
Cite as: L. A. Vella et al., Sci. Immunol. 
10.1126/sciimmunol.abf7570 (2021).  

 
 

  RESEARCH ARTICLES 
 

First release: 2 March 2021   immunology.sciencemag.org  (Page numbers not final at time of first release) 1 
 

INTRODUCTION 
Coronavirus disease 19 (COVID-19) from severe acute res-

piratory syndrome coronavirus 2 (SARS-CoV-2) infection is 
primarily an illness of adults, with morbidity and mortality 
increased with advanced age (1, 2). In contrast, COVID-19 

hospitalization is rare in children, accounting for <0.1% of 
total deaths (3–5). The reasons for differences in pediatric 
versus adult SARS-CoV-2 infection remain unclear given that 
other respiratory viruses can cause substantial morbidity and 
mortality in young children (6, 7). 
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Pediatric COVID-19 following SARS-CoV-2 infection is associated with fewer hospitalizations and often 
milder disease than in adults. A subset of children, however, present with Multisystem Inflammatory 
Syndrome in Children (MIS-C) that can lead to vascular complications and shock, but rarely death. The 
immune features of MIS-C compared to pediatric COVID-19 or adult disease remain poorly understood. We 
analyzed peripheral blood immune responses in hospitalized SARS-CoV-2 infected pediatric patients 
(pediatric COVID-19) and patients with MIS-C. MIS-C patients had patterns of T cell-biased lymphopenia 
and T cell activation similar to severely ill adults, and all patients with MIS-C had SARS-CoV-2 spike-
specific antibodies at admission. A distinct feature of MIS-C patients was robust activation of vascular 
patrolling CX3CR1+ CD8+ T cells that correlated with the use of vasoactive medication. Finally, whereas 
pediatric COVID-19 patients with acute respiratory distress syndrome (ARDS) had sustained immune 
activation, MIS-C patients displayed clinical improvement over time, concomitant with decreasing immune 
activation. Thus, non-MIS-C versus MIS-C SARS-CoV-2 associated illnesses are characterized by divergent 
immune signatures that are temporally distinct from one another and implicate CD8+ T cells in the clinical 
presentation and trajectory of MIS-C. 
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In adults, COVID-19 morbidity is associated with in-
creased clinical markers of inflammation (2, 8). Clinical 
measures of cellular immunity are limited, but decreased ab-
solute lymphocyte counts (ALC) are a consistent finding and 
are associated with worse outcomes (9–11). Translational 
studies in adult COVID-19 identified T cell lymphopenia in 
particular, with a preferential decrease in CD8+ T cells com-
pared to CD4+ T cells (11, 12). In those CD4+ and CD8+ T cells 
remaining, marked activation was observed and correlated 
positively with the severity of illness (11–14). However, even 
among the sickest adults, the degree of immune activation 
varies (12–15). Reports of children hospitalized with COVID-
19 suggest similar clinical inflammatory profiles, including 
elevated c-reactive protein (CRP), ferritin, procalcitonin 
(PCT), and reduced ALC (16, 17). However, how these clinical 
inflammatory markers relate to cellular immune perturba-
tions is unknown. It therefore remains unclear whether the 
outcome differences in children compared to adults are asso-
ciated with distinct profiles of cellular immune activation, in-
volvement of different immune cell types, or if differences are 
non-immunological and low pediatric mortality occurs de-
spite a similar immune landscape. 

After the initial wave of COVID-19 hospitalizations, chil-
dren began to develop Multisystem Inflammatory Syndrome 
in Children (MIS-C), a syndrome commonly presenting with 
vascular involvement and shock (18–24). MIS-C is suggested 
to be a post-infectious or delayed-infectious event (21, 24, 25) 
and has similarities in clinical presentation to Kawasaki dis-
ease, especially the vascular involvement. However, MIS-C 
and Kawasaki disease differ in key clinical, inflammatory, 
and autoantibody signatures (21, 26, 27). MIS-C is associated 
with similar or higher clinical inflammatory markers than 
observed in adult and pediatric COVID-19 (18–20). Clinically, 
MIS-C has a distinct presentation compared to the respira-
tory manifestations more typical of SARS-CoV-2 infection. 
The immunologic features driving MIS-C remain poorly de-
fined, but MIS-C may be associated with altered innate and 
adaptive cell frequencies, including a subtle loss of T cells and 
increased memory T cell activation compared to healthy pe-
diatric controls (26, 28, 29). 

We therefore interrogated the immune state in pediatric 
COVID-19 and MIS-C using deep immune profiling. We col-
lected blood from patients admitted to the Children’s Hospi-
tal of Philadelphia in April through June of 2020 and 
performed high dimensional flow cytometry in parallel with 
samples from adult COVID-19 patients, recovered adult 
COVID-19 subjects, and healthy adults, as described (12, 14). 
In children, these cellular analyses were paired with serologic 
and plasma cytokine data and integrated with clinical and 
laboratory information. Our results demonstrated that alt-
hough the immune landscape in pediatric COVID-19 was sim-
ilar to adults, MIS-C represented an exacerbated T cell 

activation state, particularly for CD8+ T cells, including a 
highly activated vascular patrolling CD8+ T cell subset. These 
features of profound T cell activation decreased concurrently 
with clinical improvement. Together, our findings provide a 
broad immunologic foundation for understanding pathogen-
esis and recovery in this novel SARS-CoV-2 associated inflam-
matory syndrome with potential implications for adult 
disease. 

RESULTS 

Cytopenias in MIS-C included enhanced T cell lympho-
penia 

We collected peripheral blood from patients admitted to 
the Children’s Hospital of Philadelphia from April through 
July 2020, and thirty patients had samples available for im-
munophenotyping. Of these 30, 16 were diagnosed with 
COVID-19 and 14 with MIS-C (Fig. 1A, Table S1). Of the pa-
tients with COVID-19, 4 were determined to have acute res-
piratory distress syndrome (ARDS, see Table S1 for patient 
characteristics). Patients with MIS-C were treated with intra-
venous immunoglobulin (IVIg) and most received steroids. 
Patients with COVID-19 received immune modulation when 
clinically indicated (Table S1). The timing of immune modu-
lation relative to research blood draw(s) is indicated in Figure 
S1. 

Consistent with previous reports (18–20, 24), the maxi-
mum values for clinical measures of inflammation varied but 
were elevated in most subjects (Fig. 1B). Although inflamma-
tory markers in COVID-19 and MIS-C were comparable, 
measures of inflammation were more often obtained for pa-
tients admitted to the intensive care unit (ICU) and for pa-
tients with MIS-C; as a result, patients with less severe 
COVID-19 are underrepresented (Table S1). We next investi-
gated the relationships between clinical markers of inflam-
mation, demographics, and disease severity measures 
including the need for vasoactive medications (Fig. 1C). The 
diagnosis of MIS-C, although less likely in someone with 
comorbidities, was not distinguished from pediatric COVID-
19 (ARDS or non-ARDS) by correlation with laboratory 
measures, with the exception of hyponatremia, which was 
nominally correlated with MIS-C (Fig. 1D). Further, the white 
blood cell counts and associated differentials were variable 
(Fig. S2A, 2B), as was the lymphocyte nadir (Fig. 1E). Never-
theless, both the ALC and platelet nadir had nominal corre-
lations with clinical disease metrics, consistent with severe 
illness (Fig. 1D). Taken together, these clinical values sug-
gested heterogeneity in pediatric patients with COVID-19 and 
MIS-C, with inflammatory marker elevation and cytopenias 
occurring in both groups. 

We next performed high dimensional flow cytometry on 
whole blood or freshly isolated peripheral blood mononu-
clear cells (PBMC) (Fig. 1A, Tables S2 and S3) in parallel with 

http://immunology.sciencemag.org/


First release: 2 March 2021  immunology.sciencemag.org  (Page numbers not final at time of first release) 3 
 

adult samples from recently reported datasets (12, 14) that 
were re-analyzed for integration with pediatric data. Among 
non-lymphocytes, as a proportion of CD45+ cells, eosinophils 
and immature granulocytes were similar between pediatric 
COVID-19 and MIS-C (Fig. S2C, S2D). Neutrophils tended to 
be increased in MIS-C by flow cytometric and clinical meas-
urements, though this change was not statistically significant 
(Fig. S2B, S2C, S2D). Monocytes and DC were also compara-
ble (Fig. S2B, S2C, S2E, S2F). However, plasmacytoid DC were 
decreased in MIS-C (Fig. S2C, S2F), consistent with previous 
studies in MIS-C (28) and adults (13, 14). 

Transient lymphopenia is a feature of viral infection (30, 
31) but is typically only observed at symptom onset and re-
covers quickly (32). In our cohort, lymphopenia was observed 
in most patients (Fig. 1E), consistent with previous studies 
(17–20, 24, 29, 33, 34). In adult COVID-19, lymphopenia is T 
cell biased (11, 12, 35). However, the relative impact on lym-
phocyte subsets and phenotype in pediatric COVID-19 and 
MIS-C has not been defined. We therefore interrogated B 
cells, CD4+ T cells, CD8+ T cells, mucosal associated invari-
ant T cells (MAITs), and natural killer (NK) cells using high 
dimensional flow cytometry. Total NK cell and cytolytic NK 
subset (CD56dimCD16+) frequencies were reduced in both pe-
diatric cohorts compared to healthy adults (Fig. 1F, S2C). Alt-
hough MAITs were decreased in both pediatric cohorts 
compared to healthy adults, innate lymphocyte (ILC) fre-
quencies appeared similar (Fig. 1G, S2C) (14). These findings 
are consistent with adult COVID-19 subjects. This interpreta-
tion may be limited by the absence of contemporaneously an-
alyzed healthy pediatric samples which were not available 
during the early phase of the pandemic. Unlike adult COVID-
19, pediatric COVID-19 was not consistently associated with 
reduced T cell frequencies (Fig. S2G, Fig. 1H). In contrast, pa-
tients with MIS-C displayed reduced T cell frequencies com-
pared to healthy adults, particularly for CD8+ T cells. These 
data suggest that pediatric COVID-19 and MIS-C are both in-
flammatory disease presentations with concomitant lympho-
penia, though the T cell bias of the lymphopenia in MIS-C is 
similar to severely ill adults. 

Increased T cell activation in MIS-C compared to pedi-
atric COVID-19 

As expected (36), the frequency of naive CD4+ and CD8+ 
T cells was higher in the pediatric cohorts (Fig. 2A) and de-
creased with age (Fig. 2B). As a result, subsequent T cell anal-
yses are based on frequencies of non-naive (nn) subsets. For 
both CD4+ and CD8+ T cells, the frequency of central 
memory (CM, CD45RA-CD27+CCR7+) and the effector 
memory 1 (EM1, CD45RA-CD27+CCR7-) subsets was similar 
between adult and pediatric cohorts, whereas the CD8+ effec-
tor memory 2 (EM2, CD45RA-CD27-) subset was slightly 
lower in children (Fig. S3A-C). As expected (37), terminally 
differentiated effector memory T cells RA (EMRA, CD45RA+ 

CD27- CCR7-) were present at a lower frequency in our pedi-
atric cohorts (Fig. S3B, S3C). The naive, effector, and central 
memory subset distributions were not different between the 
pediatric COVID-19 and MIS-C (Fig. S3A-C). 

T cell activation and proliferation are hallmarks of acute 
viral infections (38) (11, 12, 14). Pediatric COVID-19 patients 
had marked proliferation in CD4+ T cells, with a similar 
range of Ki67+ CD4+ T cells as adult COVID-19 patients (Fig. 
S3D). CD4+ T cell proliferation in MIS-C patients was similar 
to pedCOVID, but elevated compared to severe adult disease 
(Fig. S3D). In contrast, there were more Ki67+ CD8+ T cells 
in MIS-C compared to pediatric COVID-19 (Fig. S3E). Moreo-
ver, the proliferation of CD8+ T cells in MIS-C exceeded that 
observed for the majority of adults with COVID-19 (Fig. S3E). 
The co-expression of HLA-DR and CD38 can identify recently 
activated T cells responding to viral infection (12, 39–41). 
MIS-C had higher frequencies of HLA-DR+CD38+ CD4+ and 
CD8+ T cells compared to pediatric COVID-19, again rivaling 
or exceeding that observed in adult COVID-19 (Fig. 2C-D). 
Among the pediatric COVID-19 patients, those with ARDS 
were not obviously different in T cell activation compared to 
non-ARDS patients, though the number of ARDS patients 
was low. 

We next examined T cell activation and proliferation in T 
cell subsets. In general, patterns were consistent for pediatric 
COVID-19 and MIS-C and mirrored those in adults. Prolifer-
ation and activation were most robust for EM1 CD8+ T cells 
and CM CD4+ T cells (Fig. S3F, S3G). Despite heterogeneity 
in the range of Ki67+ or HLA-DR+CD38+ cells, proliferation 
and activation were positively correlated in both pediatric 
COVID-19 and MIS-C (Fig. 2E, 2F). These data indicated that 
pediatric SARS-CoV-2 infection results in robust T cell prolif-
eration and activation. Moreover, children with MIS-C dis-
played marked T cell activation and proliferation, especially 
for CD8+ T cells, even compared to severely ill adults. 

In addition to conventional lymphocytes, innate and in-
nate-like lymphocytes become activated during human viral 
infection and vaccination (42–44). In MIS-C, more than 80% 
of NK cells were CD38+ (Fig. S4A). A higher frequency of 
CD38+ cells in MIS-C compared to pediatric COVID-19 was 
also observed for MAIT cells (Fig. S4B) (42, 45). These data 
suggest that MIS-C is associated with activation of innate 
lymphocytes in addition to conventional CD4+ and CD8+ T 
cells. 

We next investigated the relationships between lympho-
cyte activation and proliferation with clinical measures of in-
flammation and disease. In pediatric COVID-19, there was a 
positive relationship between many clinical markers of in-
flammation and T cell activation, though only the correlation 
between Ki67+ CD8+ T cells and LDH achieved nominal sig-
nificance (Fig. 2G, top panel). In contrast, in MIS-C, the rela-
tionships between T cell activation and inflammation 
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trended in the opposite direction (Fig. 2G, middle), although 
these associations were not significant. Given the difference 
between groups, we next asked how these relationships be-
tween T cell activation and clinical features compared be-
tween MIS-C and pediatric COVID-19. This analysis revealed 
a difference in how T cell activation was correlated with D-
dimer or LDH in the two diseases (Fig. 2G, bottom) and fur-
ther supported the notion that immune activation in MIS-C 
manifests with different relationships with clinical inflam-
mation compared to pediatric COVID-19. 

Distinct activation of CD8+ T cell populations associ-
ated with persistent antigen and vascular surveillance 
in MIS-C 

In MIS-C, one possible mechanism of immune perturba-
tion is chronic antigen exposure driving immune dysfunction 
or exhaustion (46). Because MIS-C is thought to present clin-
ically ~3-4 weeks after exposure to SARS-CoV-2, viral RNA 
positivity in most MIS-C patients in this cohort (Table S1) 
suggests continued antigen availability. To explore this pos-
sibility, we examined markers associated with exhaustion. 
The inhibitory receptor PD-1 is expressed by exhausted T cells 
but can also be expressed by recently activated T cells (47–
50), and in CD4+ T cells PD-1 is also a marker of T follicular 
helper cells (Tfh) (51). In adult COVID-19, PD-1 expression by 
CD4+ T cells was elevated (12). For most pediatric patients, 
the frequency of PD-1+ CD4+ T cells was similar to adults; 
however, PD-1+ CD4+ and CD8+ T cell frequencies were sub-
stantially higher in MIS-C compared to pediatric COVID-19 
(Fig. 3A, 3B). To better assess CD8+ T cell exhaustion, we used 
CD39, where co-expression of PD-1 and CD39 is strongly as-
sociated with exhausted or chronically stimulated CD8+ T 
cells (52–54). Although CD39 expression by CD8+ T cells 
alone was not significantly elevated (Fig. 3C), the co-expres-
sion of both PD-1 and CD39 by CD8+ T cells was substantially 
increased in MIS-C compared to pediatric COVID-19 (Fig. 
3D). The frequency of PD-1+CD39+ CD8+ T cells in MIS-C 
was high even compared to severely ill adults, though this 
comparison was not statistically significant after corrections 
for multiple comparisons. Although further studies are 
needed, increased frequency of PD-1+CD39+ CD8+ T cells in 
MIS-C supports a role for prolonged antigen stimulation in 
the inflammatory syndrome. 

Given the vascular aspects of MIS-C, we next investigated 
whether MIS-C was associated with changes in CD8+ T cells 
that express the fractalkine receptor CX3CR1. CX3CR1+ CD8+ 
T cells can interact with and adhere to fractalkine-expressing 
activated endothelium, and these interactions foster the abil-
ity of CX3CR1+ CD8+ T cells to patrol vasculature (55–58). As 
previously described, CX3CR1+ CD8+ T cells were most abun-
dant in EMRA subsets in adults as compared to EM1 subsets 
in children, with all cohorts demonstrating increased T-bet 
in CX3CR1+ CD8+ T cells (Fig S5A, Fig S5B) (58–60). The 

overall frequencies of CX3CR1+ CD4+ and CD8+ T cells were 
not increased in MIS-C compared to pediatric COVID-19 (Fig. 
3E, Fig. 3F). However, CX3CR1+ CD4+ and CD8+ T cells were 
both more highly activated and proliferating than CX3CR1- 
CD4+ and CD8+ T cells, based on CD38 and HLA-DR (Fig. 
3G, Fig. 3H) or Ki67 expression (Fig. S5C, Fig. S5D). Moreover, 
compared to pediatric COVID-19, CX3CR1+ CD8+ T cells in 
MIS-C were markedly more activated, and a substantially 
higher proportion were Ki67+ and PD-1+ (Fig. 3H, Fig. S5C, 
Fig. S5E). Although CX3CR1- T cells were also more activated 
in MIS-C, the degree of activation and proliferation in 
CX3CR1+ CD8+ T cells in MIS-C suggested a potential role 
for increased CD8+ T cell vascular interactions in MIS-C com-
pared to pediatric COVID-19 patients. 

Although activation of CX3CR1+ CD8+ T cells was highest 
in MIS-C, this pattern was also observed in some non-MIS-C 
pediatric and adult COVID-19 patients. Given these observa-
tions and the associations between fractalkine and vascular 
inflammation (55, 61–63), we next assessed whether activated 
CX3CR1+ T cells correlated with vascular presentations of 
disease. When all pediatric patients were assessed together 
for the coagulation-associated measures of D-dimer and 
platelets, activation of CX3CR1+ CD8+ T cells was positively 
correlated with D-dimer and inversely correlated with plate-
let nadir (Fig. 3I, Fig. 3J). To further investigate a relationship 
between activated CX3CR1+ CD8+ T cells and vascular dis-
ease, we next asked whether the frequency of activated 
CX3CR1+ CD8+ T cells was associated with need for vasoac-
tive support in pediatric SARS-CoV-2 infection. Indeed, pa-
tients requiring vasoactive medication had substantially 
more activated CX3CR1+ CD8+ T cells, but no such relation-
ship existed for activated CX3CR1- CD8+ T cells (Fig. 3K). 
This relationship was driven by MIS-C status, but the associ-
ation was observed in all groups. We then asked whether 
these observations in children might inform our understand-
ing of adult COVID-19 disease and coagulopathy. Most adults 
had activated CX3CR1+ CD8+ T cell frequencies below that 
observed in MIS-C. Nevertheless, the frequency of activated 
CX3CR1+ CD8+ T cells was higher (P=0.056) in adult COVID-
19 patients with suspected or confirmed thrombotic compli-
cations (Fig. 3L). This difference was not observed for 
CX3CR1- CD8+ T cells (Fig. 3L). These data suggested that 
MIS-C is associated with distinct features of T cell activation 
and identify a potential relationship between the activation 
status of vascular patrolling CD8+ T cells in the presentation 
of MIS-C and vascular complications of COVID-19 more 
broadly. 

Prolonged plasmablast responses in MIS-C 
In the United States, almost all MIS-C patients are sero-

positive for SARS-CoV-2 specific antibodies, consistent with 
a delayed clinical presentation (15, 24, 73, 74). Both pediatric 
COVID-19 and MIS-C had similar frequencies of naive, CD27-
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IgD-, non-switched memory, and switched memory B cells 
(Fig. S6A-C). However, given the likely 3-4 week time differ-
ence in clinical presentation of MIS-C relative to SARS-CoV-
2 infection, we hypothesized that MIS-C patients would be 
past the peak PB response and would therefore have lower 
PB frequencies compared to pediatric COVID-19 patients. In-
stead, PB frequencies were elevated in both pediatric COVID-
19 and MIS-C compared to healthy adults, suggesting ongoing 
B cell responses in both settings (Fig. 4A). As in adults (12), 
the blood PB frequency did not correlate with spike receptor 
binding domain (S-RBD)-specific IgM or IgG in acute pediat-
ric COVID-19 cohort or in MIS-C (Fig. 4B). PB frequencies 
were nominally positively correlated with, and naive B cells 
negatively correlated with, plasma IFNγ (Fig. S6D). Further-
more, a shift from naive toward CD27-IgD- B cells was asso-
ciated with IL-6. In contrast, there were no significant 
associations between activated or proliferating T cell subsets 
and cytokines (Fig. S6E). Together these data suggested that 
the PB responses were elevated in MIS-C compared to healthy 
subjects and that B cell responses in MIS-C maintain a simi-
lar relationship to the measured plasma cytokines as ob-
served in pediatric COVID-19. 

Although total PB frequencies were comparable between 
pediatric COVID-19 and MIS-C, the differentiation state of 
the PB was distinct. Specifically, the T-box transcription fac-
tors T-bet (P=0.051) and Eomesodermin were higher in PB 
from MIS-C compared to pediatric COVID-19 (Fig. 4C, Fig. 
S6F). T-bet expression in B cells has been associated with ex-
tra-follicular responses, advanced age, autoimmunity, and vi-
ral infections (64–67). These PB T-bet data suggest that, 
although similar in frequency, the differentiation state of PB 
responding in MIS-C patients is altered compared to pediat-
ric COVID-19. 

We next assessed the T cell component of humoral im-
munity, Tfh. Like PB, circulating Tfh (cTfh) that express ICOS 
and/or CD38 increase in blood 1-2 weeks after immunologic 
challenge (68, 69). Total cTfh frequencies were similar be-
tween pediatric COVID-19, MIS-C, and healthy adult donors 
(Fig. S7A). The frequency of activated cTfh was also similar to 
healthy adult donors (Fig. S7B). Moreover, total or activated 
cTfh populations did not correlate with the PB response in 
either pediatric cohort (Fig. S7C-E). Of note, both the fre-
quency and gMFI of CXCR5 were reduced in pediatric 
COVID-19 (gMFI only) and MIS-C compared to healthy adults 
(Fig. S7F). Whether the lower expression of this follicular-
homing chemokine receptor could impact coordination of the 
germinal center and humoral response or be a symptom of 
follicular disruption is unclear. 

The stability of S-RBD-specific antibodies and PB was next 
examined in the eight patients who underwent repeated 
blood draws (5 COVID-19, 3 MIS-C). We plotted time from 
first hospital admission to visualize changes over time and to 

highlight time from admission for subjects with only 1 re-
search blood draw. In both pediatric COVID-19 and MIS-C, 
the level of S-RBD-specific IgG and IgM did not change sub-
stantially over 15 days, unless patients received convalescent 
plasma (open circles, Fig. 4D) (70). While patients with ARDS 
remained hospitalized for weeks, the median duration of hos-
pitalization in MIS-C was 8 days. Patients with ARDS had sta-
ble antibody responses into weeks three and four of 
hospitalization, although convalescent plasma treatment 
may contribute to this antibody, as we previously reported 
(70). In MIS-C, the frequencies of both total PB and Tbet+ PB 
decreased during hospitalization and after treatment (Table 
S1, Fig. S1), with PB responses similar to healthy adults by the 
second draw (Fig. 4E, healthy adult range in gray shading). 
In pediatric COVID-19, although PB frequencies decreased to 
the HD range in many cases, in two patients PB frequencies 
increased during the first 15 days. A similar pattern was ob-
served for Tbet+ PB. Together these data suggest that MIS-C 
is associated with stable antibody responses over time but 
with declining PB frequency and a change in PB differentia-
tion state during clinical improvement. 

The elevated PB frequencies in MIS-C are perhaps surpris-
ing, given that MIS-C is hypothesized to occur weeks after 
SARS-CoV-2 infection. One possibility is that SARS-CoV-2 in-
fection typically results in a prolonged PB response in the 
blood. To investigate this possibility, we examined PB fre-
quencies in recovered adult donors (RD) for whom blood 
samples were obtained 17-69 days after symptoms onset. RD 
were symptomatic individuals who were diagnosed with 
SARS-CoV-2 infection by PCR, never hospitalized, and then 
experienced resolution of all symptoms (Fig. 4F) (12). We 
plotted measures of B cell and humoral immunity relative to 
symptomatic disease onset, providing a temporal approxima-
tion of immunological features in a non-MIS-C cohort over a 
time frame relevant for MIS-C. As expected, over the course 
of 17-69 days since symptom initiation, the quantity of S-
RBD-specific IgM decreased, whereas S-RBD-specific IgG was 
detectable and remained relatively stable (Fig. 4G). However, 
PB frequencies in RD were similar to adult healthy donor PB 
frequencies (gray bar), even within the first month after 
symptom start (Fig. 4H), suggesting rapid resolution of the 
PB response in typical SARS-CoV-2 infection. Although the 
comparison is limited because age is not matched between 
MIS-C and RD, the high PB frequencies at clinical presenta-
tion for MIS-C suggest a prolonged PB response after initial 
infection or a delayed initiation of PB responses in MIS-C. In 
either case, patients with MIS-C resolved these PB features as 
they clinically improved with treatment including immune 
modulation (Table S1, Fig. S1). 

Immune perturbations in MIS-C overlapped with severe 
adult COVID-19 and corrected with clinical improve-
ment 
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We next tested whether the immunologic differences be-
tween MIS-C and pediatric COVID-19 were a reflection of ill-
ness severity rather than a reflection of different diseases. To 
interrogate this question, we re-grouped our pediatric 
COVID-19 patients into those with minimal versus severe dis-
ease, where severe disease was defined as a primary respira-
tory illness with requirement of positive pressure respiratory 
support above baseline, including ARDS. We then replotted 
the data from the first research blood draws (presented in 
Figs. 1-4) using this severity categorization (Fig. S8A-E). Fre-
quencies of activated (HLA-DR+CD38+ or Ki67+) CD8+ and 
CD4+ T cells (Fig S8A-B) and activated CX3CR1+ CD8+ T cells 
(Fig S8D) remained elevated in MIS-C even when compared 
to the severe subgroup of pediatric COVID-19. There was also 
a trend toward an increase in PD-1+ and PD-1+CD39+ CD8+ 
T cells (Fig S8C), but PB were not different (Fig S8E). Alt-
hough pandemic restrictions prevented contemporaneous ac-
quisition and analysis of samples from healthy pediatric 
subjects, we also examined selected immunologic features us-
ing cryopreserved samples to specifically test whether the 
healthy adult samples provided a reasonable proxy for some 
immune features of healthy children (Fig. S8F-J). The adult 
(ages 22-61) and pediatric (ages 6-12) cryopreserved samples 
revealed low levels of immune activation that were mostly 
similar between healthy adults and children. Although future 
studies comparing pediatric COVID-19 and MIS-C to age-
matched healthy children are warranted, these data suggest 
that healthy adults available here provide a useful control. 

To ask in a global unbiased manner whether the pediatric 
immune landscape was distinct from COVID-19 adults, we 
built a Uniform Manifold Approximation and Projection 
(UMAP) to distill 207 immune features into two-dimensional 
space. Immune features were restricted to non-naive T and B 
cells to eliminate the strongest source of age-associated vari-
ation, although features of naive T cells were also examined 
(Table S4). As reported (12), adult HD and COVID-19 adults 
were immunologically distinct (Fig. 5A). Notably, the im-
mune landscape of pediatric MIS-C and most pediatric 
COVID-19 patients was generally located with COVID-19 
adults rather than adults who were healthy. Indeed, the one 
pediatric COVID-19 subject without symptoms or clinical ev-
idence of disease clustered with ill adults. However, two pe-
diatric COVID-19 subjects with evident disease clustered 
more closely with healthy adults. MIS-C patients, in particu-
lar, overlapped with adults who were severely ill. 

Given differences in clinical trajectory between patients 
admitted to the pediatric ICU with ARDS versus MIS-C, we 
next investigated whether the clinical course was mirrored in 
UMAP high dimensional immunologic space. One patient 
with ARDS demonstrated a stable immunophenotype over 
time, with all 5 timepoints in close proximity on the UMAP, 
whereas two other patients displayed considerable 

movement in UMAP space indicating temporal changes in 
immune response (Fig. 5B, Figure S1). We next assessed the 
trajectory for 2 MIS-C patients in whom repeat samples were 
available for UMAP (Fig. 5C). Both MIS-C patients moved to-
ward a position enriched for less ill adults (NIH score 4-5) 
and toward adult HD. The two MIS-C patients were 0 and 3 
days from hospital discharge at the second blood draw (Fig. 
S1). Thus, although the number of patients is small, clinical 
improvement in MIS-C was associated with global immune 
landscape changes toward locations associated with less se-
vere disease in adults. 

We next asked whether the MIS-C position changes on the 
UMAP were associated with decreased T cell activation as pa-
tients progressed toward hospital discharge. In ARDS, CD4+ 
T cells initially displayed minimal activation and were similar 
to healthy adults for HLA-DR, CD38, Ki67 as well as PD-1 and 
CXCR5 expression (Fig. S9A-C). In contrast, MIS-C patients 
initially demonstrated more CD4+ T cell activation than 
healthy adults by most metrics, but this activation resolved 
over time (Fig. S9A-C). Unlike CD4+ T cells, many features of 
CD8+ T cell activation and proliferation were elevated com-
pared to the healthy adult range at admission for pediatric 
COVID-19 and MIS-C patients (Fig. 5D). Furthermore, in pa-
tients with prolonged admission due to ARDS, CD8+ T cell 
activation and proliferation remained elevated over time (Fig. 
5D). This pattern contrasted with MIS-C, where HLA-
DR+CD38+ CD8+ T cells decreased in the first two weeks of 
admission (Fig. 5D, Fig. 5F) and PD-1+CD39+ CD8+ T cells 
fell to the range observed in healthy adults (Fig. 3D, Fig. 5D). 
The frequency of Ki67+ CD8+ T cells in MIS-C also decreased 
in the second week of admission, though proliferating CD8+ 
T cells remained elevated compared to healthy adults for two 
of three patients (Fig. 5D, Fig. 5F). Similarly, proliferating or 
activated CX3CR1+ CD8+ T cells decreased as MIS-C patients 
moved toward hospital discharge (Fig. 5G). In contrast, in 
ARDS patients where activation or proliferation of CX3CR1+ 
CD8+ T cells was above the normal range, these CD8+ T cells 
remained activated over time (Fig. 5G). Thus, the different 
temporal patterns of CD8+ T cell activation may explain con-
tinued co-localization of ARDS with severely ill adults in the 
UMAP as well as movement of the MIS-C patients toward 
UMAP locations associated with decreased T cell activation 
over time. 

The immunophenotypic changes in MIS-C corresponded 
to correcting lymphocyte and platelet counts (Fig. 5H), as 
well as downtrending CRP, D-dimer, PCT and ferritin (Fig. 
5I). However, only CRP declined to the normal range by the 
second research blood draw. These clinical and cellular 
measures of immune dysregulation suggested an ongoing res-
olution of pathology, though resolution remained incomplete 
near the time of discharge. Together these data revealed a 
profound immunologic activation in MIS-C that began to 
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resolve as patients were treated clinically (including with im-
munomodulatory therapy) and recovered from disease. 

DISCUSSION 
SARS-CoV-2 associated MIS-C is likely immunologically 

mediated as MIS-C patients demonstrate markedly elevated 
clinical measures of inflammation and respond to immune 
modulation with IVIg and steroids. However, the underlying 
immuno-pathogenesis of MIS-C remains poorly understood. 
Here, we performed deep immunologic profiling of 14 chil-
dren with MIS-C and 16 children with COVID-19 during the 
phase of illness that required hospitalization. Our studies re-
vealed distinct features of lymphocyte activation and B cell 
responses that give insights into MIS-C pathogenesis and im-
munologic shifts over time in pediatric COVID-19. 

One of the more striking differences between MIS-C and 
pediatric COVID-19 was activation of CX3CR1+ CD8+ T cells. 
CX3CR1 is a chemokine receptor expressed by myeloid cells 
and lymphocytes that binds the ligand CX3CL1 (71). For lym-
phocytes, CX3CR1 is expressed by cytotoxic, effector-like 
CD8+ T cells and NK cells and, in particular, expressed by a 
CD8+ T cell population that can interact with the vasculature 
with a proposed role in control of persisting and/or reactivat-
ing viral infection (55, 57, 72). Moreover, this CX3CR1-CX3CL1 
axis has a role in cardiovascular disease, where CX3CL1 is ex-
pressed and presented by vascular endothelial cells to medi-
ate adhesion and then subsequent extravasation of 
leukocytes (73). CX3CL1 expression can be increased by in-
flammatory cytokines present during viral infections and, in 
cardiovascular disease, this chemokine increase in the vascu-
lature leads to recruitment of CX3CR1+ T cells (73). Thus, the 
identification of increased activation of CX3CR1+ CD8+ T 
cells in MIS-C could have relevance to the vascular pathology 
observed in these patients. Indeed, this immunological phe-
notype was associated with a requirement for vasoactive sup-
port, elevated D-dimer, and decreased platelets in all 
pediatric patients. These data also point to potential mecha-
nisms of disease in adults. In particular, our studies identify 
a potential relationship between thrombotic complications in 
adult COVID-19 patients and activation of CX3CR1+ CD8+ T 
cells. It will be interesting in the future to assess whether 
there is a causal relationship between changes in activation 
of these CX3CR1+ CD8+ T cells vascular disease presentation 
and/or resolution and whether approaches such as inhibitors 
of this CX3CR1-CX3CL1 axis might have clinical potential. 

The current studies also highlight the potential temporal 
differences in B cell responses in MIS-C compared to acute 
pediatric COVID-19 and resolved adult disease. In US cohorts, 
patients with MIS-C are almost universally seropositive, un-
like in pediatric and adult COVID-19 (23, 74–77). Seropositiv-
ity is consistent with the notion that MIS-C is a delayed event, 
presenting weeks after initial SARS-CoV-2 infection (i.e., with 
enough time for antiviral antibody to develop). The 

substantially elevated PB frequencies we observed in MIS-C 
are, therefore, perhaps surprising. In adults who recover from 
COVID-19, PB frequencies return to baseline 2-4 weeks after 
symptoms resolve, whereas the PB responses in a subset of 
hospitalized adult COVID-19 patients can be prolonged (12). 
The reasons for increased PB frequency in MIS-C at admis-
sion are unclear but could reflect either aberrantly sustained 
PB production or a newly initiated response. The presence of 
a higher proportion of T-bet+ PB in MIS-C could be con-
sistent with an aberrant or extrafollicular response (64, 66, 
67), but in other settings T-bet expression in B cells is re-
quired to control viral infection (65, 78, 79). Of note, PB and 
T-bet+ PB frequencies in MIS-C declined rapidly after hospi-
talization. This decrease could reflect the idea of a temporally 
more advanced immune response in MIS-C that resolves with 
time or reflect a response to immune modulation with IVIG 
and/or steroids. Together our data support skewed B cell re-
sponses in MIS-C, but future studies will be necessary to dis-
sect whether and how germinal center reactions are altered 
in this novel inflammatory syndrome. 

Our findings provide several key insights into the poten-
tial drivers of immune pathogenesis in MIS-C. One possibility 
suggested by our data is continued activation of adaptive im-
mune responses, driven by persisting antigen. In this context, 
MIS-C may reflect the later stage of a poorly controlled pri-
mary infection. Many MIS-C patients have positive PCR tests 
at presentation (23). Eighty-six percent of MIS-C patients 
were PCR-positive in this study, in part due to an assay that 
called a positive sample up to a cycle threshold of 45. In this 
setting of detectable SARS-CoV-2 RNA, CD8+ T cell activa-
tion, elevated frequencies of PD-1+CD39+ CD8+ T cells, and 
robust PB in the blood at clinical presentation in MIS-C are 
consistent with responses to persisting antigen (52–54). How-
ever, the long pre-symptomatic phase and rapid development 
of severe MIS-C may be inconsistent with a chronic or indo-
lent infection and suggest a second possibility: an additional 
trigger occurring ~2-3 weeks after the initial infection with 
SARS-CoV-2. This new event could either be virologic (e.g., 
SARS-CoV-2 localizes to a new tissue type) or due to a sec-
ondary infectious or auto-reactive trigger. Third, our obser-
vation of a sustained PB response with increased expression 
of T-bet highlights a potential role for antibody in MIS-C 
pathogenesis. Further studies are required to assess whether 
such sustained PB responses are SARS-CoV-2 specific or an 
auto-reactive antibody response. Taken together, studies of 
antigen specificity will be critical in understanding lympho-
cyte activation and immune dysregulation in MIS-C. 

In summary, deep immune profiling of >200 immune pa-
rameters measured in the peripheral blood of pediatric 
COVID-19 and MIS-C reveal similarities of pediatric COVID-
19 patients with adult COVID-19 patients in many respects. 
However, the activation profiles of MIS-C often aligned more 
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strongly to adults with more moderate-to-severe disease, sug-
gesting a more robust response, with these immune activa-
tion patterns resolving over time. Pediatric studies like ours 
are often limited by a smaller number of subjects available 
for analysis, and future larger cohorts will be informative. 
Moreover, the clinical realities of studying such patients re-
sult in heterogeneity in treatments received prior to blood 
draws as well as in timing of the sample availability relative 
to symptom onset. Understanding immune state before im-
mune modulation will be important in the future to more ac-
curately define immunologic features of MIS-C. Taken 
together, comparing and contrasting the immune system in 
distinct clinical presentations of SARS-CoV-2 infection will 
help guide precision immunotherapeutics in children and 
may shed light on the pathology of severe disease in diverse 
COVID-19 patient populations. 

MATERIALS AND METHODS 

Study Design and Human Subjects 
The objective of the study was to define blood immune 

features in pediatric patients with SARS-CoV-2 infection and 
to evaluate those features in the context of adult COVID-19 
samples collected and analyzed in parallel. The pediatric 
study began in April 2020 and was expanded in May 2020 to 
include patients with MIS-C. 
Pediatric Subjects 

Patients age ≤18 were approached for consent after test-
ing positive for SARS-CoV-2 by polymerase chain reaction 
(PCR, cycle threshold <45). MIS-C diagnosis was adjudicated 
by a multi-disciplinary medical team and was defined as 
presentation with fever, clinically severe illness, and multi-
system organ involvement (>2 of cardiac, renal, respiratory, 
hematologic, gastrointestinal, dermatologic, or neurologic), 
along with positive SARS-CoV-2 PCR or serology. Patients 
with suspected MIS-C and a negative PCR could be enrolled 
before SARS-CoV-2 serology results were received. The re-
search protocol was approved by the Children’s Hospital of 
Philadelphia Institutional Review Board. Verbal informed 
consent was obtained from a legally authorized representa-
tive as per the Declaration of Helsinki. Written informed con-
sent was signed by the consenting physician and a copy was 
provided to participants. Repeat samples were obtained in a 
subset of patients who remained in the hospital. Some pa-
tients were previously described (17, 20, 70, 75). Healthy pe-
diatric subjects were enrolled in 2018-2019. 
Adult subjects 

Peripheral blood samples from adults were collected as 
described (12, 14). COVID-19 subjects were classified accord-
ing to an ordinal scale: (1) death, (2) hospitalized, on invasive 
mechanical ventilation or ECMO or both, (3) hospitalized, re-
quiring nasal high flow oxygen therapy, non-invasive me-
chanical ventilation, or both, (4) hospitalized, requiring 

supplemental oxygen, (5) hospitalized, not requiring supple-
mental oxygen or on pre-hospital baseline oxygen, (6) non-
hospitalized, but unable to resume normal activities, (7) non-
hospitalized, with resumption of normal activities. Healthy 
donors (HD) were adults with no prior diagnosis or symp-
toms of COVID-19. Recovered COVID-19 donors (RD) were 
adults with a prior positive SARS-CoV-2 PCR test who then 
recovered. The n for each cohort varied by assay performed 
and completeness of clinical or flow cytometric data, see Ta-
ble S5. 

Clinical data abstraction 
For inpatients, clinical data were abstracted from the elec-

tronic medical record into REDCap databases. Clinical labor-
atory data were abstracted as maximum, minimum, or from 
the date closest to research blood collection (see Table S1). 
Obesity was defined as body mass index > 95th percentile. 
Adult subjects were categorized by the clinical team as having 
suspected or confirmed thrombotic complications, defined as 
deep venous thrombosis, pulmonary embolism, arterial 
thrombus, myocardial infarction, cerebrovascular accident, 
and/or continuous hemodialysis circuit clotting. Diagnosis 
was based on clinical suspicion, and there was no routine 
screening employed beyond baseline electrocardiogram on 
ICU admission. All participants or their surrogates provided 
informed consent in accordance with protocols approved by 
the regional ethical research boards and the Declaration of 
Helsinki. 

Blood Processing 
Peripheral blood was collected into sodium heparin tubes 

(BD, Cat#367874) and processed as described (12, 14). Pediat-
ric COVID-19, MIS-C, adult COVID-19, adult recovered, and 
adult healthy subjects were collected and processed in paral-
lel during the study period. 

Antibody panels and staining 
See Table S2 for antibody panel information. PBMC were 

stained as described (12). Whole blood cell staining was per-
formed as described (14). See Table S3 for antibody panel in-
formation. Pediatric COVID-19, MIS-C, adult COVID-19, adult 
recovered, and adult healthy subjects were stained in parallel. 

Flow Cytometry 
Samples were acquired on a 5 laser FACS Symphony A5 

(BD Biosciences). Optimized photomultiplier tube voltages 
(PMTs) were determined by voltration and tracked over time 
using SPHERO rainbow beads (Spherotech, Cat#RFP-30-5A). 
Compensation was performed using UltraComp eBeads for 
PBMC study (ThermoFisher, Cat#01-2222-42) or BD Comp-
Beads (BD Biosciences, Cat#552843 and 552844). Up to 2x106 
live PBMC or 5x106 total events from whole blood were ac-
quired per each sample. Pediatric COVID-19, MIS-C, adult 
COVID-19, adult recovered, and adult healthy subjects were 
acquired in parallel. 
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Flow Cytometric Analyses 
Analysis and visualization was performed in FlowJo 

(Treestar, version 10.6.2). Major lymphocyte populations 
were identified as shown in Fig. S2G. Compared to the strat-
egy used in Mathews et al. (12), an additional gate was added 
to exclude CD16bright SSC-Ahigh monocyte-like cells. As de-
scribed (12), batch correction was performed for samples ac-
quired before and after a panel change to remove one 
antibody. A variance stabilizing transform was applied to 
each of the primary flow features separately (logit for frac-
tion-of-parent features and logarithm for gMFI features), the 
mean of the second panel was centered to match the first, and 
the result was inverse-transformed back to the original scale. 

Serology 
Enzyme-linked Immunosorbent Assays (ELISAs) were 

performed using plates coated with the receptor binding do-
main of SARS-CoV-2 spike, as described (75, 80). Plasma sam-
ples were diluted 1:50. If the IgG or IgM concentration was 
above the lower limit of detection (positive, set at 0.20 arbi-
trary units), the sample was re-run in at least a 7-point dilu-
tion series for quantitation. A dilution series of the 
monoclonal antibody IgG CR3022 (specific for the SARS-CoV-
2 spike protein) was used as a control across plates. 

Plasma Cytokine Analyses 
Blood collected into lithium heparin tubes was spun for 

plasma isolation in pediatric subjects. Cytokine profiling was 
performed using V-Plex Pro-inflammatory Panel 1 Human 
Kits (Cat. #K15049D; Meso Scale Diagnostics, Rockville MD, 
USA). Samples were tested in duplicate and results measured 
using the QuickPlex SQ120 (Meso Scale Diagnostics). Cyto-
kine measurements were performed from samples drawn at 
the same time as the corresponding research blood draw or, 
when obtained separately, values used for correlation were 
those closest to the research blood draw time point. 

Statistics 
Unless otherwise noted, non-parametric tests were used 

to accommodate for data heterogeneity. Correlation was 
quantified by Spearman’s rank correlation coefficient (ρ). As-
sociations between ordered features were evaluated by Spear-
man’s rank correlation test. Associations between discrete 
unordered features were evaluated by Fisher’s exact test. As-
sociations between mixed ordered versus unordered features 
were performed by unpaired Wilcoxon test. Discrete unor-
dered features with > 2 categories were expanded into binary 
“dummy” variables prior to testing by the methods described 
above. To test for a difference in the Spearman rank correla-
tions between features in Fig. 2G, a non-parametric permuta-
tion test was used. Briefly, all underlying paired data were 
held fixed and a difference statistic, Δρ = ρMISC - ρCOVID, was 
computed under the exact null distribution derived by all 
unique permutations of the binary COVID-19 versus MIS-C 

label. Trajectory analysis was performed by paired t test 
across all MIS-C patients with paired sequential blood draws. 
All other paired analyses were performed by non-parametric 
paired Wilcoxon test. All tests were performed two-sided with 
a nominal significance threshold of P < 0.05. In all cases of 
multiple comparisons, false discovery rate (FDR) correction 
was performed using the Benjamini-Hochberg procedure. In 
heatmaps, black boxes indicate significance at the FDR < 0.05 
threshold. Lack of black box indicates failure to meet this cut-
off. 

SUPPLEMENTARY MATERIALS 
immunology.sciencemag.org/cgi/content/full/6/57/eabf7570/DC1 
Fig. S1. Treatment and sampling course for pediatric cohort over hospital stay. 
Fig. S2. Innate immune compartment in MIS-C is broadly comparable to Pediatric 

COVID-19 
Fig. S3. T cell proliferation in MIS-C is greater than in COVID-19 
Fig. S4. NK and CD8+ MAIT cell activation in MIS-C is greater than in COVID-19 
Fig. S5. Vascular patrolling CX3CR1+ populations in MIS-C are uniquely proliferative 

in MIS-C 
Fig. S6. A transition towards B cell memory subsets from naive is associated with IFNγ 

in both MIS-C and pediatric COVID-19 
Fig. S7. Total and activated cTfh frequencies are not associated with PB responses in 

either pediatric cohort. 
Fig. S8. T cell activation in MIS-C is elevated compared to severe pediatric COVID-19 

disease. 
Fig. S9. Features of CD4+ T cell activation start to normalize over time, coincident with 

treatment and recovery from disease. 
Table S1: Patient Characteristics 
Table S2: Panel for Peripheral Blood Mononuclear Cell Flow Cytometric Staining 
Table S3: Lineage Panel for Whole Blood Flow Cytometric Staining 
Table S4: Flow cytometry features included in UMAP analysis 
Table S5: Sample n per figure panel 
Table S6: Raw Data File (excel spreadsheet) 

REFERENCES AND NOTES 
1. J. M. Wortham, Characteristics of persons who died with COVID-19—United States, 

February 12–May 18, 2020. MMWR Morb. Mortal. Wkly. Rep. 69 (2020) (available 
at https://www.cdc.gov/mmwr/volumes/69/wr/mm6928e1.htm). 

2. P. Goyal, J. J. Choi, L. C. Pinheiro, E. J. Schenck, R. Chen, A. Jabri, M. J. Satlin, T. R. 
Campion Jr., M. Nahid, J. B. Ringel, K. L. Hoffman, M. N. Alshak, H. A. Li, G. T. 
Wehmeyer, M. Rajan, E. Reshetnyak, N. Hupert, E. M. Horn, F. J. Martinez, R. M. 
Gulick, M. M. Safford, Clinical Characteristics of Covid-19 in New York City. N. Engl. 
J. Med. 382, 2372–2374 (2020). doi:10.1056/NEJMc2010419 Medline 

3. S. Bialek, R. Gierke, M. Hughes, L. A. McNamara, T. Pilishvili, T. Skoff; CDC COVID-
19 Response Team, Coronavirus Disease 2019 in Children - United States, 
February 12-April 2, 2020. MMWR Morb. Mortal. Wkly. Rep. 69, 422–426 (2020). 
doi:10.15585/mmwr.mm6914e4 Medline 

4. American Academy of Pediatrics and Children’s Hospital Association, Children and 
COVID-19 State Data Report, (2020), (available at 
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-
infections/children-and-covid-19-state-level-data-report/). 

5. D. Bixler, A. D. Miller, C. P. Mattison, B. Taylor, K. Komatsu, X. Peterson Pompa, S. 
Moon, E. Karmarkar, C. Y. Liu, J. J. Openshaw, R. E. Plotzker, H. E. Rosen, N. Alden, 
B. Kawasaki, A. Siniscalchi, A. Leapley, C. Drenzek, M. Tobin-D’Angelo, J. 
Kauerauf, H. Reid, E. Hawkins, K. White, F. Ahmed, J. Hand, G. Richardson, T. 
Sokol, S. Eckel, J. Collins, S. Holzbauer, L. Kollmann, L. Larson, E. Schiffman, T. S. 
Kittle, K. Hertin, V. Kraushaar, D. Raman, V. LeGarde, L. Kinsinger, M. Peek-
Bullock, J. Lifshitz, M. Ojo, R. J. Arciuolo, A. Davidson, M. Huynh, M. K. Lash, J. 
Latash, E. H. Lee, L. Li, E. McGibbon, N. McIntosh-Beckles, R. Pouchet, J. S. 
Ramachandran, K. H. Reilly, E. Dufort, W. Pulver, A. Zamcheck, E. Wilson, S. de 
Fijter, O. Naqvi, K. Nalluswami, K. Waller, L. J. Bell, A. K. Burch, R. Radcliffe, M. D. 
Fiscus, A. Lewis, J. Kolsin, S. Pont, A. Salinas, K. Sanders, B. Barbeau, S. 

http://immunology.sciencemag.org/
https://www.cdc.gov/mmwr/volumes/69/wr/mm6928e1.htm
http://dx.doi.org/10.1056/NEJMc2010419
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32302078&dopt=Abstract
http://dx.doi.org/10.15585/mmwr.mm6914e4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32271728&dopt=Abstract
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/children-and-covid-19-state-level-data-report/
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/children-and-covid-19-state-level-data-report/


First release: 2 March 2021  immunology.sciencemag.org  (Page numbers not final at time of first release) 10 
 

Althomsons, S. Atti, J. S. Brown, A. Chang, K. R. Clarke, S. D. Datta, J. Iskander, B. 
Leitgeb, T. Pindyck, L. Priyamvada, S. Reagan-Steiner, N. A. Scott, L. J. Viens, J. 
Zhong, E. H. Koumans; Pediatric Mortality Investigation Team, SARS-CoV-2-
Associated Deaths Among Persons Aged <21 Years - United States, February 12-
July 31, 2020. MMWR Morb. Mortal. Wkly. Rep. 69, 1324–1329 (2020). Medline 

6. B. Rha, A. T. Curns, J. Y. Lively, A. P. Campbell, J. A. Englund, J. A. Boom, P. H. Azimi, 
G. A. Weinberg, M. A. Staat, R. Selvarangan, N. B. Halasa, M. M. McNeal, E. J. Klein, 
C. J. Harrison, J. V. Williams, P. G. Szilagyi, M. N. Singer, L. C. Sahni, D. Figueroa-
Downing, D. McDaniel, M. M. Prill, B. L. Whitaker, L. S. Stewart, J. E. Schuster, B. 
A. Pahud, G. Weddle, V. Avadhanula, F. M. Munoz, P. A. Piedra, D. C. Payne, G. 
Langley, S. I. Gerber, Respiratory Syncytial Virus-Associated Hospitalizations 
Among Young Children: 2015-2016. Pediatrics 146, e20193611 (2020). 
doi:10.1542/peds.2019-3611 Medline 

7. M. Shang, L. Blanton, L. Brammer, S. J. Olsen, A. M. Fry, Influenza-Associated 
Pediatric Deaths in the United States, 2010-2016. Pediatrics 141, e20172918 
(2018). doi:10.1542/peds.2017-2918 Medline 

8. J. Gong, J. Ou, X. Qiu, Y. Jie, Y. Chen, L. Yuan, J. Cao, M. Tan, W. Xu, F. Zheng, Y. Shi, 
B. Hu, A Tool for Early Prediction of Severe Coronavirus Disease 2019 (COVID-19): 
A Multicenter Study Using the Risk Nomogram in Wuhan and Guangdong, China. 
Clin. Infect. Dis. 71, 833–840 (2020). doi:10.1093/cid/ciaa443 Medline 

9. G. Chen, D. Wu, W. Guo, Y. Cao, D. Huang, H. Wang, T. Wang, X. Zhang, H. Chen, H. 
Yu, X. Zhang, M. Zhang, S. Wu, J. Song, T. Chen, M. Han, S. Li, X. Luo, J. Zhao, Q. 
Ning, Clinical and immunological features of severe and moderate coronavirus 
disease 2019. J. Clin. Invest. 130, 2620–2629 (2020). doi:10.1172/JCI137244 
Medline 

10. L. Tan, Q. Wang, D. Zhang, J. Ding, Q. Huang, Y.-Q. Tang, Q. Wang, H. Miao, 
Lymphopenia predicts disease severity of COVID-19: A descriptive and predictive 
study. Signal Transduct. Target. Ther. 5, 33 (2020). doi:10.1038/s41392-020-
0148-4 Medline 

11. Z. Chen, E. John Wherry, T cell responses in patients with COVID-19. Nat. Rev. 
Immunol. 20, 529–536 (2020). doi:10.1038/s41577-020-0402-6 Medline 

12. D. Mathew, J. R. Giles, A. E. Baxter, D. A. Oldridge, A. R. Greenplate, J. E. Wu, C. 
Alanio, L. Kuri-Cervantes, M. B. Pampena, K. D’Andrea, S. Manne, Z. Chen, Y. J. 
Huang, J. P. Reilly, A. R. Weisman, C. A. G. Ittner, O. Kuthuru, J. Dougherty, K. 
Nzingha, N. Han, J. Kim, A. Pattekar, E. C. Goodwin, E. M. Anderson, M. E. Weirick, 
S. Gouma, C. P. Arevalo, M. J. Bolton, F. Chen, S. F. Lacey, H. Ramage, S. Cherry, 
S. E. Hensley, S. A. Apostolidis, A. C. Huang, L. A. Vella, M. R. Betts, N. J. Meyer, E. 
J. Wherry; UPenn COVID Processing Unit, Deep immune profiling of COVID-19 
patients reveals distinct immunotypes with therapeutic implications. Science 
369, eabc8511 (2020). doi:10.1126/science.abc8511 Medline 

13. A. G. Laing, A. Lorenc, I. Del Molino Del Barrio, A. Das, M. Fish, L. Monin, M. Muñoz-
Ruiz, D. R. McKenzie, T. S. Hayday, I. Francos-Quijorna, S. Kamdar, M. Joseph, D. 
Davies, R. Davis, A. Jennings, I. Zlatareva, P. Vantourout, Y. Wu, V. Sofra, F. Cano, 
M. Greco, E. Theodoridis, J. D. Freedman, S. Gee, J. N. E. Chan, S. Ryan, E. Bugallo-
Blanco, P. Peterson, K. Kisand, L. Haljasmägi, L. Chadli, P. Moingeon, L. Martinez, 
B. Merrick, K. Bisnauthsing, K. Brooks, M. A. A. Ibrahim, J. Mason, F. Lopez Gomez, 
K. Babalola, S. Abdul-Jawad, J. Cason, C. Mant, J. Seow, C. Graham, K. J. Doores, 
F. Di Rosa, J. Edgeworth, M. Shankar-Hari, A. C. Hayday, Author Correction: A 
dynamic COVID-19 immune signature includes associations with poor prognosis. 
Nat. Med. 26, 1951 (2020). doi:10.1038/s41591-020-01186-5 Medline 

14. L. Kuri-Cervantes, M. B. Pampena, W. Meng, A. M. Rosenfeld, C. A. G. Ittner, A. R. 
Weisman, R. S. Agyekum, D. Mathew, A. E. Baxter, L. A. Vella, O. Kuthuru, S. A. 
Apostolidis, L. Bershaw, J. Dougherty, A. R. Greenplate, A. Pattekar, J. Kim, N. 
Han, S. Gouma, M. E. Weirick, C. P. Arevalo, M. J. Bolton, E. C. Goodwin, E. M. 
Anderson, S. E. Hensley, T. K. Jones, N. S. Mangalmurti, E. T. Luning Prak, E. J. 
Wherry, N. J. Meyer, M. R. Betts, Comprehensive mapping of immune 
perturbations associated with severe COVID-19. Sci. Immunol. 5, eabd7114 
(2020). doi:10.1126/sciimmunol.abd7114 Medline 

15. T. Sekine, A. Perez-Potti, O. Rivera-Ballesteros, K. Strålin, J.-B. Gorin, A. Olsson, S. 
Llewellyn-Lacey, H. Kamal, G. Bogdanovic, S. Muschiol, D. J. Wullimann, T. 
Kammann, J. Emgård, T. Parrot, E. Folkesson, O. Rooyackers, L. I. Eriksson, J.-I. 
Henter, A. Sönnerborg, T. Allander, J. Albert, M. Nielsen, J. Klingström, S. 
Gredmark-Russ, N. K. Björkström, J. K. Sandberg, D. A. Price, H.-G. Ljunggren, S. 
Aleman, M. Buggert; Karolinska COVID-19 Study Group, Robust T cell immunity in 
convalescent individuals with asymptomatic or mild COVID-19. Cell 183, 158–

168.e14 (2020). doi:10.1016/j.cell.2020.08.017 Medline 
16. P. Zachariah, C. L. Johnson, K. C. Halabi, D. Ahn, A. I. Sen, A. Fischer, S. L. Banker, 

M. Giordano, C. S. Manice, R. Diamond, T. B. Sewell, A. J. Schweickert, J. R. 
Babineau, R. C. Carter, D. B. Fenster, J. S. Orange, T. A. McCann, S. G. Kernie, L. 
Saiman; Columbia Pediatric COVID-19 Management Group, Epidemiology, Clinical 
Features, and Disease Severity in Patients With Coronavirus Disease 2019 
(COVID-19) in a Children’s Hospital in New York City, New York. JAMA Pediatr. 174, 
e202430 (2020). doi:10.1001/jamapediatrics.2020.2430 Medline 

17. C. Diorio, S. E. Henrickson, L. A. Vella, K. O. McNerney, J. Chase, C. Burudpakdee, 
J. H. Lee, C. Jasen, F. Balamuth, D. M. Barrett, B. L. Banwell, K. M. Bernt, A. M. 
Blatz, K. Chiotos, B. T. Fisher, J. C. Fitzgerald, J. S. Gerber, K. Gollomp, C. Gray, S. 
A. Grupp, R. M. Harris, T. J. Kilbaugh, A. R. O. John, M. Lambert, E. J. Liebling, M. 
E. Paessler, W. Petrosa, C. Phillips, A. F. Reilly, N. D. Romberg, A. Seif, D. A. Sesok-
Pizzini, K. E. Sullivan, J. Vardaro, E. M. Behrens, D. T. Teachey, H. Bassiri, 
Multisystem inflammatory syndrome in children and COVID-19 are distinct 
presentations of SARS-CoV-2. J. Clin. Invest. 130, 5967–5975 (2020). 
doi:10.1172/JCI140970 Medline 

18. E. M. Dufort, E. H. Koumans, E. J. Chow, E. M. Rosenthal, A. Muse, J. Rowlands, M. 
A. Barranco, A. M. Maxted, E. S. Rosenberg, D. Easton, T. Udo, J. Kumar, W. Pulver, 
L. Smith, B. Hutton, D. Blog, H. Zucker; New York State and Centers for Disease 
Control and Prevention Multisystem Inflammatory Syndrome in Children 
Investigation Team, Multisystem Inflammatory Syndrome in Children in New York 
State. N. Engl. J. Med. 383, 347–358 (2020). doi:10.1056/NEJMoa2021756 
Medline 

19. L. R. Feldstein, E. B. Rose, S. M. Horwitz, J. P. Collins, M. M. Newhams, M. B. F. Son, 
J. W. Newburger, L. C. Kleinman, S. M. Heidemann, A. A. Martin, A. R. Singh, S. Li, 
K. M. Tarquinio, P. Jaggi, M. E. Oster, S. P. Zackai, J. Gillen, A. J. Ratner, R. F. Walsh, 
J. C. Fitzgerald, M. A. Keenaghan, H. Alharash, S. Doymaz, K. N. Clouser, J. S. 
Giuliano Jr., A. Gupta, R. M. Parker, A. B. Maddux, V. Havalad, S. Ramsingh, H. 
Bukulmez, T. T. Bradford, L. S. Smith, M. W. Tenforde, C. L. Carroll, B. J. Riggs, S. 
J. Gertz, A. Daube, A. Lansell, A. Coronado Munoz, C. V. Hobbs, K. L. Marohn, N. B. 
Halasa, M. M. Patel, A. G. Randolph; Overcoming COVID-19 Investigators; CDC 
COVID-19 Response Team, Multisystem Inflammatory Syndrome in U.S. Children 
and Adolescents. N. Engl. J. Med. 383, 334–346 (2020). 
doi:10.1056/NEJMoa2021680 Medline 

20. K. Chiotos, H. Bassiri, E. M. Behrens, A. M. Blatz, J. Chang, C. Diorio, J. C. 
Fitzgerald, A. Topjian, A. R. O. John, Multisystem Inflammatory Syndrome in 
Children During the Coronavirus 2019 Pandemic: A Case Series. J. Pediatric Infect. 
Dis. Soc. 9, 393–398 (2020). doi:10.1093/jpids/piaa069 Medline 

21. A. H. Rowley, Understanding SARS-CoV-2-related multisystem inflammatory 
syndrome in children. Nat. Rev. Immunol. 20, 453–454 (2020). 
doi:10.1038/s41577-020-0367-5 Medline 

22. P. Davies, C. Evans, H. K. Kanthimathinathan, J. Lillie, J. Brierley, G. Waters, M. 
Johnson, B. Griffiths, P. du Pré, Z. Mohammad, A. Deep, S. Playfor, D. Singh, D. 
Inwald, M. Jardine, O. Ross, N. Shetty, M. Worrall, R. Sinha, A. Koul, E. Whittaker, 
H. Vyas, B. R. Scholefield, P. Ramnarayan, Intensive care admissions of children 
with paediatric inflammatory multisystem syndrome temporally associated with 
SARS-CoV-2 (PIMS-TS) in the UK: A multicentre observational study. Lancet Child 
Adolesc. Health 4, 669–677 (2020). doi:10.1016/S2352-4642(20)30215-7 
Medline 

23. S. Godfred-Cato, B. Bryant, J. Leung, M. E. Oster, L. Conklin, J. Abrams, K. Roguski, 
B. Wallace, E. Prezzato, E. H. Koumans, E. H. Lee, A. Geevarughese, M. K. Lash, K. 
H. Reilly, W. P. Pulver, D. Thomas, K. A. Feder, K. K. Hsu, N. Plipat, G. Richardson, 
H. Reid, S. Lim, A. Schmitz, T. Pierce, S. Hrapcak, D. Datta, S. B. Morris, K. Clarke, 
E. Belay; California MIS-C Response Team, COVID-19-Associated Multisystem 
Inflammatory Syndrome in Children - United States, March-July 2020. MMWR 
Morb. Mortal. Wkly. Rep. 69, 1074–1080 (2020). Medline 

24. D. M. Fernandes, C. R. Oliveira, S. Guerguis, R. Eisenberg, J. Choi, M. Kim, A. 
Abdelhemid, R. Agha, S. Agarwal, J. L. Aschner, J. R. Avner, C. Ballance, J. Bock, 
S. M. Bhavsar, M. Campbell, K. N. Clouser, M. Gesner, D. L. Goldman, M. R. 
Hammerschlag, S. Hymes, A. Howard, H.-J. Jung, S. Kohlhoff, T. Kojaoghlanian, R. 
Lewis, S. Nachman, S. Naganathan, E. Paintsil, H. Pall, S. Sy, S. Wadowski, E. 
Zirinsky, M. D. Cabana, B. C. Herold; Tri-State Pediatric COVID-19 Research 
Consortium, Severe Acute Respiratory Syndrome Coronavirus 2 
Clinical Syndromes and Predictors of Disease Severity in Hospitalized Children 

http://immunology.sciencemag.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32941417&dopt=Abstract
http://dx.doi.org/10.1542/peds.2019-3611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32546583&dopt=Abstract
http://dx.doi.org/10.1542/peds.2017-2918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29440502&dopt=Abstract
http://dx.doi.org/10.1093/cid/ciaa443
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32296824&dopt=Abstract
http://dx.doi.org/10.1172/JCI137244
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32217835&dopt=Abstract
http://dx.doi.org/10.1038/s41392-020-0148-4
http://dx.doi.org/10.1038/s41392-020-0148-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32296069&dopt=Abstract
http://dx.doi.org/10.1038/s41577-020-0402-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32728222&dopt=Abstract
http://dx.doi.org/10.1126/science.abc8511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32669297&dopt=Abstract
http://dx.doi.org/10.1038/s41591-020-01186-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33247289&dopt=Abstract
http://dx.doi.org/10.1126/sciimmunol.abd7114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32669287&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2020.08.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32979941&dopt=Abstract
http://dx.doi.org/10.1001/jamapediatrics.2020.2430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32492092&dopt=Abstract
http://dx.doi.org/10.1172/JCI140970
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32730233&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa2021756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32598830&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa2021680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32598831&dopt=Abstract
http://dx.doi.org/10.1093/jpids/piaa069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32463092&dopt=Abstract
http://dx.doi.org/10.1038/s41577-020-0367-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32546853&dopt=Abstract
http://dx.doi.org/10.1016/S2352-4642(20)30215-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32653054&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32790663&dopt=Abstract


First release: 2 March 2021  immunology.sciencemag.org  (Page numbers not final at time of first release) 11 
 

and Youth. J. Pediatr. S0022-3476(20)31393-7 (2020). 
10.1016/j.jpeds.2020.11.016 Medline 

25. S. T. Shulman, Pediatric Coronavirus Disease-2019-Associated Multisystem 
Inflammatory Syndrome. J. Pediatric Infect. Dis. Soc. 9, 285–286 (2020). 
doi:10.1093/jpids/piaa062 Medline 

26. C. R. Consiglio, N. Cotugno, F. Sardh, C. Pou, D. Amodio, L. Rodriguez, Z. Tan, S. 
Zicari, A. Ruggiero, G. R. Pascucci, V. Santilli, T. Campbell, Y. Bryceson, D. 
Eriksson, J. Wang, A. Marchesi, T. Lakshmikanth, A. Campana, A. Villani, P. Rossi, 
N. Landegren, P. Palma, P. Brodin; CACTUS Study Team, The Immunology of 
Multisystem Inflammatory Syndrome in Children with COVID-19. Cell 183, 968–
981.e7 (2020). doi:10.1016/j.cell.2020.09.016 Medline 

27. B. W. McCrindle, C. Manlhiot, SARS-CoV-2-Related Inflammatory Multisystem 
Syndrome in Children: Different or Shared Etiology and Pathophysiology as 
Kawasaki Disease? JAMA 324, 246–248 (2020). doi:10.1001/jama.2020.10370 
Medline 

28. C. N. Gruber, R. S. Patel, R. Trachtman, L. Lepow, F. Amanat, F. Krammer, K. M. 
Wilson, K. Onel, D. Geanon, K. Tuballes, M. Patel, K. Mouskas, T. O’Donnell, E. 
Merritt, N. W. Simons, V. Barcessat, D. M. Del Valle, S. Udondem, G. Kang, S. 
Gangadharan, G. Ofori-Amanfo, U. Laserson, A. Rahman, S. Kim-Schulze, A. W. 
Charney, S. Gnjatic, B. D. Gelb, M. Merad, D. Bogunovic, Mapping Systemic 
Inflammation and Antibody Responses in Multisystem Inflammatory Syndrome in 
Children (MIS-C). Cell 183, 982–995.e14 (2020). doi:10.1016/j.cell.2020.09.034 
Medline 

29. M. J. Carter, M. Fish, A. Jennings, K. J. Doores, P. Wellman, J. Seow, S. Acors, C. 
Graham, E. Timms, J. Kenny, S. Neil, M. H. Malim, S. M. Tibby, M. Shankar-Hari, 
Peripheral immunophenotypes in children with multisystem inflammatory 
syndrome associated with SARS-CoV-2 infection. Nat. Med. 26, 1701–1707 
(2020). doi:10.1038/s41591-020-1054-6 Medline 

30. B. S. Criswell, R. B. Couch, S. B. Greenberg, S. L. Kimzey, The lymphocyte response 
to influenza in humans. Am. Rev. Respir. Dis. 120, 700–704 (1979). Medline 

31. B. Cao, X.-W. Li, Y. Mao, J. Wang, H.-Z. Lu, Y.-S. Chen, Z.-A. Liang, L. Liang, S.-J. 
Zhang, B. Zhang, L. Gu, L.-H. Lu, D.-Y. Wang, C. Wang; National Influenza A 
Pandemic (H1N1) 2009 Clinical Investigation Group of China, Clinical features of 
the initial cases of 2009 pandemic influenza A (H1N1) virus infection in China. N. 
Engl. J. Med. 361, 2507–2517 (2009). doi:10.1056/NEJMoa0906612 Medline 

32. M. T. McClain, L. P. Park, B. Nicholson, T. Veldman, A. K. Zaas, R. Turner, R. 
Lambkin-Williams, A. S. Gilbert, G. S. Ginsburg, C. W. Woods, Longitudinal analysis 
of leukocyte differentials in peripheral blood of patients with acute respiratory 
viral infections. J. Clin. Virol. 58, 689–695 (2013). doi:10.1016/j.jcv.2013.09.015 
Medline 

33. M. K. Kainth, P. K. Goenka, K. A. Williamson, J. S. Fishbein, A. Subramony, S. 
Barone, J. A. Belfer, L. M. Feld, W. I. Krief, N. Palumbo, S. Rajan, J. Rocker, T. 
Scotto, S. Sharma, W. C. Sokoloff, C. Schleien, L. G. Rubin; NORTHWELL HEALTH 
COVID-19 RESEARCH CONSORTIUM, Early Experience of COVID-19 in a US 
Children’s Hospital.Pediatrics 146, e2020003186 (2020). 
doi:10.1542/peds.2020-003186 Medline 

34. P. Y. Lee, M. Day-Lewis, L. A. Henderson, K. G. Friedman, J. Lo, J. E. Roberts, M. S. 
Lo, C. D. Platt, J. Chou, K. J. Hoyt, A. L. Baker, T. M. Banzon, M. H. Chang, E. Cohen, 
S. D. de Ferranti, A. Dionne, S. Habiballah, O. Halyabar, J. S. Hausmann, M. M. 
Hazen, E. Janssen, E. Meidan, R. W. Nelson, A. A. Nguyen, R. P. Sundel, F. 
Dedeoglu, P. A. Nigrovic, J. W. Newburger, M. B. F. Son, Distinct clinical and 
immunological features of SARS-CoV-2-induced multisystem inflammatory 
syndrome in children. J. Clin. Invest. 130, 5942–5950 (2020). 
doi:10.1172/JCI141113 Medline 

35. F. Wang, J. Nie, H. Wang, Q. Zhao, Y. Xiong, L. Deng, S. Song, Z. Ma, P. Mo, Y. Zhang, 
Characteristics of Peripheral Lymphocyte Subset Alteration in COVID-19 
Pneumonia. J. Infect. Dis. 221, 1762–1769 (2020). doi:10.1093/infdis/jiaa150 
Medline 

36. J. J. Goronzy, B. Hu, C. Kim, R. R. Jadhav, C. M. Weyand, Epigenetics of T cell aging. 
J. Leukoc. Biol. 104, 691–699 (2018). doi:10.1002/JLB.1RI0418-160R Medline 

37. S. M. Henson, N. E. Riddell, A. N. Akbar, Properties of end-stage human T cells 
defined by CD45RA re-expression. Curr. Opin. Immunol. 24, 476–481 (2012). 
doi:10.1016/j.coi.2012.04.001 Medline 

38. S. M. Kaech, E. J. Wherry, R. Ahmed, Effector and memory T-cell differentiation: 
Implications for vaccine development. Nat. Rev. Immunol. 2, 251–262 (2002). 

doi:10.1038/nri778 Medline 
39. Z. M. Ndhlovu, P. Kamya, N. Mewalal, H. N. Kløverpris, T. Nkosi, K. Pretorius, F. 

Laher, F. Ogunshola, D. Chopera, K. Shekhar, M. Ghebremichael, N. Ismail, A. 
Moodley, A. Malik, A. Leslie, P. J. R. Goulder, S. Buus, A. Chakraborty, K. Dong, T. 
Ndung’u, B. D. Walker, Magnitude and Kinetics of CD8+ T Cell Activation during 
Hyperacute HIV Infection Impact Viral Set Point. Immunity 43, 591–604 (2015). 
doi:10.1016/j.immuni.2015.08.012 Medline 

40. A. K. McElroy, R. S. Akondy, C. W. Davis, A. H. Ellebedy, A. K. Mehta, C. S. Kraft, G. 
M. Lyon, B. S. Ribner, J. Varkey, J. Sidney, A. Sette, S. Campbell, U. Ströher, I. 
Damon, S. T. Nichol, C. F. Spiropoulou, R. Ahmed, Human Ebola virus infection 
results in substantial immune activation. Proc. Natl. Acad. Sci. U.S.A. 112, 4719–
4724 (2015). doi:10.1073/pnas.1502619112 Medline 

41. J. D. Miller, R. G. van der Most, R. S. Akondy, J. T. Glidewell, S. Albott, D. Masopust, 
K. Murali-Krishna, P. L. Mahar, S. Edupuganti, S. Lalor, S. Germon, C. Del Rio, M. J. 
Mulligan, S. I. Staprans, J. D. Altman, M. B. Feinberg, R. Ahmed, Human effector 
and memory CD8+ T cell responses to smallpox and yellow fever vaccines. 
Immunity 28, 710–722 (2008). doi:10.1016/j.immuni.2008.02.020 Medline 

42. B. van Wilgenburg, I. Scherwitzl, E. C. Hutchinson, T. Leng, A. Kurioka, C. Kulicke, 
C. de Lara, S. Cole, S. Vasanawathana, W. Limpitikul, P. Malasit, D. Young, L. 
Denney, M. D. Moore, P. Fabris, M. T. Giordani, Y. H. Oo, S. M. Laidlaw, L. B. Dustin, 
L.-P. Ho, F. M. Thompson, N. Ramamurthy, J. Mongkolsapaya, C. B. Willberg, G. R. 
Screaton, P. Klenerman; STOP-HCV consortium, MAIT cells are activated during 
human viral infections. Nat. Commun. 7, 11653 (2016). 
doi:10.1038/ncomms11653 Medline 

43. E. L. Azeredo, L. M. De Oliveira-Pinto, S. M. Zagne, D. I. S. Cerqueira, R. M. R. 
Nogueira, C. F. Kubelka, NK cells, displaying early activation, cytotoxicity and 
adhesion molecules, are associated with mild dengue disease. Clin. Exp. Immunol. 
143, 345–356 (2006). doi:10.1111/j.1365-2249.2006.02996.x Medline 

44. P. C. da Costa Neves, D. C. de Souza Matos, R. Marcovistz, R. Galler; P. C, da C. 
Neves, D. C. de S. Matos, R. Marcovistz, R. Galler, TLR expression and NK cell 
activation after human yellow fever vaccination. Vaccine 27, 5543–5549 (2009). 
doi:10.1016/j.vaccine.2009.07.028 

45. L. Loh, Z. Wang, S. Sant, M. Koutsakos, S. Jegaskanda, A. J. Corbett, L. Liu, D. P. 
Fairlie, J. Crowe, J. Rossjohn, J. Xu, P. C. Doherty, J. McCluskey, K. Kedzierska, 
Human mucosal-associated invariant T cells contribute to antiviral influenza 
immunity via IL-18-dependent activation. Proc. Natl. Acad. Sci. U.S.A. 113, 10133–
10138 (2016). doi:10.1073/pnas.1610750113 Medline 

46. O. M. Martinez, N. D. Bridges, E. Goldmuntz, V. Pascual, The immune roadmap for 
understanding multi-system inflammatory syndrome in children: Opportunities 
and challenges. Nat. Med. 26, 1819–1824 (2020). doi:10.1038/s41591-020-1140-
9 Medline 

47. M. E. Keir, M. J. Butte, G. J. Freeman, A. H. Sharpe, PD-1 and its ligands in tolerance 
and immunity. Annu. Rev. Immunol. 26, 677–704 (2008). 
doi:10.1146/annurev.immunol.26.021607.090331 Medline 

48. E. J. Wherry, S.-J. Ha, S. M. Kaech, W. N. Haining, S. Sarkar, V. Kalia, S. 
Subramaniam, J. N. Blattman, D. L. Barber, R. Ahmed, Molecular signature of 
CD8+ T cell exhaustion during chronic viral infection. Immunity 27, 670–684 
(2007). doi:10.1016/j.immuni.2007.09.006 Medline 

49. K. E. Brown, G. J. Freeman, E. J. Wherry, A. H. Sharpe, Role of PD-1 in regulating 
acute infections. Curr. Opin. Immunol. 22, 397–401 (2010). 
doi:10.1016/j.coi.2010.03.007 Medline 

50. C. L. Day, D. E. Kaufmann, P. Kiepiela, J. A. Brown, E. S. Moodley, S. Reddy, E. W. 
Mackey, J. D. Miller, A. J. Leslie, C. DePierres, Z. Mncube, J. Duraiswamy, B. Zhu, 
Q. Eichbaum, M. Altfeld, E. J. Wherry, H. M. Coovadia, P. J. R. Goulder, P. 
Klenerman, R. Ahmed, G. J. Freeman, B. D. Walker, PD-1 expression on HIV-
specific T cells is associated with T-cell exhaustion and disease progression. 
Nature 443, 350–354 (2006). doi:10.1038/nature05115 Medline 

51. S. Crotty, Follicular helper CD4 T cells (TFH). Annu. Rev. Immunol. 29, 621–663 
(2011). doi:10.1146/annurev-immunol-031210-101400 Medline 

52. B. Bengsch, T. Ohtani, O. Khan, M. Setty, S. Manne, S. O’Brien, P. F. Gherardini, R. 
S. Herati, A. C. Huang, K.-M. Chang, E. W. Newell, N. Bovenschen, D. Pe’er, S. M. 
Albelda, E. J. Wherry, Epigenomic-Guided Mass Cytometry Profiling Reveals 
Disease-Specific Features of Exhausted CD8 T Cells. Immunity 48, 1029–1045.e5 
(2018). doi:10.1016/j.immuni.2018.04.026 Medline 

53. P. K. Gupta, J. Godec, D. Wolski, E. Adland, K. Yates, K. E. Pauken, C. Cosgrove, C. 

http://immunology.sciencemag.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33197493&dopt=Abstract
http://dx.doi.org/10.1093/jpids/piaa062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32441751&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2020.09.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32966765&dopt=Abstract
http://dx.doi.org/10.1001/jama.2020.10370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32511667&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2020.09.034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32991843&dopt=Abstract
http://dx.doi.org/10.1038/s41591-020-1054-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32812012&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=314763&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa0906612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20007555&dopt=Abstract
http://dx.doi.org/10.1016/j.jcv.2013.09.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24140015&dopt=Abstract
http://dx.doi.org/10.1542/peds.2020-003186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32680880&dopt=Abstract
http://dx.doi.org/10.1172/JCI141113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32701511&dopt=Abstract
http://dx.doi.org/10.1093/infdis/jiaa150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32227123&dopt=Abstract
http://dx.doi.org/10.1002/JLB.1RI0418-160R
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29947427&dopt=Abstract
http://dx.doi.org/10.1016/j.coi.2012.04.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22554789&dopt=Abstract
http://dx.doi.org/10.1038/nri778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12001996&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2015.08.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26362266&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1502619112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25775592&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2008.02.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18468462&dopt=Abstract
http://dx.doi.org/10.1038/ncomms11653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27337592&dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2249.2006.02996.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16412060&dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2009.07.028
http://dx.doi.org/10.1073/pnas.1610750113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27543331&dopt=Abstract
http://dx.doi.org/10.1038/s41591-020-1140-9
http://dx.doi.org/10.1038/s41591-020-1140-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33139949&dopt=Abstract
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18173375&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2007.09.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17950003&dopt=Abstract
http://dx.doi.org/10.1016/j.coi.2010.03.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20427170&dopt=Abstract
http://dx.doi.org/10.1038/nature05115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16921384&dopt=Abstract
http://dx.doi.org/10.1146/annurev-immunol-031210-101400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21314428&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2018.04.026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29768164&dopt=Abstract


First release: 2 March 2021  immunology.sciencemag.org  (Page numbers not final at time of first release) 12 
 

Ledderose, W. G. Junger, S. C. Robson, E. J. Wherry, G. Alter, P. J. R. Goulder, P. 
Klenerman, A. H. Sharpe, G. M. Lauer, W. N. Haining, CD39 Expression Identifies 
Terminally Exhausted CD8+ T Cells. PLOS Pathog. 11, e1005177 (2015). 
doi:10.1371/journal.ppat.1005177 Medline 

54. F. P. Canale, M. C. Ramello, N. Núñez, S. N. Bossio, E. Piaggio, A. Gruppi, E. V. A. 
Rodríguez, C. L. Montes, CD39 Expression Defines Cell Exhaustion in Tumor-
Infiltrating CD8+ T Cells-Response. Cancer Res. 78, 5175–5175 (2018). 
doi:10.1158/0008-5472.CAN-18-0950 Medline 

55. J. C. Mudd, S. Panigrahi, B. Kyi, S. H. Moon, M. M. Manion, S.-A. Younes, S. F. Sieg, 
N. T. Funderburg, D. A. Zidar, M. M. Lederman, M. L. Freeman, Inflammatory 
Function of CX3CR1+ CD8+ T Cells in Treated HIV Infection Is Modulated by 
Platelet Interactions. J. Infect. Dis. 214, 1808–1816 (2016). 
doi:10.1093/infdis/jiw463 Medline 

56. M. S. Shin, S. You, Y. Kang, N. Lee, S.-A. Yoo, K. Park, K. S. Kang, S. H. Kim, S. 
Mohanty, A. C. Shaw, R. R. Montgomery, D. Hwang, I. Kang, DNA Methylation 
Regulates the Differential Expression of CX3CR1 on Human IL-7Rαlow and IL-
7Rαhigh Effector Memory CD8+ T Cells with Distinct Migratory Capacities to the 
Fractalkine. J. Immunol. 195, 2861–2869 (2015). doi:10.4049/jimmunol.1500877 
Medline 

57. C. Gerlach, E. A. Moseman, S. M. Loughhead, D. Alvarez, A. J. Zwijnenburg, L. 
Waanders, R. Garg, J. C. de la Torre, U. H. von Andrian, The Chemokine Receptor 
CX3CR1 Defines Three Antigen-Experienced CD8 T Cell Subsets with Distinct 
Roles in Immune Surveillance and Homeostasis. Immunity 45, 1270–1284 (2016). 
doi:10.1016/j.immuni.2016.10.018 Medline 

58. M. Nishimura, H. Umehara, T. Nakayama, O. Yoneda, K. Hieshima, M. Kakizaki, N. 
Dohmae, O. Yoshie, T. Imai, Dual functions of fractalkine/CX3C ligand 1 in 
trafficking of perforin+/granzyme B+ cytotoxic effector lymphocytes that are 
defined by CX3CR1 expression. J. Immunol. 168, 6173–6180 (2002). 
doi:10.4049/jimmunol.168.12.6173 Medline 

59. M. Buggert, S. Nguyen, G. Salgado-Montes de Oca, B. Bengsch, S. Darko, A. 
Ransier, E. R. Roberts, D. Del Alcazar, I. B. Brody, L. A. Vella, L. Beura, S. 
Wijeyesinghe, R. S. Herati, P. M. Del Rio Estrada, Y. Ablanedo-Terrazas, L. Kuri-
Cervantes, A. Sada Japp, S. Manne, S. Vartanian, A. Huffman, J. K. Sandberg, E. 
Gostick, G. Nadolski, G. Silvestri, D. H. Canaday, D. A. Price, C. Petrovas, L. F. Su, 
G. Vahedi, Y. Dori, I. Frank, M. G. Itkin, E. J. Wherry, S. G. Deeks, A. Naji, G. Reyes-
Terán, D. Masopust, D. C. Douek, M. R. Betts, Identification and characterization 
of HIV-specific resident memory CD8+ T cells in human lymphoid tissue. Sci. 
Immunol. 3, eaar4526 (2018). doi:10.1126/sciimmunol.aar4526 Medline 

60. M. Buggert, L. A. Vella, S. Nguyen, V. Wu, T. Sekine, A. Perez-Potti, C. R. Maldini, 
S. Manne, S. Darko, A. Ransier, L. Kuri-Cervantes, A. S. Japp, I. B. Brody, M. A. 
Ivarsson, L. Hertwig, J. P. Antel, M. E. Johnson, A. Okoye, L. Picker, G. Vahedi, E. 
Sparrelid, S. Llewellyn-Lacey, E. Gostick, N. Björkström, A. Bar-Or, Y. Dori, A. Naji, 
D. H. Canaday, T. M. Laufer, A. D. Wells, D. A. Price, I. Frank, D. C. Douek, E. John 
Wherry, M. G. Itkin, M. R. Betts, The identity of human tissue-emigrant CD8+ T 
cells (2020), p. 2020.08.11.236372. 

61. B. Jones, A. E. Koch, S. Ahmed, Pathological role of fractalkine/CX3CL1 in 
rheumatic diseases: A unique chemokine with multiple functions. Front. Immunol. 
2, 82 (2012). Medline 

62. G. E. Garcia, Y. Xia, S. Chen, Y. Wang, R. D. Ye, J. K. Harrison, K. B. Bacon, H.-G. 
Zerwes, L. Feng, NF-kappaB-dependent fractalkine induction in rat aortic 
endothelial cells stimulated by IL-1β, TNF-α, and LPS. J. Leukoc. Biol. 67, 577–584 
(2000). doi:10.1002/jlb.67.4.577 Medline 

63. S. Apostolakis, D. Spandidos, Chemokines and atherosclerosis: Focus on the 
CX3CL1/CX3CR1 pathway. Acta Pharmacol. Sin. 34, 1251–1256 (2013). 
doi:10.1038/aps.2013.92 Medline 

64. A. Myles, P. J. Gearhart, M. P. Cancro, Signals that drive T-bet expression in B cells. 
Cell. Immunol. 321, 3–7 (2017). doi:10.1016/j.cellimm.2017.09.004 Medline 

65. B. E. Barnett, R. P. Staupe, P. M. Odorizzi, O. Palko, V. T. Tomov, A. E. Mahan, B. 
Gunn, D. Chen, M. A. Paley, G. Alter, S. L. Reiner, G. M. Lauer, J. R. Teijaro, E. J. 
Wherry, Cutting Edge: B Cell-Intrinsic T-bet Expression Is Required To Control 
Chronic Viral Infection. J. Immunol. 197, 1017–1022 (2016). 
doi:10.4049/jimmunol.1500368 Medline 

66. J. W. Austin, C. M. Buckner, L. Kardava, W. Wang, X. Zhang, V. A. Melson, R. G. 
Swanson, A. J. Martins, J. Q. Zhou, K. B. Hoehn, J. N. Fisk, Y. Dimopoulos, A. 
Chassiakos, S. O’Dell, M. G. Smelkinson, C. A. Seamon, R. W. Kwan, M. C. Sneller, 

S. Pittaluga, N. A. Doria-Rose, A. McDermott, Y. Li, T.-W. Chun, S. H. Kleinstein, J. 
S. Tsang, C. Petrovas, S. Moir, Overexpression of T-bet in HIV infection is 
associated with accumulation of B cells outside germinal centers and poor affinity 
maturation. Sci. Transl. Med. 11, eaax0904 (2019). 
doi:10.1126/scitranslmed.aax0904 Medline 

67. K. Rubtsova, A. V. Rubtsov, J. M. Thurman, J. M. Mennona, J. W. Kappler, P. 
Marrack, B cells expressing the transcription factor T-bet drive lupus-like 
autoimmunity. J. Clin. Invest. 127, 1392–1404 (2017). doi:10.1172/JCI91250 
Medline 

68. R. S. Herati, M. A. Reuter, D. V. Dolfi, K. D. Mansfield, H. Aung, O. Z. Badwan, R. K. 
Kurupati, S. Kannan, H. Ertl, K. E. Schmader, M. R. Betts, D. H. Canaday, E. J. 
Wherry, Circulating CXCR5+PD-1+ response predicts influenza vaccine antibody 
responses in young adults but not elderly adults. J. Immunol. 193, 3528–3537 
(2014). doi:10.4049/jimmunol.1302503 Medline 

69. S. E. Bentebibel, S. Lopez, G. Obermoser, N. Schmitt, C. Mueller, C. Harrod, E. 
Flano, A. Mejias, R. A. Albrecht, D. Blankenship, H. Xu, V. Pascual, J. Banchereau, 
A. Garcia-Sastre, A. K. Palucka, O. Ramilo, H. Ueno, Induction of 
ICOS+CXCR3+CXCR5+ TH cells correlates with antibody responses to influenza 
vaccination. Sci. Transl. Med. 5, 176ra32 (2013). 
doi:10.1126/scitranslmed.3005191 Medline 

70. C. Diorio, E. M. Anderson, K. O. McNerney, E. C. Goodwin, J. C. Chase, M. J. Bolton, 
C. P. Arevalo, M. E. Weirick, S. Gouma, L. A. Vella, S. E. Henrickson, K. Chiotos, J. 
C. Fitzgerald, T. J. Kilbaugh, A. R. O. John, A. M. Blatz, M. P. Lambert, K. E. Sullivan, 
M. R. Tartaglione, D. Zambrano, M. Martin, J. H. Lee, P. Young, D. Friedman, D. A. 
Sesok-Pizzini, S. E. Hensley, E. M. Behrens, H. Bassiri, D. T. Teachey, Convalescent 
plasma for pediatric patients with SARS-CoV-2-associated acute respiratory 
distress syndrome. Pediatr. Blood Cancer 67, e28693 (2020). 
doi:10.1002/pbc.28693 Medline 

71. T. Imai, K. Hieshima, C. Haskell, M. Baba, M. Nagira, M. Nishimura, M. Kakizaki, S. 
Takagi, H. Nomiyama, T. J. Schall, O. Yoshie, Identification and molecular 
characterization of fractalkine receptor CX3CR1, which mediates both leukocyte 
migration and adhesion. Cell 91, 521–530 (1997). doi:10.1016/S0092-
8674(00)80438-9 Medline 

72. C. L. Gordon, L. N. Lee, L. Swadling, C. Hutchings, M. Zinser, A. J. Highton, S. 
Capone, A. Folgori, E. Barnes, P. Klenerman, Induction and Maintenance of 
CX3CR1-Intermediate Peripheral Memory CD8+ T Cells by Persistent Viruses and 
Vaccines. Cell Rep. 23, 768–782 (2018). doi:10.1016/j.celrep.2018.03.074 
Medline 

73. B. A. Jones, M. Beamer, S. Ahmed, Fractalkine/CX3CL1: A potential new target for 
inflammatory diseases. Mol. Interv. 10, 263–270 (2010). doi:10.1124/mi.10.5.3 
Medline 

74. C. A. Rostad, A. Chahroudi, G. Mantus, S. A. Lapp, M. Teherani, L. Macoy, K. M. 
Tarquinio, R. K. Basu, C. Kao, W. M. Linam, M. G. Zimmerman, P.-Y. Shi, V. D. 
Menachery, M. E. Oster, S. Edupuganti, E. J. Anderson, M. S. Suthar, J. Wrammert, 
P. Jaggi, Quantitative SARS-CoV-2 Serology in Children With Multisystem 
Inflammatory Syndrome (MIS-C). Pediatrics 146, e2020018242 (2020). 
doi:10.1542/peds.2020-018242 Medline 

75. E. M. Anderson, C. Diorio, E. C. Goodwin, K. O. McNerney, M. E. Weirick, S. Gouma, 
M. J. Bolton, C. P. Arevalo, J. Chase, P. Hicks, T. B. Manzoni, A. E. Baxter, K. P. 
Andrea, C. Burudpakdee, J. H. Lee, L. A. Vella, S. E. Henrickson, R. M. Harris, E. J. 
Wherry, P. Bates, H. Bassiri, E. M. Behrens, D. T. Teachey, S. E. Hensley, SARS-
CoV-2 antibody responses in children with MIS-C and mild and severe COVID-19. 
medRxiv 2020.08.17.20176552 (2020). 10.1101/2020.08.17.20176552 Medline 

76. C. A. Pierce, P. Preston-Hurlburt, Y. Dai, C. B. Aschner, N. Cheshenko, B. Galen, S. 
J. Garforth, N. G. Herrera, R. K. Jangra, N. C. Morano, E. Orner, S. Sy, K. Chandran, 
J. Dziura, S. C. Almo, A. Ring, M. J. Keller, K. C. Herold, B. C. Herold, Immune 
responses to SARS-CoV-2 infection in hospitalized pediatric and adult patients. 
Sci. Transl. Med. 12, eabd5487 (2020). doi:10.1126/scitranslmed.abd5487 
Medline 

77. S. P. Weisberg, T. J. Connors, Y. Zhu, M. R. Baldwin, W.-H. Lin, S. Wontakal, P. A. 
Szabo, S. B. Wells, P. Dogra, J. Gray, E. Idzikowski, D. Stelitano, F. T. Bovier, J. 
Davis-Porada, R. Matsumoto, M. M. L. Poon, M. Chait, C. Mathieu, B. Horvat, D. 
Decimo, K. E. Hudson, F. D. Zotti, Z. C. Bitan, F. La Carpia, S. A. Ferrara, E. Mace, 
J. Milner, A. Moscona, E. Hod, M. Porotto, D. L. Farber, Distinct antibody responses 
to SARS-CoV-2 in children and adults across the COVID-19 clinical spectrum. Nat. 

http://immunology.sciencemag.org/
http://dx.doi.org/10.1371/journal.ppat.1005177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26485519&dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-18-0950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30115702&dopt=Abstract
http://dx.doi.org/10.1093/infdis/jiw463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27703039&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1500877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26276874&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2016.10.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27939671&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.168.12.6173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12055230&dopt=Abstract
http://dx.doi.org/10.1126/sciimmunol.aar4526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29858286&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22566871&dopt=Abstract
http://dx.doi.org/10.1002/jlb.67.4.577
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10770292&dopt=Abstract
http://dx.doi.org/10.1038/aps.2013.92
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23974513&dopt=Abstract
http://dx.doi.org/10.1016/j.cellimm.2017.09.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28923237&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1500368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27430722&dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.aax0904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31776286&dopt=Abstract
http://dx.doi.org/10.1172/JCI91250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28240602&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1302503
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25172499&dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.3005191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23486778&dopt=Abstract
http://dx.doi.org/10.1002/pbc.28693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32885904&dopt=Abstract
http://dx.doi.org/10.1016/S0092-8674(00)80438-9
http://dx.doi.org/10.1016/S0092-8674(00)80438-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9390561&dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2018.03.074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29669283&dopt=Abstract
http://dx.doi.org/10.1124/mi.10.5.3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21045240&dopt=Abstract
http://dx.doi.org/10.1542/peds.2020-018242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32879033&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32839782&dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.abd5487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32958614&dopt=Abstract


First release: 2 March 2021  immunology.sciencemag.org  (Page numbers not final at time of first release) 13 
 

Immunol. 22, 25–31 (2021). doi:10.1038/s41590-020-00826-9 Medline 
78. S. L. Stone, J. N. Peel, C. D. Scharer, C. A. Risley, D. A. Chisolm, M. D. Schultz, B. 

Yu, A. Ballesteros-Tato, W. Wojciechowski, B. Mousseau, R. S. Misra, A. Hanidu, H. 
Jiang, Z. Qi, J. M. Boss, T. D. Randall, S. R. Brodeur, A. W. Goldrath, A. S. 
Weinmann, A. F. Rosenberg, F. E. Lund, T-bet Transcription Factor Promotes 
Antibody-Secreting Cell Differentiation by Limiting the Inflammatory Effects of 
IFN-γ on B Cells. Immunity 50, 1172–1187.e7 (2019). 
doi:10.1016/j.immuni.2019.04.004 Medline 

79. K. Rubtsova, A. V. Rubtsov, L. F. van Dyk, J. W. Kappler, P. Marrack, T-box 
transcription factor T-bet, a key player in a unique type of B-cell activation 
essential for effective viral clearance. Proc. Natl. Acad. Sci. U.S.A. 110, E3216–
E3224 (2013). doi:10.1073/pnas.1312348110 Medline 

80. D. D. Flannery, S. Gouma, M. B. Dhudasia, S. Mukhopadhyay, M. R. Pfeifer, E. C. 
Woodford, J. S. Gerber, C. P. Arevalo, M. J. Bolton, M. E. Weirick, E. C. Goodwin, E. 
M. Anderson, A. R. Greenplate, J. Kim, N. Han, A. Pattekar, J. Dougherty, O. 
Kuthuru, D. Mathew, A. E. Baxter, L. A. Vella, J. Weaver, A. Verma, R. Leite, J. S. 
Morris, D. J. Rader, M. A. Elovitz, E. J. Wherry, K. M. Puopolo, S. E. Hensley, SARS-
CoV-2 seroprevalence among parturient women in Philadelphia. Sci. Immunol. 5, 
eabd5709 (2020). doi:10.1126/sciimmunol.abd5709 Medline 

Acknowledgments: We thank patients and blood donors, their families and 
surrogates, and medical personnel. We thank Daniel Corwin and Fran Balamuth 
for literature review of the early COVID-19 clinical science. Funding: This work 
was supported by grants from NIH: K08 AI136660 (LAV); AI105343 and 
AI082630 (EJW); HL137006 and HL137915 (NJM); CA230157 (ACH); T32 
CA009140 (DM and JRG); T32-AI-007324 (EMA); CA234842 (ZC); HL143613 
and T32 CA009140 (DAO); R01AI121250 (EMB); K08AI135091 (SaEH); 
R01CA193776 (DTT). This work was also supported by the University of 
Pennsylvania Institute for Immunology Glick COVID-19 research award (MRB); 
Allen Institute for Immunology (EJW); a Cancer Research Institute-Mark 
Foundation Fellowship (JRG); a Burroughs Wellcome Fund Career Award for 
Medical Scientists (SaEH); Leukemia and Lymphoma Society (DTT); Alex’s 
Lemonade Stand Foundation for Childhood Cancer (DTT); the University of 
Pennsylvania Institute for Translational Medicine and Therapeutics (CD); and 
CHOP Frontiers Program Immune Dysregulation Team (DTT, EB, HB). NJM 
reports funding to her institution from Athersys, Inc., Biomarck, Inc., and the 
Marcus Foundation for Research. JRG, JEW, CA, and EJW are supported by the 
Parker Institute for Cancer Immunotherapy which supports the Cancer 
Immunology program at the University of Pennsylvania. SEH is funded by the 
Children's Hospital of Philadelphia, Research Institute American Association of 
Allergy, Asthma and Immunology Foundation Faculty Development Award 
Burroughs Wellcome Fund Career Awards for Medical Scientists. We thank 
Jeffrey Lurie and Joel Embiid, Josh Harris, David Blitzer for philanthropic 

support. Author Contributions: LAV, JRG, AEB, SaEH, and EJW conceived the 
project. LAV, JRG, AEB, DAO, and EJW designed the study. CD, EMB, HB, SaEH, 
and DTT conceived the pediatric clinical cohorts. CD, KOM, and JC enrolled 
subjects and coordinated sample collection. AEB and KDA coordinated sample 
processing. AEB, LKC, MBP, JEW, ZC, YJH, CB, CD, and DM performed 
experiments. JHL, CJ, CD, KOM, JC, HB, HMG, and DTT abstracted clinical 
metadata. DAO and CA integrated pediatric and adult clinical and serologic data. 
NJM conceived the adult COVID-19 cohort. LAV, EJW, and OK conceived the 
healthy and recovered adult cohorts. SaEH, SS, PEC, and CJJ conceived the 
healthy pediatric cohort. DAO performed data validation. JRG, AEB, DAO, LAV, 
LKC, and MBP analyzed data. EMA, SG, and ScEH performed serologic studies. 
LAV, JRG, AEB, DAO, and EJW wrote the manuscript. All authors reviewed the 
manuscript. Competing Interests: ScEH has received consultancy fees from 
Sanofi Pasteur, Lumen, Novavax, and Merck for work unrelated to this report. 
E.J.W. consulting or is an advisor for Merck, Elstar, Janssen, Related Sciences, 
Synthekine and Surface Oncology. E.J.W. is a founder of Surface Oncology and 
Arsenal Biosciences. EJW is an inventor on a patent (US Patent number 
10,370,446) submitted by Emory University that covers the use of PD-1 blockade 
to treat infections and cancer. Data Availability: All data associated with this 
study are present in the paper or the Supplementary Materials. Code used to 
generate statistical analysis is available on GitHub: 
https://github.com/wherrylab/statistics_code. This work is licensed under a 
Creative Commons Attribution 4.0 International (CC BY 4.0) license, which 
permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. To view a copy of this license, visit 
https://creativecommons.org/licenses/by/4.0/. This license does not apply to 
figures/photos/artwork or other content included in the article that is credited 
to a third party; obtain authorization from the rights holder before using such 
material. The UPenn COVID Processing Unit comprises individuals from diverse 
laboratories at the University of Pennsylvania who volunteered time and effort to 
enable study of COVID-19 patients during the pandemic: Sharon Adamski, 
Zahidul Alam, Mary M. Addison, Katelyn T. Byrne, Aditi Chandra, Hélène C. 
Descamps, Nicholas Han, Yaroslav Kaminskiy, Shane C. Kammerman, Justin 
Kim, Allison R. Greenplate, Jacob T. Hamilton, Nune Markosyan, Julia Han Noll, 
Dalia K. Omran, Ajinkya Pattekar, Eric Perkey, Elizabeth M. Prager, Dana 
Pueschl, Austin Rennels, Jennifer B. Shah, Jake S. Shilan, Nils Wilhausen, Ashley 
N. Vanderbeck. All are affiliated with the University of Pennsylvania Perelman 
School of Medicine. 

 
Submitted 17 November 2020 
Accepted 25 February 2021 
Published First Release 2 March 2021 
10.1126/sciimmunol.abf7570 
 

http://immunology.sciencemag.org/
http://dx.doi.org/10.1038/s41590-020-00826-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33154590&dopt=Abstract
http://dx.doi.org/10.1016/j.immuni.2019.04.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31076359&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1312348110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23922396&dopt=Abstract
http://dx.doi.org/10.1126/sciimmunol.abd5709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32727884&dopt=Abstract
https://github.com/wherrylab/statistics_code
https://creativecommons.org/licenses/by/4.0/


First release: 2 March 2021  immunology.sciencemag.org  (Page numbers not final at time of first release) 14 
 

 
Fig. 1. Cytopenias in MIS-C include enhanced T cell lymphopenia. (A) Overview of study cohorts. (B) Maximum clinical 
inflammatory markers. (C) Spearman correlation and hierarchical clustering of indicated clinical features and maximum laboratory 
values. Solid black boxes indicate mutually exclusive comparisons. (D) Spearman correlation of clinical parameters for which the 
lowest recorded (nadir) values are relevant for indicated features. (E) Nadir absolute lymphocyte counts (ALC). (F) Frequencies of 
total NK cells and NK subsets across adult healthy donors (HD), adult COVID-19, and pediatric cohorts. (G) Frequencies of ILCs (left) 
and CD8+ MAIT cells (right) across all cohorts. (H) Quantification of major lymphocyte populations across all cohorts. (BEFGH) Each 
dot represents an individual patient or subject, with adult HD in gray circles, adult COVID-19 in shades of mauve indicated by disease 
severity score, Ped COVID-19 in blue circles, with ARDS patients in dark blue, and MIS-C in green triangles. See key, top right. (BE) 
Normal laboratory reference ranges for healthy pediatric subjects are indicated in gray shading. Significance determined by unpaired 
Wilcoxon test between two pediatric groups for all clinical measures. P value shown when p <0.1, but >0.05. Lack of notation indicates 
no statistical significance. (CD) Spearman's Rank Correlation coefficient (ρ) is indicated by square size and heat scale; significance 
indicated by: * p<0.05, ** p<0.01, and *** p<0.001; black box indicates FDR<0.05 following Benjamini-Hochberg correction. See key, 
top right. (FGH) Significance determined by unpaired Wilcoxon test between adult HD and each pediatric group, and between 
pediatric groups, with adjustment for multiple comparisons using Benjamini-Hochberg correction, indicated by: * p<0.05, ** p<0.01, 
and *** p<0.001. Lack of notation for specified comparisons indicates no statistical significance. See Table S5 for subject numbers 
per panel. 
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Fig. 2. T cell activation in 
MIS-C was greater than in 
COVID-19. (A) Proportion 
of naive cells among CD4+ 
(left) and CD8+ (right) T 
cells in all cohorts. (B) 
Association between age 
and proportion of naive T 
cells for pediatric cohorts 
and adult HD. (C) 
Representative plots and 
quantification of HLA-
DR+CD38+ non-naive 
(nn)CD4+ T cells. (D) 
Representative plots and 
quantification of HLA-
DR+CD38+ non-naive 
(nn)CD8+ T cells. (EF) 
Correlation between Ki67+ 
and HLA-DR+CD38+ 
populations for nnCD4+ (E) 
and nnCD8+ (F) T cells in 
pediatric cohorts. (G) 
Spearman correlation for 
indicated clinical features 
with frequencies of HLA-
DR+CD38+ and Ki67+ 
nnCD4+ and nnCD8+ T 
cells. Top and middle: 
correlations within each 
cohort (Ped COVID-19 and 
MIS-C). Bottom: difference 
in Spearman correlation 
between the two pediatric 
cohorts. (A-F) Each dot 
represents an individual 
patient or subject. See key, 
top right. (A) Significance 
determined by unpaired 
Wilcoxon test between 
adult HD and each pediatric 
cohort, and between 
pediatric groups, with 
adjustment for multiple  

comparisons using Benjamini-Hochberg correction, indicated by: * p<0.05, ** p<0.01, *** p<0.001. Lack of notation for 
specified comparisons indicates no statistical significance. (CD) Significance determined by unpaired Wilcoxon test 
between adult COVID Severity Score 2 and each pediatric group, and between pediatric groups, with adjustment for 
multiple comparisons using Benjamini-Hochberg correction, indicated by: * p<0.05, *** p<0.001. Lack of notation for 
specified comparisons indicates no statistical significance. (EF) Non-parametric trend lines (Theil-Sen) for each 
pediatric cohort shown, with Spearman’s Rank Correlation coefficient (ρ) and P value. (G) Spearman's Rank Correlation 
coefficient (ρ) indicated by square size and heat scale; (bottom) the difference in ρ between Ped COVID-19 and MIS-C, 
divided by 2 to normalize to a -1 to 1 scale; permutation test significance indicated by: * p<0.05, ** p<0.01. Absence of 
black box indicates failure to meet FDR<0.05 following Benjamini-Hochberg correction. See Table S5 for subject 
numbers per panel. 
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Fig. 3. MIS-C was uniquely 
marked by activation in 
CD8+ T cell populations 
associated with persistent 
antigen and vascular 
surveillance. (AB) 
Representative plots and 
quantification of PD-1+ 
nnCD4+ T cells (A) and 
nnCD8+ T cells (B). (C) 
Frequencies of CD39+ 
nnCD8+ T cells. (D) 
Frequencies of CD39+PD-1+ 
nnCD8+ T cells. (EF) 
Representative plots and 
quantification of CX3CR1+ 
nnCD8+ (E) and nnCD4+ T 
cells (F). (G) HLA-DR+CD38+ 
frequencies within CX3CR1- 
and CX3CR1+ nnCD4+ T 
cells. (H) Representative 
plots and quantification of 
HLADR+CD38+ population 
within CX3CR1- and 
CX3CR1+ nnCD8+ T cells. 
(IJ) Frequency of HLA-
DR+CD38+ CX3CR1+ 
nnCD8+ T cells versus 
maximum D-Dimer (I) and 
platelet nadir (J). (K) 
Frequencies of HLA-
DR+CD38+ CX3CR1+ (left) 
and CX3CR1- (right) nnCD8+ 
T cells in pediatric patients 
categorized by treatment 
with vasoactive medications. 
(L) Frequencies of HLA-
DR+CD38+ CX3CR1+ (left) 
and CX3CR1- (right) nnCD8+ 
T cells in adult COVID-19 
patients categorized by 
thrombotic complication. (A-
L) Each dot represents an 
individual patient or subject. 
See key, top right. (A-C, E-F) 
Significance determined by 
unpaired Wilcoxon test 
between Ped COVID-19 and 
MIS-C groups only, indicated  

by: * p<0.05, ** p<0.01. (D) Significance determined between each pediatric group and adult COVID Severity Score 2 with 
adjustment for multiple comparisons using Benjamini-Hochberg correction, indicated by: * p<0.05 or P value shown where p 
>0.05 but <0.1. (GH) Significance determined by unpaired Wilcoxon test between Ped COVID-19 and MIS-C groups; or by 
paired Wilcoxon test between CX3CR1- and CX3CR1+ within pediatric groups, with adjustment for multiple comparisons using 
Benjamini-Hochberg correction, indicated by: * p<0.05, ** p<0.01, *** p<0.001. (IJ) Non-parametric trend lines (Theil-Sen) 
for total pediatric cohort (black), MIS-C (green) and pedCOVID-19 (blue), with Spearman’s Rank Correlation coefficient (ρ) 
and P value. (KL) Significance determined by unpaired Wilcoxon test between clinical category, indicated by: * p<0.05 or P 
value shown where p >0.05 but <0.1. Lack of notation for specified comparisons indicates no statistical significance. See Table 
S5 for subject numbers per panel. 
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Fig. 4. Prolonged plasmablast responses in MIS-C. (A) Representative plots and quantification of plasmablasts (PB). (B) 
Frequency of PB within non-naive (nn) B cells versus anti-SARS-CoV-2 IgM (left) and IgG (right). (C) Representative 
histogram of T-bet expression by PB for an adult HD (gray), Ped COVID-19 (blue) and MIS-C (green) and quantification of T-
bet+ PB frequencies. (D) SARS-Cov-2 antibody levels and (E) B cell features over days since admission in Ped COVID-19 (left) 
and MIS-C subjects (right). Black lines connect repeat draws for individual subjects. (F) Overview of adult recovered donor 
(RD) cohort. (G) Anti-SARS-CoV-2 IgM (left) and IgG (right) versus days since symptom start for RD cohort. (H) Frequency 
of PB within nnB cells versus days since symptom start for RD cohort. (A-E, G-H) Each dot represents an individual patient 
or subject, with adult HD in gray circles, adult COVID-19 in shades of mauve indicated by disease severity score, RD in purple 
circles, Ped COVID-19 in blue circles, with ARDS patients in dark blue, and MIS-C in green triangles. See key, top right. (A) 
Significance determined by unpaired Wilcoxon test between adult HD and each pediatric cohort, and between pediatric 
groups, with adjustment for multiple comparisons using Benjamini-Hochberg correction; indicated by **** p<0.0001. Lack 
of notation for specified comparisons indicates no statistical significance. (B) Non-parametric trend lines (Theil-Sen) for each 
pediatric cohort, with Spearman’s Rank Correlation coefficient (ρ) and P value. (C) Significance determined by unpaired 
Wilcoxon test between pediatric cohorts. (DE) For MIS-C, paired t test P value is shown for the three subjects with repeat 
draws. (EH) Gray shading indicates the derived central 95% adult HD reference interval. (G) Non-parametric trend lines 
(Theil-Sen) with Spearman’s Rank Correlation coefficient (ρ) and P value. Dotted gray line denotes positive assay threshold. 
See Table S5 for subject numbers per panel. 
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Fig. 5. Immune perturbations in MIS-C overlapped with severe adult COVID-19 and corrected with clinical improvement. 
(A) Transformed UMAP projection of aggregated flow cytometry data from PBMC analysis. (B) Trajectory in UMAP space for 
repeat Ped COVID-19 ARDS draws. (C) Trajectory in UMAP space for repeat MIS-C draws. (D) Activated and proliferating 
CD8+ T cell populations over days since admission in Ped COVID-19 (left) and MIS-C subjects (right). (E) Flow cytometry plots 
for HLA-DR+CD38+ nnCD8+ for MIS-C patients with repeat draws. (F) Flow cytometry plots for Ki67+ nnCD8+ for MIS-C 
patients, as in (E). (G) CX3CR1+ HLA-DR+CD38+ and Ki67+ CD8+ T cell populations over days since admission in Ped COVID-
19 (left) and MIS-C subjects (right). (H) Lymphocyte and platelet counts over days since admission for MIS-C subjects. (I) 
Clinical inflammatory markers over days since admission for MIS-C subjects. (A-D,G-I) Each dot represents an individual 
patient or subject. See key, top right. (DGHI) Black lines connect repeat draws for individual subjects. For MIS-C, paired t test 
P value is shown for the three subjects with repeat draws. (DG) Gray shading indicates the derived central 95% adult HD 
reference interval. (HI) Gray shading indicates normal clinical laboratory reference ranges for pediatric subjects. See Table 
S5 for subject numbers per panel. 
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