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Introduction
Multisystem inflammatory syndrome in children (MIS-C) may 
occur following exposure to severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) and is characterized by the acute 
onset of fever that may be variably associated with rash, conjuncti-
val injection, mucocutaneous erythema, coagulopathy, cardiovas-
cular complications, including shock and coronary artery dilation, 
and gastrointestinal symptoms, including abdominal pain, diar-
rhea, and vomiting (1–7). Kawasaki disease (KD) can cause myo-
carditis and a vasculitis of the coronary arteries, leading to aneu-
rysm formation in untreated children with KD (8, 9). The major 
sequelae of aneurysms include thrombosis, late coronary artery 
stenosis, myocardial ischemia, myocardial infarction, and death 
(10–12). Cardiac abnormalities in MIS-C tend to resolve quickly 
with treatment and include conduction abnormalities, coronary 

artery dilatation, aneurysms, and ventricular dysfunction. How-
ever, the long-term sequelae are unknown (13). In severe cases, 
vasodilatory or cardiogenic shock has been reported requiring ino-
tropic support and, in rare cases, extracorporeal membrane oxy-
genation (14). MIS-C differs from KD in that it is more common 
in older children, and gastrointestinal symptoms are frequently 
reported. Children of Hispanic and African-American descent are 
at higher risk for MIS-C, whereas children of Asian descent have a 
higher risk of KD (15).

Clinical trials in the 1980s established that a high dose of 
intravenous immunoglobulin (IVIG) administered within the first 
10 days after fever onset reduced the incidence of coronary artery 
aneurysms in KD (16). IVIG is now standard of care for KD and can 
alleviate symptoms and stabilize patients within hours of admin-
istration (2). The clinical presentation of MIS-C suggests that the 
two diseases might share common immune drivers, and IVIG was 
adopted as first-line therapy to treat MIS-C (17). In contrast to 
what occurs with KD, however, additional antiinflammatory ther-
apy with corticosteroids, TNF antagonists, and IL-1 antagonists is 
often needed to suppress inflammation. Recent studies suggested 
an active role of blood neutrophils in mediating hyperinflamma-
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(Table 1, Figure 2B, and Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI147076DS1). No significant difference was noted in the mono-
cyte population, but an increase in eosinophils and neutrophils 
was noted in KD patients compared with FCs (Figure 2B and Sup-
plemental Figure 1A). The absolute neutrophil count in the KD 
cohort was 2.6-fold higher than in FCs (Figure 2B).

Neutrophils express IL-1β but not IL-1α in KD and MIS-C. IL-1 
receptor signaling has been implicated in the pathogenesis of KD 
and MIS-C, with IL-1 antagonists currently in use for both patient 
populations (2, 15, 20–22, 25–27). However, the key cell types 
releasing IL-1α and/or IL-1β have not been established. To investi-
gate circulating leukocytes expressing IL-1β in KD and MIS-C, we 
performed intracellular flow cytometry using AF647-conjugated 
canakinumab, a human IL-1β–specific monoclonal antibody (Fig-
ure 2C and ref. 28). We observed increased numbers of IL-1β+ cells 
in KD patients compared with FCs (Figure 2D). In patients with KD 
and MIS-C, the proportion of IL-1β+ cells was 50% to 80% of blood 
leukocytes (Supplemental Figure 1B). The median counts of IL-1β+ 
cells were about 5-fold higher in the KD cohort and about 2-fold 
higher in the MIS-C cohort than in the FC cohort (Figure 2D). 
IL-1β+ leukocytes were predominately neutrophils (~80%) and to a 
lesser extent eosinophils and monocytes (~10%; Figure 2E). Anal-
ysis of mRNA from neutrophils of MIS-C patients by quantitative 
reverse-transcriptase PCR (RT-PCR) confirmed the expression of 
IL1B mRNA, but not IL1A mRNA (Figure 2F). Blood samples from 
FCs also demonstrated IL-1β expression in neutrophils as well as 
eosinophils, monocytes, and lymphoid cells, indicating that IL-1β 
expression in neutrophils and eosinophils is a common signature 
of pediatric granulocytes in the setting of inflammation.

Altered maturation and increased activation of neutrophils in KD 
and MIS-C. To understand the phenotypic and functional chang-

tion in patients infected with SARS-CoV-2 (18, 19). Hyperinflam-
mation is also seen in MIS-C, although the mechanism of the 
hyperinflammation remains unclear. Immunophenotyping using 
flow cytometry and mass cytometry (CyTOF) revealed reductions 
of several subsets of monocytes and lymphocytes in the blood of 
MIS-C patients with active disease and ablation of activated neu-
trophils following treatment (13, 20). Gene-expression studies 
of peripheral blood leukocytes indicate that IL-1 family signal-
ing intermediates are elevated in patients with KD as well as in 
patients with MIS-C (20, 21). A role for IL-1 signaling is also sup-
ported by genetic studies in murine models of KD featuring aortic 
dilation and aneurysm formation (22, 23). The frequent need for 
adjunctive therapy in patients with MIS-C highlights the need for 
a better understanding of the disease process and the mechanism 
of action of frontline therapies, including IVIG. In this study, we 
examine the effects of IVIG on peripheral blood leukocyte popula-
tions and compare the expression of IL-1β in leukocytes, particu-
larly in neutrophils, in patients with KD and MIS-C.

Results
Neutrophilia in MIS-C and KD. To understand the unique features 
of MIS-C and KD, we obtained blood samples and confirmed a 
diagnosis of KD or MIS-C based on a combination of serology for 
SARS-CoV-2–specific antibodies and T cell reactivity to SARS-
CoV-2 epitopes (Figure 1 and ref. 24). MIS-C patients were sig-
nificantly older than patients with KD and had higher C-reactive 
protein levels than febrile controls (FCs) (Table 1). To understand 
how peripheral blood leukocytes contribute to systemic inflam-
mation in KD and MIS-C, we investigated the composition of the 
peripheral blood population by flow cytometry immediately after 
phlebotomy (Figure 2A and Table 2). In our small series, lympho-
penia was common among patients with KD and MIS-C and FCs 

Figure 1. Patient enrollment and follow-up. Patients 
with KD and MIS-C were studied prior to treatment, 
early after IVIG administration (9 to 30 hours), or in 
a subacute phase 2 to 6 weeks after IVIG treatment. 
Blood samples were analyzed by CBC, CyTOF, flow 
cytometry, and live-cell imaging.
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blood CyTOF data from 9 MIS-C patients, 2 KD patients, and 11 
FC patients demonstrated that leukocyte lineages were clearly dis-
criminated with this approach while also providing enhanced res-
olution of neutrophil, monocyte, eosinophil, and natural killer cell 
heterogeneity in the 3 cohorts (Figure 3A and Supplemental Figure 
2, B–D). Consistent with the flow cytometry results, we observed 

es occurring in neutrophils from patients with KD and MIS-C, 
we designed a CyTOF panel that discriminated major myeloid 
and lymphoid lineages and interrogated markers indicative of 
granulocyte development, migration, adhesion, activation, and 
inflammation (Table 2 and Supplemental Figure 2A). Dimension-
al reduction and automated clustering analysis of the peripheral 

Table 1. Comparison of demographic and clinical characteristics, treatment, and outcome among disease cohorts

Characteristic KD MIS-C FC PA PB PC PD

n = 11 n = 15 n = 24
Male, n (%) 6 (54.5) 10 (66.7) 14 (58.3) 0.802
Female, n (%) 5 (45.5) 5 (33.3) 10 (41.7)
Age, yr, median (IQR) 2.3 (1.3–7.1) 8.6 (5.6–11.3) 3.2 (1.3–5.1) <0.0001 0.0009 0.985 0.0001
Illness day, median (IQR) 6.0 (3.0–7.0) 5.0 (3.0–5.0) 5.0 (2.0–5.0) 0.073 0.183 0.064 0.918
EIllness day at subacute visit, median (IQR) 22.0 (19.0–26.0) 25.0 (19.0–27.0) – 0.434
Ethnicity, n (%)

Asian 1 (9.1) 0 (0) 1 (4.2) 0.504
Black 0 (0) 1 (6.7) 1 (4.2) 0.692
White 5 (45.5) 1 (6.7) 8 (33.3) 0.068
Hispanic 4 (36.4) 10 (66.7) 12 (50.0) 0.300
More than one race 1 (9.1) 3 (20.0) 2 (8.3) 0.521

Laboratory data, median (IQR)
WBC (103/μL) 14.1 (10.3–16.9) 10.9 (5.1–14.3) 9.8 (5.6–15.9) 0.172 0.178 0.246 0.922
ABCF 576 (0–2926) 1734 (696–2688) 944 (93–2574) 0.561 0.624 0.990 0.617 
ANCF 9425 (6909–11094) 8976 (4655–10824) 7238 (2383–11813) 0.551 0.825 0.523 0.868 
z-HgbG –2.8 (–3.2 to –0.8) –2.0 (–3.1 to –1.1) –0.2 (–1.3 to 0.6) 0.001 0.758 0.004 0.014
Platelets (103/μL) 269.0 (215.0–434.0) 153.0 (108.0–236.0) 239.0 (181.3–362.8) 0.006 0.008 0.561 0.028
ESR (mm/h) 40.0 (29.0–40.0) 48.0 (27.0–81.0) 18.5 (10.3–53.0) 0.095 0.626 0.586 0.079
CRP (mg/dL) 6.1 (4.2–8.5) 20.7 (15.8–36.3) 2.2 (0.6–6.3) 0.0001 0.004 0.968 0.0001
ALT (U/L) 30.0 (18.0–98.0) 40.0 (21.0–65.0) 16.5 (13.3–22.8) 0.010 0.916 0.024 0.039 
GGT (U/L) 22.0 (13.0–80.0) 33.0 (25.8–90.3) 14.0 (13.0–18.5) 0.003 0.531 0.067 0.004
Sodium (mmol/L) 134.0 (131.0–137.0) 132.0 (128.0–133.0) 133.5 (132.0–136.0) 0.022 0.035 0.823 0.048
Albumin (g/dL) 3.4 (3.1–3.8) 3.5 (3.3–4.1) 4.2 (3.9–4.4) <0.0001 0.965 0.0006 0.0004
BNP (pg/mL)H – 661.0 (30.0–2081.0) – –
Ferritin (ng/mL)H – 707.0 (319.0–1179.0) – –
Troponin (ng/mL)H – 0.04 (0.01–0.43) – –

Treatment, n (%)
IVIG 11 (100) 14 (93.3) – >0.999
Second IVIG  1 (9.1) 0 (0) – 0.423
Infliximab 1 (9.1) 10 (66.7) – 0.005
Anakinra 0 (0) 5 (33.3) 0.053
Methylprednisolone 0 (0) 8 (53.3) – 0.007

z Worst, median (IQR)I 1.1 (0.4–1.8) 1.7 (1.2–2.3) – 0.058
Worst LVEF (%), median (IQR)J 64 (60–66) 51 (39–58) – 0.0007

ABC, absolute band count (per μL); ANC, absolute neutrophil count (per μL); z-Hgb, hemoglobin concentration as normalized for age; ESR, erythrocyte 
sedimentation rate; CRP, C-reactive protein; ALT, alanine aminotransferase; GGT, γ-glutamyl transferase; BNP, B-type natriuretic peptide; LVEF, left 
ventricular ejection fraction. Laboratory data are from before treatment except for BNP, ferritin, and troponin. Laboratory data are complete except for 
the following variables: CRP, n = 10 KD patients; GGT, n = 10 MIS-C patients and n = 21 FC patients. AP values calculated by t test for continuous variables 
and χ2 test or Fisher’s exact t test for categorical variables. For the comparison of all 3 groups, the ANOVA test was used. Significant P values are in bold 
text. BFor situations in which all data from 3 groups were present and ANOVA tests were significant, an additional Tukey’s multiple-comparison test was 
performed comparing KD versus MIS-C. CFor situations in which all data from 3 groups were present and ANOVA tests were significant, an additional 
Tukey’s multiple-comparison test was performed comparing KD versus FCs. DFor situations in which all data from 3 groups were present and ANOVA 
tests were significant, an additional Tukey’s multiple-comparison test was performed comparing MIS-C versus FCs. EIllness day 1: first calendar day of 
fever. FThree FCs did not have a manual differential performed. GSD units from the mean for age-adjusted hemoglobin values. HMaximum laboratory 
measurement during hospitalization reported for BNP, ferritin, and troponin. Iz Worst defined as the highest z score (internal diameter of the right 
and left anterior descending coronary arteries normalized for body surface area) during the first 6 weeks after fever onset. JWorst LVEF: lowest LVEF 
measurement during hospitalization.
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Figure 2. Flow cytometry characterization of IL-1β–positive leukocytes in patients with KD (n = 9) or MIS-C (n = 5) or in FC (n = 14) patients. (A) Flow 
cytometry gating strategy used to distinguish myeloid and lymphoid cells. (B) Dot plots show the total cell numbers of each cell population per mL of 
whole blood from all patients prior to treatment. (C) Flow cytometry gating strategy for this study demonstrating IL-1β+ expression in each population. 
Fluorescence minus one (FMO) controls were used for each sample to assist gating. (D) Flow cytometry evaluation of absolute cell numbers of IL-1β+ 
leukocytes per mL of whole blood from all patients prior to treatment. (E) Scatter dot plots show each IL-1β+ cell population as a percentage of all IL-1β+ 
leukocytes from all patients prior to treatment. (F) qPCR mRNA expression of indicated genes in neutrophils isolated from 12 MIS-C patients prior to 
treatment. P values were determined by 1-way ANOVA and Tukey’s multiple-comparison tests with a single pooled variance. Horizontal lines on dot plots 
indicate median IQRs. Mat.Neuts, mature neutrophils. *P < 0.05, ***P < 0.0005.
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Figure 3. CyTOF shows neutrophils are highly activated in patients with KD or MIS-C and associated with high IL-1β expression. (A) viSNE map shows 
FLOWSOM automated clustering results of live CD45+ cells as leukocyte lineage populations from all patients prior to treatment. (B) Heatmap shows 
the median metal intensity of each marker in different leukocyte populations from patients with MIS-C (B, n = 9), KD (C, n = 2), and FCs (D, n = 11) 
obtained before treatment. (E) Total cell numbers of leukocyte populations prior to treatment from patients with KD (n = 2), MIS-C (n = 9), or from FCs 
(n = 11). Values determined from CyTOF data. P values were determined by 1-way ANOVA and Tukey’s multiple-comparison tests with a single pooled 
variance. Lines on scatter dot plots indicate median with IQR. tSNE, t distributed stochastic neighbor embedding; viSNE, visualization of t distributed 
stochastic neighbor embedding.
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IL-1β expression in eosinophils, neutrophils, and monocytes in 
all 3 cohorts (Figure 3, B–D). Neutrophils from MIS-C patients 
expressed the highest levels of activation markers compared with 
KD and FC groups. No significant differences were evident in lym-
phoid and myeloid counts among MIS-C, KD, and FCs (Figure 3E 
and Supplemental Figure 2E); however, neutrophilia was evident 
in all cohorts, suggesting that neutrophils are a substantial source 
of IL-1β in these patients.

We then focused on the specific phenotypes of neutrophils in 
the 3 patient cohorts. CyTOF showed distinct marker-expression 
profiles of neutrophil lineage cells (automated Siglec-8–negative 
CD66b-enriched clusters) in each cohort (Figure 4A). The neutro-
phil lineage from MIS-C patients was characterized by increased 
markers of adhesion and activation, including CD62L, CD44, 
CD54, CD63, and HLA-DR when compared with FCs (Figure 4A). 
In contrast with those from FCs, neutrophil lineage cells from KD 
patients exhibited elevated CD44, CD11a, CD54, CD63, HLA-DR, 
and CD64, reduced CD66b, and activation marker profiles simi-
lar to those of MIS-C cells, including CD54 and CD63. Maturation 
markers, including CD49d, CD101, and CD10, were more abun-
dant in FCs than in KD and MIS-C neutrophil lineage cells. The IL-8 
receptor β chain (CD182) was most abundant on neutrophil lineage 
cells from FC patients and least abundant on MIS-C cells. The Fas 
death receptor (CD95) was abundantly expressed on cells from KD 
and MIS-C patients. Differential expression of IL-1β was also evi-
dent in neutrophil lineage cells between the cohorts, with highest 
expression detected in KD patients. These results suggest that neu-
trophils from KD and MIS-C are immature and highly activated.

To further study the major effects of IVIG on blood leukocytes, 
particularly neutrophil lineage cells, we used the flow cytome-
try gating strategy shown in Figure 2A to examine the peripheral 
blood of patients with MIS-C and KD prior to IVIG administra-
tion and 2 to 6 weeks afterwards. Results demonstrated that in 
all leukocyte populations, IVIG treatment was associated with a 
significant reduction in neutrophil counts in KD samples and a 
more than 50% reduction in neutrophil lineage cells in KD and 
MIS-C samples (Figure 4B). This reduction in neutrophil numbers 
was accompanied by an increased lymphocyte proportion in both 
cohorts (Figure 4B). In contrast, there was no significant change 
in the absolute numbers of monocytes. Eosinophil numbers were 
not significantly affected by IVIG treatment. IVIG administra-
tion was common to all patients in this study; however, effects of 
adjunctive infliximab and/or corticosteroids cannot be discount-
ed. Of the patients studied 2 to 6 weeks after IVIG treatment, 7 of 
8 KD patients and 4 of 9 MIS-C patients received only IVIG. The 
treatment regimens of the remaining patients are indicated (Fig-
ure 4B). The reduction in neutrophil numbers in KD patients 2 to 6 
weeks after IVIG-only treatment was consistent with data from an 
independent KD cohort that demonstrated a sharp decline in neu-
trophil numbers 24 hours after IVIG treatment (Figure 4C). These 
data support a direct role for IVIG on neutrophils that was most 
pronounced in KD patients, although effects on other immune cell 
types may also contribute to disease resolution.

IL-1β+ neutrophils are greatly reduced after IVIG treatment. Next, 
we examined intracellular IL-1β expression in patients with KD and 
MIS-C in the subacute phase (2 to 6 weeks after IVIG treatment). 
IL-1β–expressing leukocytes were reduced in number in the sub-

acute phase in KD cohorts (Figure 4D and Supplemental Figure 
3). Given that most IL-1β–expressing leukocytes were neutrophils 
(Figure 2E), we investigated the IL-1β expression in neutrophils 
from these cohorts. Results showed that IVIG treatment was asso-
ciated with reduced IL-1β production in neutrophils in both cohorts 
(Figure 4E) and was associated with a more than 90% reduction 
in IL-1β–expressing neutrophils in the circulation (Figure 4F). This 
effect was specific to neutrophils, as we did not observe changes 
in all other IL-1β+ leukocyte populations (Figure 4F). The disap-
pearance of IL-1β–expressing neutrophils was observed in all 8 KD 
patients who received IVIG alone and also in the 4 MIS-C patients 
who received only IVIG and no other adjunctive therapy.

We then focused on neutrophil lineage subpopulations to fur-
ther understand the changes in IL-1β–expressing cell numbers 
following IVIG treatment. Recent studies have demonstrated 
heterogeneity in blood neutrophils, with different developmental 
stages present in the setting of acute inflammation. Neutrophil 
progenitors (NePs), which correspond to the promyelocyte stage 
of differentiation, can be distinguished by coexpression of the 
stem cell markers CD117 and CD34 as well as the neutrophil mark-
er CD66b (29, 30). We observed a significant reduction of mature 
neutrophils in both KD and MIS-C patients and reduced NeP 
counts in KD patients following IVIG treatment (Figure 5, A and B, 
and Supplemental Figure 4, A and B). The majority of the mature 
neutrophils were IL-1β+, and IVIG treatment was associated with a 
reduction of granulocyte colony-stimulating factor (G-CSF) levels 
and IL-1β+ mature neutrophils in patients with KD (Figure 5, C and 
D). We also observed variable numbers of IL-1β–expressing NePs 
in both KD and MIS-C patients, but this population was not signifi-
cantly altered following IVIG treatment (Figure 5E). No changes 
were detected in total numbers of IL-1β–negative mature neutro-
phils and NePs following IVIG treatment. Thus, IVIG appears to 
target specifically mature IL-1β+ neutrophils.

To explore the acute changes elicited by IVIG in the neutrophil 
lineage cells from MIS-C patients up to 30 hours after treatment in 
the absence of adjunctive immunotherapy, we analyzed the phe-
notypic profile of neutrophil lineage cells from CyTOF data. IL-1β 
expression was reduced following IVIG treatment, consistent with 
flow cytometry data (Figure 5F). Activation and adhesion markers, 
including CD62L, CD11a, CD54, CD63, CD33, CD11b, HLA-DR, 
CD32, and CD64, were also reduced following IVIG treatment. 
Increases in CD49f, CD162, CD79b, and CD16 were evident 
following IVIG. Changes in maturation status associated with 
IVIG treatment included an increase in CD49d and CD10 and a 
decrease in CD101 and CD15 (Figure 5F). The changes in CD10 
and CD16 detected by CyTOF are consistent with the changes in 
cell-surface expression detected by flow cytometry (Figure 5A). 
Thus, IVIG has pleiotropic effects on both neutrophil maturation 
and cell-surface marker expression.

To identify specific neutrophil subsets targeted by IVIG treat-
ment, we further investigated the heterogeneity of neutrophil lin-
eage cells in CyTOF data sets by performing a secondary automated 
clustering technique based on Siglec-8–negative CD66b-enriched 
neutrophil lineage clusters. The results revealed at least 5 popula-
tions, including 3 mature neutrophil subsets and 2 NeP subsets, that 
have been previously described (30, 31). These subsets displayed 
differential expression of IL-1β levels (Figure 5G). Higher IL-1β 
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Figure 4. IVIG treatment in patients with KD or MIS-C is associated with a decrease in IL-1β–producing neutrophils and an increase in lymphocytes. (A) 
Heatmap shows the median metal intensity of each marker in neutrophils from all patients before treatment. (B) Total cell number (top panels) and pro-
portion (bottom panels) of leukocyte populations from patients with KD (n = 9) or MIS-C (n = 5) prior to IVIG treatment and 2 to 6 weeks after treatment 
(KD, n = 8; MIS-C, n = 9). Values determined from flow cytometry data. (C) Absolute neutrophil count (ANC) from KD patients before IVIG and 24 hours 
after IVIG treatment from an independent cohort (n = 95). (D) Total numbers of IL-1β+ leukocytes from KD patients prior to treatment (n = 9) and 2 to 6 
weeks after IVIG (n = 8). (E) IL-1β expression in neutrophils from a patient with KD and a patient with MIS-C prior to treatment and 2 to 6 weeks after IVIG. 
Representative data shown. Fluorescence minus one of each sample was used as a staining control. (F) Total numbers of IL-1β+ lymphocytes, monocytes, 
eosinophils, and neutrophils in the peripheral blood of patients with KD (left panel) or MIS-C (right panel) determined by flow cytometry before treatment 
(KD, n = 9; MIS-C, n = 5) and 2 to 6 weeks after IVIG treatment (KD, n = 8; MIS-C, n = 9). P values were determined by unpaired t tests based on IVIG-alone 
samples. Lines on dot plots indicate median with IQR. *P < 0.05; **P < 0.005; ***P < 0.0005; ****P < 0.0001.

https://www.jci.org
https://doi.org/10.1172/JCI147076


The Journal of Clinical Investigation   C L I N I C A L  M E D I C I N E

8 J Clin Invest. 2021;131(20):e147076  https://doi.org/10.1172/JCI147076

https://www.jci.org
https://doi.org/10.1172/JCI147076


The Journal of Clinical Investigation   C L I N I C A L  M E D I C I N E

9J Clin Invest. 2021;131(20):e147076  https://doi.org/10.1172/JCI147076

works to analyze images instead of traditional watershed segmen-
tation (36). This approach allowed changes in cell populations 
to be classified according to the cell death markers AnnV, which 
binds externalized phosphatidylserine of dying cells, and PI, 
which binds DNA of cells with compromised plasma and nuclear 
membranes. IVIG-triggered cell death was blocked by the PI3K 
inhibitors PIK-75 and GDC-0941 and also by the NADPH oxidase 
inhibitor DPI (Figure 6B). Cell death was not inhibited by the pan-
caspase inhibitor Q-VD-OPh, suggesting that IVIG was not trigger-
ing cell death via apoptosis signaling or via caspase-1–dependent 
pyroptosis (Figure 6B). IVIG was not engaging cell death pathways 
via RIPK1, ferroptosis, NETosis, or mitochondrial reactive oxygen 
species (Supplemental Figure 5A). Q-VD-OPh was able to impair 
cell death induced by Fas ligand (FasL) (Supplemental Figure 5B). 
FasL was used as a control to induce apoptosis and resulted in an 
equivalent reduction in viability compared with IVIG (Figure 6B). 
These findings were consistent for neutrophils isolated from acute 
KD and MIS-C patients, suggesting a similar mechanism of action 
of IVIG in both diseases that occurs via a pathway independent of 
apoptosis, pyroptosis, necroptosis, and ferroptosis.

Live-cell imaging confirms neutrophil cell death by a nonapoptotic 
pathway. Using custom-scripted code to identify objects in live-
cell imaging data coupled to a data visualization tool called Death-
TrackR, we examined cell death signatures from neutrophils treat-
ed with IVIG or FasL (Figure 6C). DeathTrackR is a user-directed 
visualization tool, built on the R Shiny package, that allows import 
of csv files generated from automated analysis of live-cell imag-
ing data sets to visualize cell death transition states during the cell 
death process. Neutrophils treated with IVIG transformed rapid-
ly from viable CellTracker Green (CTG)+ AnnV–PI– cells to dead 
CTG+AnnV+PI+ cells (Figure 6C). In contrast, neutrophils treated 
with FasL generated an apoptotic CTG+AnnV+PI– state prior to 
transition to a dead CTG+AnnV+PI+ state (Figure 6C). When FasL 
was added to IVIG, the pathway activated by IVIG was dominant 
to the effects of the Fas-dependent apoptotic-signaling cascade 
(Figure 6C). Purified Fc did not replicate the actions of IVIG in 
human neutrophils (Figure 6C), consistent with previous reports 
(37). This confirmed that F(ab′)2 was responsible for triggering 
neutrophil death. By analyzing the size of individual cells in these 
live-cell imaging data sets, it was evident that IVIG was also trig-
gering an increase in cell size as well as causing a loss of viability 
(Figure 6D). These data are consistent with time-lapse images of 
human neutrophils treated with IVIG, FcFasL, or PBS (Supple-
mental Videos 1, 2, and 3, respectively). These live-cell data sets 
support a mode of cell death distinct from apoptosis.

Dimension reduction of live-cell imaging to compare IVIG and 
FasL responses. To simultaneously analyze morphological and 
fluorescence features from these time-lapse files, we performed 
a dimension reduction analysis using the nonlinear dimension 
reduction algorithm UMAP (38). These analyses generate 2D rep-
resentations of individual cellular relationships according to cell 
size, cell aspect ratio, and fluorescence intensity of CTG, AnnV, 
and PI (Figure 7, A and B). Neutrophils treated with IVIG clustered 
in distinct locations compared with cells treated with the apoptotic 
stimulus FasL (Figure 7, A and B) despite similar kinetics of cell 
death (Figure 6C). These differences between IVIG and FasL were 
apparent when examining both morphological and fluorescence 

expression levels were associated with elevated activation status 
in neutrophil subsets. The total numbers of cells in the neutrophil 
lineage were reduced in all 5 MIS-C patients after receiving IVIG 
treatment (Figure 5H). Within the total population of cells in the 
neutrophil lineage, the activated, IL-1β–intermediate subset was 
reduced compared with the less activated, IL-1β–low subset and 
NeP subsets (Figure 5, I and J, and Supplemental Figure 4C). These 
high-dimensional CyTOF analyses demonstrate rapid changes in 
leukocyte populations induced by IVIG treatment and a complexity 
to neutrophil maturation in these disease contexts that may reflect 
neutrophil subset specialization in function and activation.

IVIG induces neutrophil cell death independently of apopto-
sis. Neutrophil death has been described in different animal 
model and clinical settings as occurring through apoptotic and 
nonapoptotic pathways. Previous neutrophil studies with IVIG 
have attributed the loss of cell viability to an apoptotic mecha-
nism (32–35). To characterize the biochemical pathway through 
which IVIG was killing neutrophils in MIS-C and KD patients, we 
used inhibitors of apoptosis and caspase-1–dependent pyroptosis 
(QVD-OPh), necroptosis (Nec-1s), ferroptosis (liproxstatin-1 and 
ferrostatin-1), and NETosis (BBCl-Amidine, GSK199, GSK484) 
as well as inhibitors of PI3K (PIK-75 and GDC-0941), NADPH 
oxidase (DPI), and mitochondrial reactive oxygen species (Mito-
TEMPO). In experiments with neutrophils harvested from acute, 
pretreatment MIS-C and KD patients and exposed ex vivo to IVIG, 
we observed a loss of cell viability characterized by staining with 
annexin V (AnnV) and propidium iodide (PI) (Figure 6A). To inves-
tigate the biochemical pathways involved in IVIG signaling in neu-
trophils, we used live-cell imaging to examine the morphological 
and kinetic changes in neutrophils induced by IVIG and inhibitors 
described above. To enable accurate segmentation of objects in 
live-cell imaging, we incorporated a deep learning module called 
StarDist into custom-scripted code to allow trainable neural net-

Figure 5. IVIG treatment in patients with KD or MIS-C is associated with 
a decrease of IL-1β–producing neutrophils and reduced activation. (A) 
Left panel: flow cytometry gating strategy demonstrating reduced mature 
neutrophils after IVIG treatment in a representative KD patient (top) and 
a representative MIS-C patient (bottom). The percentages of neutrophils 
in live CD45+ cells are indicated on the contour plots. Right panel: absolute 
cell numbers of mature neutrophils per mL of whole blood. (B) Flow 
cytometry evaluation of NePs per mL of whole blood. (C) Serum G-CSF 
in patients with KD before treatment (n = 5) and 2 to 6 weeks after IVIG 
treatment (n = 5). (D) Flow cytometry evaluation of total numbers of IL-1β+ 
mature neutrophils (left panel) and IL-1β– mature neutrophils (right panel) 
per mL of whole blood. (E) Flow cytometry evaluation of total numbers 
of IL-1β+ NePs (left panel) and IL-1β– NePs per mL of whole blood (right 
panel). (F) Heatmap shows the median metal intensity of each marker 
in neutrophils from 5 MIS-C patients before treatment and 1 day after 
IVIG treatment evaluated by CyTOF. (G) Heatmap showing FLOWSOM 
automated clustering of neutrophil subsets from 5 MIS-C patients before 
treatment and 1 day after IVIG treatment. (H–J) CyTOF evaluation of total 
cell numbers of neutrophils (H), mature neutrophil subsets (I), and NeP 
subsets (J) per mL of whole blood. Samples were analyzed from 5 patients 
with MIS-C prior to treatment and 1 day after IVIG treatment. Differences 
between before and after IVIG treatment were determined via unpaired 
t tests (2-tailed) based on IVIG-alone samples (A, B, D, and E) or by ratio 
paired t tests (C, H, I, and J). Lines on dot plots indicate median with IQR. 
*P < 0.05; **P < 0.005; ***P < 0.0005
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in response to stimulation with FasL or IVIG. These data support a 
unique cell death signaling pathway engaged by IVIG.

Discussion
Neutrophils have a central role in the pathogenesis of acute KD. 
Elevated serum G-CSF, neutrophilia, and neutrophil infiltration 

parameters of the population in UMAP plots (Figure 7B). Increas-
es in cell size were observed in IVIG-treated neutrophils isolated 
from both acute KD and MIS-C patients (Figure 7B), consistent 
with a nonapoptotic mechanism of action. Neutrophils do not 
form distinct clusters when undergoing cell death, suggesting that 
a continuum of states exist, as they undergo a process of cell death 

Figure 6. IVIG triggers rapid cell death of neutrophils. (A) Peripheral blood neutrophils undergo unique morphological changes upon exposure to 1% IVIG. 
Neutrophils were labeled with 50 nM CTG and incubated in the presence of AnnV-AF647 (red) and PI (yellow) to track changes in cell viability. Representa-
tive image from KD neutrophils. Two-hour time point shown. (B) Viability of neutrophils at the 8-hour time point in the presence or absence of 2 μM PIK-
75, 10 μM GDC-0941, 10 μM DPI, 10 μM QVD-OPh, 100 ng/mL FcFasL, and 1% IVIG. (C) Kinetic changes in neutrophil viability classified according to staining 
with CTG, AnnV, and PI. (D) Changes in cell size of neutrophils treated with 100 ng/mL FcFasL or 1% IVIG.
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indicate that neutrophils in MIS-C patients also display toxic gran-
ulation (44) and are hyperactivated based on CD64 expression 
(13, 20). Whether neutrophils in KD and MIS-C are activated via 
the same mechanism is unknown. Our CyTOF study on the dif-
ferential activation marker expression profiles between KD and 
MIS-C neutrophils, and indeed other myeloid cells, suggests that 
these innate immune cells were activated differently or at least at 
different stages of the disease process. One theory to explain the 
propensity of these neutrophils to cause damage to the vasculature 
in KD is a delay in apoptosis of activated neutrophils (41). IVIG is 
known to induce cell death in human neutrophils. However, the 
pathways involved remain obscure, and reports of both magnitude 
of response and kinetics of cell death induction have been incon-
sistent (32, 35, 41). IVIG is recognized to exert antiinflammatory 
effects by diverse mechanisms involving Fc and F(ab′)2 compo-
nents, including IL-10 production by tolerogenic myeloid dendrit-
ic cells and regulatory T cells (45, 46). In the case of neutrophils, 
the in vitro activity of IVIG requires F(ab′)2 fragments (34, 35, 47). 
Fc fragments do not replicate or inhibit the actions of IVIG on 
human neutrophils, suggesting that F(ab′)2 fragments, or both Fc 
and F(ab′)2, are important in mediating the clinical effects of IVIG 
on the neutrophil lineage. Our data indicate the presence of a cell 
death pathway triggered by the F(ab′)2 component of IVIG, trans-
duced by NADPH oxidase and PI3K, and resulting in the elimina-
tion of activated neutrophils and IL-1β+ neutrophils.

of the myocardium and coronary arterial wall are reported fea-
tures of acute KD (39–41). Progression of KD is associated with 
a decline in neutrophils and an increase in CD8+ T lymphocytes 
and macrophages in the aneurysm wall, implicating neutrophils in 
the ensuing adaptive immune response (42). Their role in MIS-C, 
however, has not been defined, although both neutrophils and 
NePs are abundant in the circulation in acute cases. In this study, 
we identified several IL-1β–expressing, highly activated neutro-
phil lineage subsets that disappear from the peripheral circulation 
following IVIG treatment in both KD and MIS-C patients. We 
further demonstrated that IVIG can induce the death of neutro-
phils ex vivo, suggesting that IVIG may in part suppress the acute 
inflammatory response by reducing the numbers of mature IL-1β+ 
circulating neutrophils. Other factors also clearly contribute to the 
inflammation in MIS-C, with elevations in IL-1β, IL-6, IL-8, IL-10, 
IL-17, IL-18, and IFN-γ and an immune cell phenotypic profile 
consistent with activation of neutrophils, monocytes, T cells, and 
impaired antigen presentation by dendritic cells (13, 20). Tran-
sient elevation of antibodies reactive with host antigens may also 
contribute to tissue pathology in MIS-C (20). Further research into 
disease pathogenesis will help refine our understanding of MIS-C 
and guide therapeutic choices.

The presence of toxic granulated neutrophils with cytoplas-
mic swelling, vacuolization, and granulation correlates with the 
development of coronary artery lesions in KD (43). Recent studies 

Figure 7. Dimension reduction analysis of neutrophil 
live-cell imaging reveals a unique IVIG nonapoptotic 
cell death signature. For each patient, UMAP was 
performed on morphological and fluorescence param-
eters from the combined time-course data from 
neutrophils treated with IVIG, FasL, or saline. (A) 
A kernel-density estimate plot of cells across wells 
and over time by UMAP. Contour lines highlight the 
density of cells. The locations of cells in UMAP plots 
highlight the trajectories of cells across time and 
stimuli. The combined UMAP includes cells from all 
conditions based on equal sampling. (B) Cell features 
derived from live-cell imaging data overlaid on UMAP 
plots from cells at time points of 1 to 8 hours. The 
normalized intensity z score of each feature is shown 
for each stimuli.
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Methods
Study population. All KD patients met the American Heart Association 
clinical case definition, and all MIS-C patients met the case definition 
from the Centers for Disease Control and Prevention (53, 54). The 
presence of SARS-CoV-2 antibodies was determined using the Abbott 
Architect IgG anti-nucleocapsid assay (4 patients). SARS-CoV-2 T cell 
epitope mapping confirmed the MIS-C diagnosis in 2 patients (24). 
FCs had fever of at least 3 days duration with at least 1 of the clinical cri-
teria for KD and had one of the following diagnoses: non–SARS-CoV-2 
viral syndrome (8), recurrent fever syndrome (1), bacterial lymphade-
nitis (3), Yersinia enterocolitica bacteremia (1). Research blood samples 
were collected at the same time as the standard-of-care clinical labo-
ratory testing and, for KD and MIS-C patients, before treatment, 24 
hours after IVIG treatment in some subjects, and again, 2 to 6 weeks 
later after discharge from the hospital.

Flow cytometry. Whole blood leukocytes were stained according 
to published methods (30). For intracellular IL-1β staining, cells were 
stained for viability using the LIVE/DEAD Fixable Blue Dead Cell 
Stain Kit (Thermo Fisher), then fixed and permeabilized using Fix-
ation/Permeabilization Solution (BD Biosciences) and stained with 
canakinumab, the monoclonal antibody to IL-1β, conjugated to Alexa 
Fluor 647 using an Alexa Fluor 647 Antibody Labeling Kit (Thermo 
Fisher Scientific). Conjugated IL-1β antibody was added into cell 
suspension for 30 minutes. Cells were washed twice in 200 μL Perm 
Buffer before acquisition on a LSR Fortessa flow cytometer (BD Biosci-
ences). Data were analyzed using FlowJo (version 10.5).

CyTOF. Metal-conjugated antibodies were purchased directly 
from Fluidigm for available targets. For all other targets, purified anti-
bodies were purchased and conjugated, and CyTOF was performed 
following a previously described protocol (30). For viability staining, 
cells were washed in PBS and stained with cisplatin (Fluidigm) at a 
final concentration of 5 μM. RBC-lysed whole blood cells were incu-
bated with metal-conjugated CD16, CD32, and CD64 for 30 minutes 
at 4°C to block Fc receptors prior to surface staining for 30 minutes 
at 4°C. After surface staining, cells were washed with staining buffer 
and fixed with 1.6% paraformaldehyde (PFA) (Thermo Fisher) for 15 
minutes at room temperature. After removal of the 1.6% PFA, cells 
were washed with 1× Perm buffer and resuspended in 1× Fixation/
Permeabilization solution (BD Biosciences) for incubation overnight 
at 4°C. Cells were then washed with 1× Perm buffer and stained with 
metal-conjugated canakinumab for 30 minutes at 4°C. After the intra-
cellular staining, cells were washed with 1× Perm buffer and resus-
pended in 1 mL of 125 nM intercalation solution (Fluidigm), followed 
by incubation overnight at 4°C. Before acquisition, cells were washed 
twice with 1× Perm buffer and resuspended in CAS with a 1:10 dilution 
of EQ Four Element Calibration beads (Fluidigm) and filtered through 
a 35 μm nylon mesh filter cap (Corning, Falcon). Samples were ana-
lyzed on a Helios 2 CyTOF Mass Cytometer (Fluidigm) at an event rate 
less than or equal to 500 events per second. CyTOF data files were 
normalized using the bead-based Normalizer 21 and analyzed on the 
OMIQ data science platform.

G-CSF Meso Scale. G-CSF was assessed using a Meso Scale S-PLEX 
Human G-CSF Kit (MSD) from plasma samples of 5 patients with acute 
KD (illness days 3–10) and again after IVIG (illness days 19–86).

RNA expression. RNA was extracted using RNeasy kits (QIAGEN) 
and reverse transcribed using the PrimeScript RT Reagent Kit (Takara). 
cDNA was analyzed by IL1A and IL1B TaqMan quantitative PCR (qPCR) 

G-CSF is the dominant regulator of neutrophil production in 
vivo and is essential for emergency granulopoiesis (48, 49). In this 
study, IVIG treatment was associated with a reduction in plasma 
G-CSF in patients with KD, likely contributing to reduced neutro-
phil output from the bone marrow and a loss of IL-1β+ neutrophils 
from the circulation. While it is unlikely that G-CSF alone drives 
the generation and mobilization of pathogenic IL-1β+ neutrophils 
in patients with KD or MIS-C, it may be a critical component in 
the disease process regulated independently of the actions of IVIG 
on neutrophils described in this study. The presence of circulat-
ing IL-1β+ neutrophils contrasts with IL-1β regulatory mechanisms 
operating in other innate immune cells. For example, macro-
phages require a priming step to upregulate pro–IL-1β and inflam-
masome components for subsequent processing and release (50, 
51). Human monocytes can also engage inflammasomes via an 
alternative activation pathway independently of classical inflam-
masome stimuli, such as ATP, but do require a signal to upregulate 
pro–IL-1β (52). In KD and MIS-C patients, the circulating IL-1β+ 
neutrophils appear to be armed effector cells. The high activation 
status and IL-1β content of these neutrophil lineage cells suggest 
that they are primed for immediate response and may help initi-
ate or amplify inflammatory responses in organs and tissues. The 
presence of IL-1β in circulating NePs of patients with KD or MIS-C 
suggests that these cells may also have immunomodulatory poten-
tial like that of mature neutrophils. Host clearance mechanisms 
and therapeutic strategies that aid in removal of IL-1β+ neutrophil 
lineage cells would therefore be advantageous for a circumscribed 
inflammatory response. IVIG treatment appears to fulfil this 
role, eliminating IL-1β+ neutrophils, likely via cell death. A more 
detailed time course will be needed to understand the median 
life span of IL-1β+ neutrophils following IVIG infusion. These data 
may also help to explain the effects of IL-1 antagonism for other 
inflammatory disorders.

Current MIS-C treatment regimens have borrowed heavi-
ly from decades of experience with IVIG administration in KD 
patients. Despite the broad success of IVIG in KD, a subset of chil-
dren develop aneurysmal coronary arteries, and there is minimal 
clinical trial data to guide the choice of adjunctive therapy to halt 
the progression of arterial wall damage and aneurysm formation 
in these patients. KD is an uncommon disease, so choice of alter-
native therapies for patients with early aneurysm formation has 
yet to be guided by adequately powered clinical trials of adjunc-
tive corticosteroids, cyclosporine, and/or inhibitors of TNF and 
IL-1. Our results are not inconsistent with a role for TNF, but do 
suggest that, like anakinra, IVIG may also directly impair IL-1β–
dependent inflammation. Thus, a better understanding of disease 
pathobiology for both KD and MIS-C will help guide the most 
effective therapeutic strategies, particularly for those who require 
additional antiinflammatory therapy beyond IVIG. This study 
did not address the effects of IVIG on IL-1β processing, nor has 
it addressed the effects of IVIG on IL-1β expression, processing, 
and secretion by monocytes and neutrophils in the tissues. Future 
work will be required to identify the targets of IVIG in neutrophils 
and to rationally design alternative therapeutic options. A detailed 
biochemical understanding of pathways engaged by IVIG in dif-
ferent cell types may enable development of recombinant thera-
pies to alleviate demand for IVIG.
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with reference gene TBP following the manufacturer’s 
instruction (TaqMan primers: IL1A Hs00174092_m1, IL1B 
Hs01555410_m1, TBP Hs00427620_m1; Life Technologies). 

Live-cell imaging. Neutrophils were isolated according 
to published methods (55). Neutrophils were labeled with 
50 nM CellTracker Green (Life Technologies) for 15 min-
utes at 37°C in serum-free DMEM, and 1 × 105 neutrophils 
were plated in 96-well optical bottom plates (Corning, 
3904) in 100 ng/mL recombinant human G-CSF (Amgen). 
Neutrophil viability was monitored using AnnV–Alexa 
Fluor 647 (BioLegend) to detect phosphatidylserine and 
0.5 μg/mL PI (Sigma-Aldrich). Cells were treated with 1% 
IVIG (10% v/v from GAMMAGARD LIQUID 10%), 50 
μg/mL Fc (Life Meridian Science), 10 μM PIK-75 (Cayman 
Chemical), 10 μM GDC-0941 (Cayman Chemical), 10 μM 
diphenyleneiodonium chloride (Cayman Chemical), 10 μM 
zVD-fmk (Cayman Chemical), 10 μM QVD-OPh (Cayman 
Chemical), 10 μM necrostatin-2 (Cayman Chemical), 300 
ng/mL FcFasL (Adipogen), 1 μM liproxstatin-1, (Cayman 
Chemicals), 1 μM ferrostatin-1 (Cayman Chemical), 1 μM 
BBCl-amidine (Cayman Chemical), 1 μM GSK199 (Cay-
man Chemical), 1 μM GSK484 (Cayman Chemical), and 10 
μM MitoTEMPO (Cayman Chemical). Images from tripli-
cate fields of view were captured with a 10× 0.45 NA objec-
tive every hour using a Nikon Ti2-E microscope with a Qi-2 
camera and Nikon Elements 5.02.02 acquisition software 
utilizing the Jobs module. Cells were maintained at 37°C 
+ 5% CO2 using an Okolab H301 Bold Line stage top incu-
bator. Three nonoverlapping 3.125 mm2 zones within each 
well were imaged for red, green, and far-red fluorescence 
using a SpectraX light engine (Lumencor) with individual 
LFOV filter cubes (Semrock) (excitation/emission maxima 
at 554/609, 470/525, and 618/698 nm, respectively).

Cell death kinetics were analyzed using a custom 
macro in the Fiji distribution of ImageJ (NIH) (56, 57). The 
macro processed each time point folder that was generated 
by the Nikon Ti2 imaging system, and time image stacks 
were constructed of each well field position. The macro 
segmented each cell population in each frame of the time 
stacks using custom-scripted code for the Fiji distribution 
of ImageJ and the deep learning plugin StarDist, and then 
population percentages were calculated for each time point 
from the extracted binary images (36). Using these masks, 
each cell population was defined using Boolean arithmetic. 
The logic was constructed so that cells were only counted 
once. Data were logged and percentage populations were 
calculated at each time point.

DeathTrackR data visualization. ImageJ data logs 
from live-cell imaging analyses were visualized using the 
R Shiny app DeathTrackR (https://croker.shinyapps.io/
project/) and the R Shiny app CellSizeTrackR (https://
croker.shinyapps.io/cellsizetrackr/). The DeathTrackR 
package was developed using Shiny in R 3.6.3., the R 
packages Tidyverse and plotrix for basic data loading and 
plotting utilities, and shinydashboard for module man-
agement (58–61). CellSizeTrackR requires R packages 
dplyr and beeswarm for basic data handling and plotting 

Table 2. Antibodies

Reagent or resource Source Catalog no.
CyTOF antibodies 
Anti-human CD45 (HI30)-89Y Fluidigm 3089003B
Anti-human CD4 (RPA-T4)-145Nd Fluidigm 3145001B
Anti-human CD56 (R19-760)-176Yb—100 tests Fluidigm 3176013B
Anti-human CD19 (HIB19)-165Ho Fluidigm 3165025B
Anti-human HLA-DR (L243)-174Yb Fluidigm 3174001B
Anti-human CD33 (WM53)-169Tm Fluidigm 3169010B
Anti-Mouse CD11b (M1/70)-148Nd Fluidigm 3148003B
Anti-human CD66b (80H3)-152Sm Fluidigm 3152011B
Anti-human CD32 (FUN-2)-153Eu Fluidigm 3153018B
Anti-human CD16 (3G8)-209Bi Fluidigm 3209002B
Anti-human CD117/c-kit (104D2)-143Nd Fluidigm 3143001B
Anti-human CD34 (581)-166Er Fluidigm 3166012B
Anti-human CD49d (9F10)-141Pr Fluidigm 3141004B
Anti-human CD101 (BB27)-158Gd Fluidigm 3158020B
Anti-human CD15/SSEA-1 (W6D3)-172Yb Fluidigm 3172021B
Anti-human CD10 (HI10a)-156Gd Fluidigm 3156001B
Anti-human CD79B (CB3-1)-162Dy Fluidigm 3162008B
Anti-human CD71 (OKT-9)-168Er Fluidigm 3168014B
Anti-human CD123/IL-3R (6H6)-151Eu Fluidigm 3151001B
Anti-human CD11a (HI111)-142Nd Fluidigm 3142006B
Anti-human CD162 (KPL-1)-161Dy Fluidigm 3161026B
Anti-human CD54 (HA58)-170Er Fluidigm 3170014B
Anti-human CD63 (H5C6)-150Nd Fluidigm 3150021B
Anti-human/mouse CD49F (GoH3)-164Dy Fluidigm 3164006B
Anti-human CD182/CXCR2 (5E8/CXCR2)-147Sm Fluidigm 3147010B
Anti-human CD184/CXCR4 (12G5)-175Lu Fluidigm 3175001B
Cell ID 127 IdU Fluidigm 201127
Purified anti-human CD3 (Maxpar Ready) antibody BioLegend 300443
Purified anti-human CD41 (Maxpar Ready) antibody BioLegend 303721
Purified anti-human CD235ab (Maxpar Ready) antibody BioLegend 306615
Purified anti-human CD64 (Maxpar Ready) antibody BioLegend 305029
Purified anti-human CD86 (Maxpar Ready) antibody BioLegend 305435
Purified anti-human CD14 (Maxpar Ready) antibody BioLegend 301843
Purified anti-human CD11c (Maxpar Ready) antibody BioLegend 301639
Purified anti-human CD203c (E-NPP3) antibody BioLegend 324602
Purified anti-human Siglec-8 antibody BioLegend 347102
Purified anti-human CD62L (Maxpar Ready) antibody BioLegend 304835
Purified anti-mouse/human CD44 (Maxpar Ready) antibody BioLegend 103051
Purified anti-human CD95 (Fas) (Maxpar Ready) antibody BioLegend 305631
Purified anti-human CD178 (Fas-L) antibody BioLegend 306402
Flow cytometry antibodies
Brilliant Violet 570 anti-human CD45 antibody BioLegend 304034
PE/Dazzle 594 anti-human Siglec-8 antibody BioLegend 347110
PE/Dazzle 594 anti-human CD203c (E-NPP3) antibody BioLegend 324624
PerCP/Cyanine5.5 anti-human CD3 antibody BioLegend 300328
PerCP/Cyanine5.5 anti-human CD19 antibody BioLegend 363016
PerCP/Cyanine5.5 anti-human CD56 (NCAM) antibody BioLegend 304626
Brilliant Violet 605 anti-human CD86 antibody BioLegend 305430
APC/Cyanine7 anti-human HLA-DR antibody BioLegend 307618
PE anti-human CD66b antibody BioLegend 305106
APC-R700 mouse anti-human CD117 BD Biosciences 565195
BV421 mouse anti-human CD34 BD Biosciences 562577
Brilliant Violet 510 anti-human CD10 antibody BioLegend 312220
Brilliant Violet 785 anti-human CD16 antibody BioLegend 302046
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Study approval. Patients were enrolled in a study approved by 
the Institutional Review Board of UCSD (no. 140220), and parental 
signed consent and child assent were obtained as appropriate.
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UMAP analysis of live-cell imaging data. Intensities of AnnV, CTG, 
and PI were extracted for single cells, along with cell size, cell circular-
ity, and cell aspect ratio, for a total of 6 features. The log10 value was 
calculated for each feature, which was then z scored. Cell debris was 
removed by applying a gate on objects less than 0.5829 μm2 in size (z 
score of –3). Other outlier features with a z score of more or less than 
3 were additionally removed. The UMAP algorithm was implemented 
using the UMAP package (version 0.3.10) in Python (38). We subsa-
mpled 25% of the cell population and extracted 2D embeddings for 
each cell along with the feature weights corresponding to the contri-
bution of each feature to each dimension. This was done on 3 different 
random subsamples, and all produced similar UMAP distributions. 
To control global patterns and cluster separation, we set n_neighbors 
to 200 (default 15), which controls the size of the local neighborhood 
for each UMAP point, and min_dist to 0 (default 0.1), which controls 
how tightly the points are allowed to be packed together. Hexbins were 
generated using matplotlib (version 3.1.1). Plotting and analysis were 
done in Python 3.6. For the hexbin plots, the median value of the attri-
bute was taken within each bin.

Code availability. The custom-scripted macro used for automat-
ed image analysis of live-cell imaging data is available online (https://
figshare.com/s/115585435648ec5d974c).

Statistics. Statistical analyses were performed with Prism soft-
ware (GraphPad). For Figures 2 and 3, differences between groups 
were determined via 1-way ANOVA and Tukey’s multiple-compar-
ison tests with a single pooled variance. For Figures 4 and 5, dif-
ferences between pre- and post-IVIG groups were determined via 
2-tailed, unpaired t tests. For Figure 5G, differences between before 
and after IVIG treatment were determined via paired t tests. Lines on 
dot plots indicate median with IQR. A P value of less than 0.05 was 
considered significant.
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