by anti-CD3 mAb treatment of Foxp3EGFPCre and CD22+ 1064 

Foxp3EGFPCreR26N1c/+Treg cells. C. Flow cytometric analysis and MFI of pS6 and p-T308-1065 

AKT expression induced by anti-CD3 mAb treatment of Foxp3EGFPCre and CD22+ 1066 

Foxp3EGFPCreR26N1c/+Treg cells. Numbers in flow plots indicate percentages or MFI. Each 1067 

symbol represents one mouse (A-C) Error bars indicate SEM. Statistical tests: One-way 1068 



ANOVA with Dunnett’s post hoc analysis (A), Two-way ANOVA with Sidak’s post hoc 1069 

analysis (B,C); *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  1070 



 1071 

Figure 9: CD22 destabilizes Treg cells by an mTOR-dependent mechanism. A,B 1072 

Flow cytometric analysis (A) and MFI (B) of pS6 expression induced by anti-CD3 mAb 1073 

treatment of Foxp3EGFPCre and CD22+ Foxp3EGFPCreR26N1c/+Treg cells either treated or not 1074 

with anti-CD22 mAb C,D. Foxp3 MFI in Treg from In vitro suppression of Tconv cell 1075 

proliferation by Foxp3EGFPCre and CD22+ Foxp3EGFPCreR26N1c/+Treg cells in the presence 1076 

of increasing concentrations of anti-CD22 mAb.. E-F. In vitro suppression of Tconv cell 1077 

proliferation by Foxp3EGFPCre and CD22+ Foxp3EGFPCreR26N1c/+Treg cells in the presence 1078 

of increasing concentrations of Rapamycin. G. Foxp3+ MFI in Treg cells from In vitro 1079 

suppression of Tconv cell proliferation by Foxp3EGFPCre and CD22+ 1080 

Foxp3EGFPCreR26N1c/+Treg cells in the presence of increasing concentrations of 1081 

Rapamycin. Numbers in flow plots indicate percentages or MFI. Each symbol represents 1082 

one mouse (A-G). Error bars indicate SEM. Statistical tests: Two-way ANOVA with 1083 

Sidak’s post hoc analysis (B,D,F,G); *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  1084 



Supplementary Figure Legends 1085 

1086 

Fig. S1. Single-cell transcriptomic analyses of circulating CD4+ T cells from control, 1087 

pre- and post-treatment MIS-C subjects. A. Uniform manifold approximation and 1088 

projection (UMAP) of normalized and harmonized dataset, split by disease group and 1089 

color-coded by cluster. Clusters were delineated using Seurat. B. Frequencies (%) of 1090 



each cluster among total CD4+ T cells for each patient. C. Heatmap showing expression 1091 

of the top genes in each cluster, as determined using Seurat. D. UMAP split by disease 1092 

group and color-coded by expression of CD69, NFKB1, FOXP3, NUMB, NUMBL and 1093 

NOTCH1 at the single-cell level. E. UMAP split by disease group and color-coded by 1094 

single-cell score for the TNFa signaling via NF-kB gene set (MSigDB Hallmark) and 1095 

NOTCH signaling. F. TNFa signaling via NF-kB gene set mean score, averaged per 1096 

cluster and patient. Multiple T-test comparisons significant at an FDR of 0.05 are indicated 1097 

with a star. G, H. LFC distributions of genes belonging to each of the corresponding 1098 

enriched hallmarks. Gene set enrichment analysis (GSEA) was run against the MSigDB 1099 

hallmark database using ranked LFC derived from pseudobulk DEA of pre-treatment MIS-1100 

C versus control subjects in Tconv .  1101 



 1102 

Figure S2: Flow cytometry analysis of Notches receptors expression on MISC 1103 

Tconv: A-D. Flow cytometric analysis of Notch1 (A), Notch4 (B), Notch2 (C) and Notch3 1104 

(D) expression in CD4+ Tconv cells of healthy control subjects, and patients with 1105 

Kawasaki disease, adult subjects with severe COVID-19, pediatric subjects with mild or 1106 

severe COVID-19 and MIS-C subjects.  1107 



1108 

Fig. S3. Notch receptor expression on circulating CD4+ Treg and Tconv cells in MIS-1109 

C. A to D. Flow cytometric analysis, cell frequencies and mean fluorescence intensity 1110 

(MFI) of Notch2 (A,B) and Notch3 expression (C,D) in CD4+ Treg and Tconv cells of 1111 

healthy control subjects, and patients with Kawasaki disease, adult subjects with severe 1112 

COVID-19, pediatric subjects with mild or severe COVID-19 and MIS-C subjects. E-F. 1113 

Flow cytometric analysis, and cell frequencies of co-expression of Notch1 and Notch2 1114 

and Notch1 and Notch4 on circulating Treg cells (E) and Tconv (F) of MIS-C subjects. 1115 



Each symbol represents one subject. Numbers in flow plots indicate percentages. Error 1116 

bars indicate SEM. Statistical tests: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-1117 

way ANOVA with Dunnett’s post hoc analysis (A to F ).   1118 



Fig. S4. Characterization of circulating CD4+ Treg and Tconv cells in MIS-C. A,B. 1119 

Flow cytometric analysis and cell frequencies of T cell activation state markers (CD45RA, 1120 

CD45RO) on Tconv (A)  and Treg (B) cells of the respective subject groups. C and D. 1121 

Flow cytometric analysis and frequencies of IFNg and IL-17-expressing Treg (C) and 1122 

Tconv (D) cells of the respective subject groups. Each symbol represents one subject. 1123 

Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: 1124 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by one-way ANOVA with Dunnett’s post 1125 

hoc analysis (A to D). 1126 

 1127 



 1128 

Figure S5: Comparison of MISC patients' characteristics based on the country of 1129 

residency: A-B. Cell frequencies of Notch1 and Notch4 expression in CD4+ Treg (A) and 1130 

Tconv cells (B) of MISC from North America or Europe. C,D,E. Cell frequencies of 1131 

mucosally imprinted (CD62l–CD38+) (C), CD22 (D) and ITGB7 (E) on Treg cells form the 1132 

respective groups. F. serum concentrations of IL-1b, IL-6, TNF, IP-10, IFNL1, IL-8, 1133 

IL12p70, IFNa, IFNl2/3, IFNg and IL-10, in the respective patient group subjects. Each 1134 

symbol represents one subject. Error bars indicate SEM. Statistical tests: *P<0.05, 1135 

****P<0.0001 by student-t-test (A and F).   1136 



 1137 

Fig. S6: Characterization of circulating CD4+ Treg in MIS-C with specific mutation 1138 

in NUMB/NUMBL. A to I. Flow cytometric analysis and cell frequencies of Notch1 (A to 1139 

C), N1c expression (D to F) and CD22 (G to I) in CD4+ Treg of healthy control subjects, 1140 

and MIS-C patients with a specific mutation in NUMBleu94phe (A,D,G), NUMBLSer79Ile 1141 

(B,E,H) and NUMBLVal88Met (C, F, I). 1142 



1143 

Fig. S7: Attributes of mucosal T cells in MIS-C and Poly I:C-treated 1144 

Foxp3EGFPCreR26N1c/+ mice. A. Flow cytometric analysis and graphical representation of 1145 

mucosal imprinted (CD62L–CD38+) Treg and Tconv cells in healthy control subjects, 1146 

pediatric subjects with mild Covid-19 and MIS-C patients. B. Relative ITGB7 gene 1147 

expression in cell clusters of healthy control subjects (gray) and in MIS-C patients pre 1148 

(purple) and post-treatment (blue) inferred from scRNA-seq analysis. C and D. Flow 1149 

cytometric analysis and graphical representation of colonic T cell (CD3+CD4+), Treg 1150 

(CD3+CD4+Foxp3+) and activated Tconv (CD4+CD44+CD62L–) cells of Foxp3EGFPCre and 1151 

Foxp3EGFPCreR26N1c/+ mice subjected to Poly I:C treatment. E. Flow cytometric analysis 1152 

and graphical representation of colonic CD22+ Treg and Tconv cells of Foxp3EGFPCre and 1153 

Foxp3EGFPCreR26N1c/+ mice subjected to Poly I:C treatment. F. Flow cytometric analysis 1154 

and graphical representation of IFNg and IL-17 expressing Tconv and Treg cells of 1155 

Foxp3EGFPCre and Foxp3EGFPCreR26N1c/+ mice subjected to Poly I:C treatment. Each 1156 



symbol represents one human subject (A), one cell (B) or one mouse (C to F). Numbers 1157 

in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: One-way 1158 

ANOVA with Dunnett’s post hoc analysis (A,C to F) Two-way ANOVA with Sidak’s post 1159 

hoc analysis (B);. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.   1160 



 1161 



Fig. S8. Anti-CD22 mAb therapy of Poly I:C-induced disease in Foxp3EGFPCreR26N1c/+ 1162 

mice is B cell-independent. A. Flow cytometric analysis and frequencies of CD22 1163 

expression in Treg cells of Foxp3EGFPCre, Foxp3EGFPCreNotch1c+/– and 1164 

Foxp3EGFPCreNotch1c+/–RBPJ∆/∆ mice. B. Weight indices of Poly I:C treated Foxp3EGFPCre 1165 

and Foxp3EGFPCreR26N1c/+ mice co-injected with anti-CD22 mAb or with an anti-CD20mAb. 1166 

C. Flow cytometric analysis and graphical representation of different splenic B cell 1167 

populations [CD19+, CD19+CD38+IgMhigh, germinal B cells (GL7+), CD19+CD38+IgMlow 1168 

and memory B cells (IgD–CD27+)] of Foxp3EGFPCre and Foxp3EGFPCreR26N1c/+ mice 1169 

subjected to Poly I:C treatment. D. Flow cytometric analysis and graphical representation 1170 

of colonic T cell (CD3+CD4+), Treg cells (CD3+CD4+Foxp3+) and activated Tconv 1171 

(CD4+CD44+CD62L–) of Poly I:C treated Foxp3EGFPCre and Foxp3EGFPCreR26N1c/+ mice co-1172 

injected with anti-CD22 mAb or with an anti-CD20mAb. E. Flow cytometric analysis and 1173 

graphical representation of IFNg and IL-17 expressing colonic Tconv and Treg cells of 1174 

Poly I:C treated Foxp3EGFPCre and Foxp3EGFPCreR26N1c/+ mice co-injected with anti-CD22 1175 

mAb or with an anti-CD20mAb. Numbers in flow plots indicate percentages. Error bars 1176 

indicate SEM. Statistical tests: One-way ANOVA with Dunnett’s post hoc analysis (A, C 1177 

to E), Two-way ANOVA with Sidak’s post hoc analysis (B); *P<0.05, **P<0.01, 1178 

***P<0.001, ****P<0.0001.   1179 



1180 

Fig. S9: Poly I:C-induced multiorgan inflammatory disease in 1181 

Foxp3YFPCreNUMBD/D mice. A. Flow cytometric analysis of Numb expression in Tconv 1182 

and Treg cells from Foxp3YFPCre and Foxp3YFPCreNumb∆/∆ mice. B. Cell frequencies and 1183 

MFI of Numb expression on Treg cells from the respective mice. C. Scheme of mouse 1184 

Poly IC treatment. D. Body weight index change and peak weight loss of the Foxp3YFPCre 1185 

and Foxp3YFPCreNumb∆/∆ mice treated with Poly IC alone or in combination with anti-CD22 1186 

mAb. E and F. Flow cytometric analysis and cell frequencies of CD44+CD62L– (E) and 1187 

IFNg+IL-17– Tconv cells (F). G to J. frequencies of Notch1+ (G), MFI of Notch1c+ (H), 1188 

CD22 (I) and a4b7 (J) in Treg cells after Poly I:C treatment alone or in combination with 1189 

anti-CD22 mAb. K to M Flow cytometric analysis and cell frequencies of Gut CD4 (K), of 1190 

CD44+CD62L– (L) and IFNg+IL-17– (M) gut Tconv cells. Numbers in flow plots indicate 1191 



percentages. Error bars indicate SEM. Statistical tests: One-way ANOVA with Dunnett’s 1192 

post hoc analysis (B to H, J to M); *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  1193 



1194 

Fig. S10. Treg cell instability in Poly I:C-treated Foxp3EGFPCreR26N1c/+ mice. A to C, 1195 

Volcano plot (A), pathway analysis (B) and heat map (C) of gene transcripts of WT or 1196 

CD22+ Treg cells isolated at steady-state from Foxp3YFPCre and Foxp3EGFPCreR26N1c/+mice 1197 

(n=3). D to F, Volcano plot (D), pathway analysis (E) and heat map (F) of gene transcripts 1198 

of CD22– or CD22+ Treg cells isolated at steady state from Foxp3EGFPCreR26N1c/+mice. G, 1199 

MFI of splenic Treg cell markers of WT or CD22+ Treg cells isolated at steady state from 1200 

Foxp3YFPCre and Foxp3EGFPCreR26N1c/+mice. H, Flow cytometric analysis and MFI of 1201 

splenic Treg cell markers of Poly I:C-treated Foxp3EGFPCre and Foxp3EGFPCreR26N1c/+ mice 1202 



co-treated with isotype control mAb or anti-CD22 mAb, as indicated. I, Cell frequencies 1203 

of Helios and NRP1 expression on splenic Treg cells in the groups shown in (H). Each 1204 

symbol represents one mouse. Error bars indicate SEM. Statistical tests: Student-t-test 1205 

(G), One-way ANOVA with Dunnett’s post hoc analysis (H,I);;  **P<0.01, ***P<0.001, 1206 

****P<0.0001.  1207 

1208 



Table S1: Clinical characteristics of patient and control subjects. 1209 

 MIS-C 

N=45 

Pedi COVID-19 

N=50 

KD 

N=5 

Pedi Controls 

N=18 

Patient Demographics     

     Age-yrs (median, IQR) 8.0, 5.0-12.4 13.0, 3.0-16.0 7.0, 1.5-10.5 3.5, 1.0-5.8 

     Sex (#, % female) 30, 68% 24, 48% 2, 40% 6, 33% 

     Race & Ethnicity (#, %) 

        White, non-Hispanic 

        Black, non-Hispanic 

        Hispanic 

        Asian 

        Other 

        Unknown 

 

25, 56% 

4, 9% 

9, 20% 

0, 0% 

2, 4% 

5, 11% 

 

43, 86% 

0, 0% 

4, 8% 

0, 0% 

1, 2% 

2, 4% 

 

3, 60% 

0, 0% 

1, 20% 

1, 20% 

0, 0% 

0, 0% 

 

15, 83% 

0, 0% 

2, 11% 

1, 6% 

0, 0% 

0, 0% 

Pre-existing Conditions (#, %) 15, 33% 7, 14%  2, 40%  0, 0% 

BMI kg/m^2 (median, IQR) 19.3, 16.1-25.6 18.6, 16.9-23.8 17.0, 14.6-20.5 - 

Case Definitions/Criteria (#, %) 

     WHO MIS-C  

     CDC MIS-C 

     Complete KD Criteria  

     Incomplete KD Criteria  

 

42, 93%  

45, 100% 

6, 13% 

6, 13% 

 

- 

- 

- 

- 

 

- 

- 

3, 60% 

2, 40% 

 

- 

- 

- 

- 

Clinical Features (#, %) 

     Fever  

     Rash  

 

45, 100% 

22, 49% 

 

36, 72% 

1, 2% 

 

5, 100% 

5, 100% 

 

- 

- 



     Conjunctivitis 

     Mucositis 

     Extremity Changes 

     Lymphadenopathy 

     Shock 

     GI Symptoms 

        Abdominal Pain 

        Vomiting 

        Diarrhea 

     Respiratory Symptoms 

        Cough 

        Dyspnea 

        Hypoxia 

        Infiltrate on Chest Imaging 

     Neurologic Symptoms 

        Headache 

        Anosmia/Dysgeusia  

        Altered Mental Status 

        CN Palsy  

        Meningismus 

        Seizure 

26, 58% 

8, 18% 

12, 27%  

11, 24% 

14, 31% 

43, 96% 

   28, 62% 

   30, 67% 

  24, 53% 

18, 40% 

  4, 9% 

  3, 7% 

  9,20% 

  5,11% 

6,13% 

  3,67% 

  0, 0% 

  1, 2% 

  0, 0% 

  1, 2% 

  0, 0% 

1, 2% 

1, 2% 

1, 2% 

0, 0% 

0, 0% 

10, 20% 

  4, 8% 

  5, 10% 

  3, 6% 

27, 54% 

  19, 38%  

  4, 8% 

  7, 14% 

  9, 18% 

6, 12% 

  3, 6% 

  2, 4% 

  0, 0% 

  0, 0% 

  0, 0% 

  1, 2% 

5, 100% 

3, 60% 

4, 80% 

2, 40% 

0, 0% 

2, 40% 

  1, 20% 

  2, 40% 

  0, 0% 

0, 0% 

  0, 0% 

  0, 0% 

  0, 0% 

  0, 0% 

0, 0% 

  0, 0% 

  0, 0% 

  0, 0% 

  0, 0% 

  0, 0% 

  0, 0% 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

SARS-CoV-2 Testing (#, %)* 

     PCR positive  

     Seropositive  

 

16, 36% 

41, 91% 

 

50, 100% 

6, 12% 

 

0, 0% 

0, 0% 

 

- 

- 



Laboratory Features (median, IQR) 

     Lowest ALC x103/mL 

     Lowest Hgb g/dL 

     Lowest Plt x103/mL 

     Highest CRP mg/dL 

     Highest Ferritin ng/mL 

     Highest D-dimer mcg/mL 

     Highest ALT U/L 

     Highest Cr mg/dL 

     Highest BNP pg/mL 

     Highest Troponin ng/mL 

 

0.91, 0.53-1.35 

10.0, 9.2-10.7 

192, 126-236 

16.0, 7.8-24.0 

502, 305-1134 

3.1, 1.5-6.2 

40, 22-79 

0.47, 0.39-0.61 

1118, 185-2150 

0.02, 0.01-0.11 

 

1.8, 1.22-3.35 

12.6, 10.9-13.8 

269, 207-353 

0.3, 0.1-6.3 

143, 70-326 

0.8, 0.5-1.4 

31, 17-48 

0.54, 0.26-0.68 

34, 13-130 

0.01, 0.01-0.02 

 

0.87, 0.65-2.57 

11.0, 8.2-12.1 

340, 156-414 

5.8, 4.1-21.3 

175, 134-779 

1.7, 1.2-3.9 

50, 41-133 

0.34, 0.27-0.60 

35, 13-422 

0.01, 0.01-0.01 

 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Cardiovascular Features (#, %)▲ 

     EF <55%  

     Coronary Artery Dilation  

     Coronary Artery Aneurysm  

 

16, 36% 

3, 7% 

3, 7% 

 

- 

- 

- 

 

0, 0% 

0, 0% 

2, 40% 

 

- 

- 

- 

Clinical Interventions (#, %) 

     ICU Admission  

     Vasopressors 

     Supplemental O2  

     CPAP  

     BiPAP  

     Mechanical Ventilation 

 

14, 31%  

9, 20% 

8, 18% 

0, 0% 

5, 11% 

1, 2% 

 

2, 4% 

0, 0% 

8, 16% 

3, 6% 

1, 2% 

0, 0% 

 

0, 0% 

0, 0% 

0, 0% 

0, 0% 

0, 0% 

0, 0% 

 

- 

- 

- 

- 

- 

- 



Immunomodulatory Treatments (#, %)▼ 

     Any Immunomodulatory Treatment 

     IVIG 

     Glucocorticoids  

     Anakinra  

     Other  

 

41, 91%  

37, 82% 

31, 69% 

5, 11% 

3, 7% 

 

3, 6% 

1, 2% 

2, 4% 

0, 0% 

0, 0% 

 

4, 80% 

4, 80% 

2, 40% 

1, 20% 

0, 0% 

 

- 

- 

- 

- 

- 

MIS-C, multisystem inflammatory syndrome in children; pedi, pediatric; COVID-19, coronavirus disease 1210 
2019; KD, Kawasaki disease; yrs, years; WHO, World Health Organization; CDC, Centers for Disease 1211 
Control and Prevention; GI, gastrointestinal; CN, cranial nerve; PCR, polymerase chain reaction; ALC, 1212 
absolute lymphocyte count; Hgb, hemoglobin; Plt, platelet count; CRP, C-reactive protein; ALT, alanine 1213 
aminotransferase; Cr, creatinine; BNP, B-type natriuretic peptide; EF, ejection fraction; ICU, intensive 1214 
care unit; O2, oxygen;  CPAP, continuous positive airway pressure; bilevel positive airway pressure; IVIG, 1215 
intravenous immunoglobulin  1216 

*42/45 MIS-C patients were PCR tested for SARS-CoV-2. 44/45 MIS-C patients underwent serologic 1217 
testing for SARS-CoV-2. All children with acute COVID-19 had PCR testing and 8 had serologic testing. All 1218 
KD patients had PCR and serologic testing.  1219 

▲All children with MIS-C and KD had an echocardiogram preformed. 1220 

▼Immunomodulatory treatment before biosample collection. Pre-treatment samples were obtained 1221 
from 5/33 MIS-C and 1/5 KD patients.  1222 

 1223 

  1224 



Table S2: Antibodies used for flow cytometry  1225 

Mouse antibodies 

Markers company catalogue Clone 

Foxp3 Thermofisher 48-5773-82  FJK-16S 

IFNg Biolegend 505825 XMG1.2 

Helios Thermofisher 47-9883-42 22F6 

CD4 Biolegend 100451 GK1.5 

CD3 Biolegend 100203 17A2 

IL-17 Biolegend 506922 TC11-18H10.1 

CD45 Biolegend 103140 30-F11 

Notch4 Biolegend 128407 HMN4-14 

CD279 Thermofisher 12-9985-82 J43 

CD44 Biolegend 103032 IM7 

CD62L Biolegend 104412 MEL-14 

N1c Biolegend 629106 mN1A 

a4b7 Biolegend 120606 DATK32 

p-Erk Biolegend 369506 6B8B69 

p-PLCg Biolegend 612404 A17025A 

pS6 CST 5316 D57.2.2E 

p-Akts473 BD 560378 M89-61 

p-AktT308 BD 558375 J1-223.371 

CD22 Biolegend 126112 OX-97 

Human antibodies 

CD3 Biolegend 300318 HIT3a, 



CD4 Biolegend 300530 RPA-T4 

Foxp3 Thermofisher 48-4776-42,56-4716-

41 

PCH-101 

Notch1 BD Pharmingen 566023 HMN1-519 

Notch2 BD Pharmingen 742291 HMN2-25 

Notch3 BD Pharmingen 744828 HMN3-21 

Notch4 BD Pharmingen 563269 HMN4-2 

CD25 Thermofisher 12-0259-42 BC96 

CD127 Biolegend 351320 A019D5 

IFNg BD Biosciences 560741 4S.B3 

ITGB7 BD 551082 FIB504 

CCR7 Biolegend 353208 G043H7 

CD38 Biolegend 397114 S17015A 

CD22 Biolegend 302516 HIB22 

CD45RA Biolegend 304134 HI100 

CD45RO Biolegend 304236 UCHL1 

IL17 Biolegend 512315 BL168 

CD62L Biolegend 304810 DREG-56 

Purified anti-CD22 Biolegend 302502 HIB22 

 1226 



Overcoming COVID-19 Investigators 

 (Listed in PubMed, and ordered by U.S. State) 

The following study group members were all closely involved with the design, 

implementation, and oversight of the Overcoming COVID-19 study. 

Alabama: Children’s of Alabama, Birmingham. Michele Kong, MD. 

Arizona: University of Arizona, Tucson. Mary Glas Gaspers, MD; Katri V. Typpo, MD. 

Arkansas: Arkansas Children’s Hospital, Little Rock. Ronald C. Sanders Jr., MD, MS; 

Katherine Irby, MD. 

California: Children’s Hospital of Orange County, Orange County. Adam J. Schwarz, MD. 

California: Miller Children’s & Women’s Hospital Long Beach, Long Beach. Christopher 

J. Babbitt, MD. 

California: UCSF Benioff Children’s Hospital Oakland, Oakland. Natalie Z. Cvijanovich, 

MD. 

California: UCSF Benioff Children’s Hospital, San Francisco. Matt S. Zinter, MD 

Colorado: Children’s Hospital Colorado, Aurora. Aline B. Maddux, MD, MSCS; Peter M. 

Mourani, MD. 

Connecticut: Connecticut Children’s, Hartford. Christopher L. Carroll, MD, MS. 

Connecticut: Yale New-Haven Children’s Hospital, New Haven. John S. Giuliano, Jr., MD. 

Florida: Holtz Children’s Hospital, Miami. Gwenn E. McLaughlin, MD, MSPH. 

Georgia: Children's Healthcare of Atlanta at Egleston, Atlanta. Keiko M. Tarquinio, MD. 

Illinois: Ann & Robert H. Lurie Children’s Hospital of Chicago, Chicago. Kelly N. 

Michelson, MD, MPH; Bria M. Coates, MD. 

Indiana: Riley Hospital for Children, Indianapolis. Courtney M. Rowan, MD, MS. 



Iowa: University of Iowa Stead Family Children’s Hospital, Iowa City. Kari Wellnitz, MD; 

Guru Bhoojhawon MBBS, MD. 

Kentucky: University of Louisville and Norton Children’s Hospital, Louisville, Janice E. 

Sullivan, MD; Vicki L.Montgomery, MD; Kevin M. Havlin, MD. 

Louisiana: Children's Hospital of New Orleans, New Orleans. Tamara T. Bradford, MD. 

Maryland: Johns Hopkins Children’s Hospital, Baltimore. Becky J. Riggs,MD; Melania M. 

Bembea, MD, MPH, PhD. 

Maryland: University of Maryland Children’s Hospital, Baltimore. Ana Lia Graciano, MD. 

Maryland: Sinai Hospital of Baltimore, Baltimore. Susan V. Lipton, MD, MPH. 

Massachusetts: Baystate Children’s Hospital, Springfield. Kimberly L. Marohn, MD. 

Massachusetts: Boston Children’s Hospital, Boston. Adrienne G. Randolph, MD; 

Margaret M. Newhams, MPH; Sabrina R. Chen; Cameron C. Young; Suden Kucukak, 

MD; Katherine Kester; Jane W. Newburger, MD, MPH; Kevin G. Friedman, MD; Mary 

Beth F. Son, MD; Janet Chou, MD. 

Massachusetts: Mass General Hospital for Children, Boston. Ryan W. Carroll, MD, MPH; 

Phoebe H. Yager, MD; Neil D. Fernandes, MBBS. 

Michigan: Children’s Hospital of Michigan, Detroit. Sabrina M. Heidemann, MD. 

Michigan: University of Michigan CS Mott Children’s Hospital, Ann Arbor. Heidi R. Flori, 

MD, FAAP. 

Minnesota: University of Minnesota Masonic Children’s Hospital, Minneapolis, Janet R. 

Hume, MD, PhD. 

Minnesota: Mayo Clinic, Rochester. Emily R. Levy, MD. 

Mississippi: Children’s Hospital of Mississippi, Jackson. Charlotte V. Hobbs, MD. 



Missouri: Children’s Mercy Hospital, Kansas City. Jennifer E. Schuster, MD. 

Missouri: Washington University in St. Louis. Philip C. Spinella MD. 

Nebraska: Children’s Hospital & Medical Center, Omaha. Melissa L. Cullimore, MD, PhD; 

Russell J. McCulloh, MD. 

New Jersey: Hackensack University Medical Center, Hackensack. Katharine N. Clouser, 

MD. 

New Jersey: Newark Beth Israel Medical Center, Newark. Rowan F. Walsh, MD 

New Jersey: Bristol-Myers Squibb Children's Hospital, New Brunswick. Lawrence C. 

Kleinman, MD, MPH, 

FAAP; Simon Li, MD, MPH; Steven M. Horwitz, MD. 

New Jersey: St. Barnabas Medical Center, Livingston. Shira J. Gertz, MD. 

New York: Golisano Children’s Hospital, Rochester. Kate G. Ackerman, MD; Jill M. 

Cholette, MD. 

New York: Kings County Hospital, Brooklyn. Michael A. Keenaghan, MD. 

New York: Maria Fareri Children's Hospital, Valhalla. Aalok R. Singh, MD. 

New York: The Mount Sinai Hospital, New York City. Sheemon P. Zackai, MD; Jennifer 

K. Gillen, MD. 

New York: Hassenfeld Children’s Hospital at NYU Langone, New York. Adam J. Ratner, 

MD, MPH; Heda 

Dapul, MD; Vijaya L. Soma, MD. 

New York: Stony Brook University Hospital, Stony Brook. Ilana Harwayne-Gidansky, MD; 

Saul R. Hymes, MD. 



New York: SUNY Downstate Medical Center University Hospital, Brooklyn. Sule Doymaz, 

MD. 

North Carolina: University of North Carolina at Chapel Hill, Chapel Hill. Stephanie P. 

Schwartz, MD; Tracie C. 

Walker, MD. 

Ohio: University Hospitals Rainbow Babies and Children's Hospital, Cleveland. Steven L. 

Shein, MD; Amanda 

N. Lansell, MD. 

Ohio: Nationwide Children’s Hospital, Columbus. Mark W. Hall MD, FCCM. 

Ohio: Cincinnati Children’s Hospital, Cincinnati. Mary A. Staat, MD, MPH. 

Pennsylvania: Children’s Hospital of Philadelphia, Philadelphia. Julie C. Fitzgerald, MD, 

PhD, MSCE; Jenny L. 

Bush RN, BSN; Ryan H. Burnett, BS. 

Pennsylvania: Penn State Children’s Hospital, Hershey. Neal J. Thomas, MD, MSc. 

Pennsylvania: St. Christopher’s Hospital for Children, Philadelphia. Monica L. Koncicki, 

MD. 

Pennsylvania: UPMC Children’s Hospital of Pittsburgh. Ericka L. Fink, MD, MS; Joseph 

A. Carcillo, MD. 

South Carolina: MUSC Children’s Health, Charleston. Elizabeth H. Mack, MD, MS.; Laura 

Smallcomb, MD. 

Tennessee: Monroe Carell Jr. Children’s Hospital at Vanderbilt, Nashville. Natasha B. 

Halasa, MD, MPH. 

Tennessee: Le Bonheur Children’s Hospital, Memphis. Dai Kimura, MD. 



Texas: Texas Children’s Hospital, Houston. Laura L. Loftis, MD. 

Texas: University of Texas Health Science Center, Houston. Alvaro Coronado Munoz, 

MD. 

Texas: University of Texas Southwestern, Children’s Medical Center Dallas, Dallas. Mia 

Maamari, MD; Cindy Bowens, MD, MSCS. 

Utah: Primary Children’s Hospital, Salt Lake City. Hillary Crandall, MD, PhD. 

Washington: Seattle Children’s Hospital, Seattle. Lincoln S. Smith, MD; John K. McGuire, 

MD. 

CDC COVID-19 Response Team on Overcoming COVID-19: Manish M. Patel, MD, MPH; 

Leora R. Feldstein, PhD, MSc; Mark W. Tenforde, MD PhD; Ashley M. Jackson MPH; 

Nancy Murray MSc; Charles E. Rose, PhD. 

 


