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A B S T R A C T   

Children with Multisystem Inflammatory Syndrome in Children (MIS-C) can present with thrombocytopenia, 
which is a key feature of hemophagocytic lymphohistiocytosis (HLH). We hypothesized that thrombocytopenic 
MIS-C patients have more features of HLH. Clinical characteristics and routine laboratory parameters were 
collected from 228 MIS-C patients, of whom 85 (37%) were thrombocytopenic. Thrombocytopenic patients had 
increased ferritin levels; reduced leukocyte subsets; and elevated levels of ASAT and ALAT. Soluble IL-2RA was 
higher in thrombocytopenic children than in non-thrombocytopenic children. T-cell activation, TNF-alpha and 
IFN-gamma signaling markers were inversely correlated with thrombocyte levels, consistent with a more pro-
nounced cytokine storm syndrome. Thrombocytopenia was not associated with severity of MIS-C and no path-
ogenic variants were identified in HLH-related genes. This suggests that thrombocytopenia in MIS-C is not a 
feature of a more severe disease phenotype, but the consequence of a distinct hyperinflammatory immuno-
pathological process in a subset of children.   

1. Introduction 

The severe hyperinflammatory post-infectious condition Multi-
system Inflammatory Syndrome in Children (MIS-C) is a rare and 
potentially life-threatening complication of SARS-CoV-2 infection in 
children [1,2]. The proposed etiology of this hyperinflammatory syn-
drome includes superantigen exposure [3–5], prolonged intestinal 
SARS-CoV-2 shedding [6], exaggerated innate immune response [4], 
and the presence of autoreactive antibodies [7]. The clinical presenta-
tion of MIS-C has overlapping features with Kawasaki Disease [8,9] and 
Toxic Shock Syndrome [10,11]. There are also similarities to cytokine 
storm syndromes like hemophagocytic lymphohistiocytosis (HLH) 
[12,13]. However, there are very few patients that meet the diagnostic 
criteria for HLH (2004-HLH criteria) [14,15]. 

In HLH, a genetic or acquired inability of immune cells to adequately 
respond to presented antigens results in uncontrolled proliferation of 
immune cells, organ immune cell infiltration, cytopenia (including 
thrombocytopenia), macrophage activation with hemophagocytosis, 
and excessive secretion of cytokines [16]. Hallmark cytokines in this 
pathophysiological process include the T-cell activation marker soluble 
interleukin-2 receptor alpha (sIL-2RA), also known as soluble CD25, 
tumor necrosis factor-alpha (TNF-α), and interferon-gamma (IFN-γ) 
[17–19]. 

Similar to HLH, MIS-C patients can present with thrombocytopenia. 
This is in contrast to the thrombocytosis often seen in Kawasaki Disease 
and systemic juvenile idiopathic arthritis [20]. The etiology of throm-
bocytopenia in MIS-C is currently unresolved. We hypothesized that 
thrombocytopenic children with MIS-C more often had features of HLH 
than non-thrombocytopenic MIS-C patients. 

2. Materials and methods 

2.1. Study design, setting, and participants 

All studies were approved by the local medical regional ethics 
committee (METC-LDD: N20.043, NL76177.058.21 and P22.020, 
NL80853.058.22; METC-GHENT: BC-07574) and local Biobank Review 
Committee (RP22.003). Written informed consent was obtained from all 
patients and/or legal guardians. A total of 278 MIS-C patients were 
screened from two independent cohorts: a multicenter prospective 
cohort study of severe pediatric COVID-19 patients in the Netherlands 
(COPP study [21]) and a multicenter cohort of MIS-C patients hospi-
talized in Belgium (GHENT study [5]). The COPP study included pa-
tients from March-2020 to December-2022, and the GHENT study from 
March-2020 to April-2023. Patients below the age of 18 years presenting 
to hospital and fulfilling the World Health Organization (WHO) criteria 
for MIS-C were included [22]. Exclusion criteria for the current analysis 
were patients without information on thrombocyte count at presenta-
tion, and no clinical information on disease severity or treatment 
regimen. In total, 228 patients met the inclusion criteria for this study 

(174 from the COPP study and 54 from the GHENT study). Biobanked 
sera from 20 healthy age-matched stem cell donors were used as con-
trols. For the genetic analysis of HLH-related genes, we approached MIS- 
C patients that met the WHO criteria for MIS-C and participated in the 
COPP study (GRIP study; NCT05722717). Sixty-two MIS-C patients from 
the COPP-study were included, as well as 79 unrelated pediatric healthy 
SARS-CoV-2 exposed controls. Of the genotyped MIS-C patients, 19 
(31%) were thrombocytopenic, 31 (50%) had normal/high thrombocyte 
counts, and 12 (19%) had an unknown thrombocyte level upon 
admission. 

2.2. Clinical and laboratory data collection 

Collected clinical data included general patient characteristics (age, 
sex, height), data on organ involvement, treatment, and diastolic and 
systolic blood pressure upon admission. Laboratory markers include 
quantification of hematopoietic cell lineages in blood (hemoglobin 
concentration, thrombocyte, leukocyte, neutrophil, and lymphocyte 
counts), markers for liver injury and function (aspartate transaminase 
(ASAT), alanine transaminase (ALAT), and total bilirubin), renal func-
tion (estimated glomerular filtration rate [23]), hemostasis (D-dimer), 
cardiac involvement (N-terminal prohormone of brain natriuretic pep-
tide (NT Pro-BNP) and troponin T), and general inflammatory markers 
(ferritin, lactate dehydrogenase, and C-reactive protein (CRP)). Severe 
disease was defined as the requirement for inotropic drug administra-
tion and/or mechanical ventilatory support during hospital admission 
(there were no deaths in this cohort). 

2.3. Serum proteomics assays (Luminex and Olink) 

Serum inflammatory protein levels were quantified in the serum of 
43 patients from 9 treatment centers in the COPP study, all during the 
acute phase of MIS-C, together with 20 healthy age-matched controls. 
Thawed serum samples were analyzed using a custom 60-plex Luminex 
panel according to the manufacturer’s instructions. Analytes were 
excluded from all analyses if 1) >25% of the samples were out of range 
on the lower bound (n = 15) or 2) >25% of the samples had a very low 
mean fluorescence intensity <50, resulting in unreliable values based on 
extrapolation of the reference curve (n = 9). This resulted in the inclu-
sion of 39 analytes (Table S1). From the included patients in the GHENT 
cohort, protein quantification was performed on 17 MIS-C patient 
samples using a 3072-plex Olink panel on thawed serum samples ac-
cording to the manufacturer’s protocol. Only analytes associated with 
thrombocytopenia in the COPP cohort Luminex panel were extracted 
from the Olink dataset of the GHENT cohort, to validate the findings 
from the Dutch cohort. 

2.4. Whole-exome-sequencing 

We collected saliva samples from 62 MIS-C patients and 79 unrelated 
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pediatric healthy SARS-CoV-2 exposed controls. DNA isolation, quality 
control, exome enrichment (Agilent SureSelect Human All Exon V7), 
and sequencing (Illumina NovaSeq 6000) were performed. Raw 
sequencing files were aligned to the human reference genome (GRCh38) 
[24], variants were called and annotated using the VIP pipeline [25]. 
The variant calling format (VCF) files were subset using bcftools based on 
genomic positions corresponding to 15 genes involved in the processing 
of cytotoxic granules causal for primary HLH and curated by the Inter-
national Union of Immunological Societies to be involved in the devel-
opment of HLH (Table S2) [26]. 

Variants in exonic coding regions or splice site regions were selected. 
We applied two distinct filtering strategies. The first strategy aimed to 
identify MIS-C patients with a genetic diagnosis of HLH. For this pur-
pose, we analyzed rare variants with a minor allele frequency < 0.005 
(GnomAD v3.1.2) [27] and applied the American college of medical 
genetics (ACMG) guidelines to classify these variants [28]. A genetic 
diagnosis was established based on the inheritance pattern of the dis-
order (e.g. for autosomal recessive disorders two (likely) pathogenic 
variants). Variants inside low complexity regions and with low quality 
score, were deemed artifacts and were excluded. In the second strategy, 
we wished to establish if there was an enrichment of rare potentially 
functional variants in patients with MIS-C versus healthy unrelated 
exposed controls. Here, variants were included when they met all of the 
following inclusion criteria 1) minor allele frequency < 0.005 (GnomAD 
v3.1.2) [27] 2) non-synonymous variants in an exonic coding region; or 
a splice site region and were predicted to have a moderate to high 
probability of having any effect on splicing (maximum Splice AI score >
0.1) [29] 3) high in silico prediction score > 20 (CADD v1.6) [30]. For 
the enrichment analysis, we evaluated the number of individuals car-
rying at least one or at least two qualifying variants in the MIS-C group 
versus the control group. 

2.5. Statistical analysis 

Descriptive values are reported by their numerator and denominator 
for categorical values, and median and interquartile ranges for 

continuous values. Statistical analyses were performed using R software 
(version 4.2.1). To determine differences between patient groups 
Fisher’s Exact tests, Chi-squared test, and Wilcoxon rank-sum tests were 
performed. In case of linear modeling, all routine laboratory and 
Luminex values were log-transformed, except for hemoglobin and 
thrombocyte count. Two-stage linear regression was performed by first 
correcting for the effect of disease severity, and next to determine the 
effect between thrombocyte count and the marker of interest on the 
calculated residuals. A heatmap was constructed by log-transforming 
the analytes and scaling the values to z-scores based on the mean and 
standard deviation of 20 healthy pediatric controls. Clustering was 
performed with complete Euclidean hierarchical clustering, and dis-
played using a dendrogram. Normalized protein expression values from 
the Olink platform were used for calculations and plotting. All p-values 
were corrected using the Benjamini-Hochberg procedure. Only cor-
rected p-values <0.05 were considered statistically significant. 

3. Results 

3.1. Thrombocytopenia in MIS-C correlates with HLH-associated 
laboratory markers, but not disease severity 

Eighty-five out of 228 (37%) included patients were thrombocyto-
penic at first presentation (platelet count <150 109/L). One-hundred- 
two (45%) patients had severe disease, as defined by the requirement 
of inotropic drug administration or mechanical ventilatory support. 
Thrombocytopenic patients had significantly lower counts of leuko-
cytes, neutrophils, and lymphocytes (Table 1). Hemoglobin levels did 
not differ between thrombocytopenic and non-thrombocytopenic chil-
dren. In thrombocytopenic patients, ferritin was significantly elevated as 
compared to non-thrombocytopenic patients (728 vs. 467 μg/L, p-value: 
0.003; Table 1). In addition, thrombocytopenic patients had signifi-
cantly higher levels of liver markers (ASAT, ALAT, and total bilirubin). 
Thrombocytopenic patients did not have a more severe clinical pheno-
type: there were no significant differences in disease severity, cardiac 
involvement, cardiac injury markers (NT pro-BNP, troponin T), or CRP 

Table 1 
Clinical and laboratory characteristics of thrombocytopenic and non-thrombocytopenic patients with MIS-C. Numeric values are presented as medians and inter-
quartile ranges. Fisher’s exact test, Chi-squared test, and Wilcoxon rank-sum test were used for statistical testing, and a p-value correction was performed following the 
Benjamini-Hochberg procedure. Abbreviations: ICU: Intensive Care Unit, ASAT: Aspartate transaminase.  

Characteristic Normal/high thrombocytes, N = 143 Thrombocytopenia, N = 85 p-value Adjusted p-value 

Age (years) 9.0 (6.2, 12.5) 9.9 (6.9, 11.8) 0.8 0.8 
Sex   0.9 >0.9 
Male 90/143 (63%) 54/84 (64%)   
Female 53/143 (37%) 30/84 (36%)   

ICU admission   0.10 0.2 
Yes 75/142 (53%) 55/85 (65%)   
No 67/142 (47%) 29/85 (35%)   

ICU stay (days) 3.00 (2.00, 5.00) 4.00 (3.00, 6.00) 0.082 0.2 
Disease severity   0.13 0.2 
Mild 85/143 (59%) 41/85 (48%)   
Severe 58/143 (41%) 44/85 (52%)   

Thrombocyte level (*10^9/L)     
> 450 7/143 (4.9%) NA   
150–450 136/143 (95%) NA   
100–150 NA 49/85 (58%)   
50–100 NA 31/85 (36%)   
<50 NA 5/85 (5.9%)   

Echo-cardiac abnormalities   0.2 0.3 
Yes 67/114 (59%) 33/69 (48%)   
No 47/114 (41%) 36/69 (52%)   

Hemoglobin (mmol/L) 7.20 (6.60, 7.76) 7.00 (6.52, 7.62) 0.4 0.5 
Lymphocyte count (*10^9/L) 0.91 (0.70, 1.40) 0.63 (0.40, 0.90) <0.001 <0.001 
Leukocyte count (*10^9/L) 11.9 (8.5, 15.6) 7.1 (5.2, 11.3) <0.001 <0.001 
Neutrophile count (*10^9/L) 9.4 (6.7, 12.8) 6.0 (4.1, 8.2) <0.001 <0.001 
ASAT (U/L) 30 (23, 47) 50 (36, 79) <0.001 <0.001 
Ferritin (ug/L) 467 (264, 780) 728 (425, 1412) <0.001 0.003 
Troponin T (ng/L) 43 (7, 134) 32 (8, 86) 0.3 0.4  
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(Table 1, Table S3) compared to non-thrombocytopenic patients. Next, 
we used a two-stage linear model to correct for the potential impact of 
disease severity on the variable of interest. This analysis confirmed that, 
corrected for disease severity, thrombocyte count (as a continuous co-
variate) was inversely associated with lower leukocyte subsets and 
elevated levels of ASAT, ALAT, bilirubin, and ferritin (Fig. 1, Fig. S1). 

3.2. Thrombocytopenic MIS-C patients have a distinct HLH-like serum 
proteomic profile 

Since thrombocytopenic MIS-C patients had routine laboratory re-
sults also seen in HLH, we evaluated whether the cytokine profile in 

these patients was also consistent with an HLH-like phenotype. All 43 
MIS-C patients for whom Luminex data were available had very high 
levels of inflammatory cytokines as compared to healthy age-matched 
controls (Fig. 2A). Unsupervised hierarchical clustering of the protein 
quantification data revealed a distinct MIS-C patient cluster with an 
even more pronounced hyperinflammatory phenotype. Patients in this 
hyperinflammatory cluster (n = 14) had higher levels of procalcitonin, 
Growth-differentiation factor 15 (GDF-15), Hepatocyte Growth Factor 
(HGF), sIL-2RA, Granulocyte colony-Stimulating Factor (G-CSF), Inter-
leukin 1 receptor-like 1 (ST2), Chitinase 3-like 1, Galectin-9, and Che-
mokine C-C motif ligand 8 (CCL-8) than the other MIS-C patients 
(Fig. 2A, Table S4). The proportion of thrombocytopenic MIS-C patients 

Fig. 1. Routine laboratory parameters of patients with MIS-C. Linear regression model depicting the association between thrombocyte count upon admission and the 
variable of interest. The model was first corrected for disease severity. Red dot: severe MIS-C, blue dot: mild MIS-C. Abbreviations: ASAT: Aspartate transaminase; 
CRP: C-reactive protein. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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was 71% versus 14% in the hyperinflammatory vs. inflammatory clus-
ter, respectively (p-value < 0.001). The proportion of severe MIS-C cases 
was also higher in the hyperinflammatory cluster, albeit slightly less 
pronounced (64% vs. 28% had severe disease, p-value = 0.04, Table S4). 
There was no significant difference in the proportion of therapy naïve 
patients in the hyperinflammatory vs. inflammatory MIS-C clusters 
(Table S4). Using principal component analysis, thrombocytopenic MIS- 
C patients separated from the other MIS-C patients, which was primarily 

driven by HLH-associated markers (Fig. 2B-C). 
After correction for disease severity using a two-stage linear model, 

low thrombocyte level at admission was strongly correlated with 
increased levels of HLH-associated markers. Specifically, sIL-2RA, TNF- 
α, and the IFN-gamma-induced chemokine C-X-C motif chemokine 
ligand-10 (CXCL-10) were inversely correlated to thrombocyte counts 
(Fig. 2D, Fig. S1). TNF receptor superfamily member 1A (TNFRSF1A), a 
key receptor for TNF-α, was also upregulated in patients with 

Fig. 2. Protein quantification data of patients with MIS-C. A: Heatmap of all Luminex values of analytes that passed the quality control. Z-scores were calculated 
using the mean and standard deviation of 20 healthy pediatric donors. Unsupervised complete Euclidean hierarchical clustering was used to create groups in the data, 
using an unbiased approach. B: Principal component analysis (PCA) of the data used to construct the heatmap. C: The six most important parameters for PCA 
components 1 and 2 are shown. D: Linear regression model depicting the association between thrombocyte count upon admission and the variable of interest. The 
model was first corrected for disease severity. Red dot: severe MIS-C, blue dot: mild MIS-C Abbreviations: ASAT: Aspartate transaminase; CRP: C-reactive protein; sIL- 
2RA: Interleukin-2 Receptor Alpha; PD-L1: Programmed Cell Death Ligand 1; TNFRSF1A, tumor necrosis factor receptor superfamily 1A; CXCL 10, C-X-C Motif 
Chemokine Ligand 10. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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thrombocytopenia (Fig. 2D). Another notable finding in patients with 
thrombocytopenia was a high concentration of T-cell inhibitory ligands 
(programmed cell death ligand-1 (PD-L1) and Galectin-9), which bind to 
PD-1 and T-cell immunoglobulin and mucin-domain containing-3 
(TIM3) on the T-cell surface, respectively. External validation of these 
serum proteomic findings was performed in an independent cohort of 17 
MIS-C patients analyzed using Olink technology. This analysis 
confirmed our key findings (Fig. S2). 

3.3. Genetic screening of HLH-associated genes did not identify any 
causative variants in patients with MIS-C, nor an enrichment of these 
variants 

Our first filtering strategy had the aim to identify MIS-C patients with 
a diagnosis of primary HLH. Here, we identified one homozygous 
variant in a thrombocytopenic MIS-C patient without a medical history 
prior to disease development. This patient harbored a homozygous 
missense variant (NP_003655.3:p.Arg730Trp) in the Adaptor related 
protein complex 3 subunit beta 1 (AP3B1) gene, which we annotated as 
a variant of unknown significance (VUS) based on the ACMG guidelines. 
Therefore, we concluded that this patient did not have a genetic diag-
nosis of primary HLH. In our second filtering strategy, we evaluated 
whether there was an enrichment of genetic variants in patients with 
MIS-C. We identified 14 unique heterozygous variants in 5 HLH-related 
genes, which were selected for further analysis (Table S5). There was no 
significant difference between the proportion of MIS-C patients and 
healthy SARS-CoV-2 exposed children carrying at least one qualifying 
genetic variant in HLH-related genes (8/62 (13%) versus 6/79 (7.6%); p- 
value = 0.9) (Table 2). No patient or control harbored two variants in the 
same (homozygous or compound heterozygous) or two different HLH- 
related genes (digenic mode of inheritance). 

4. Discussion 

Our study identifies a distinct subset of patients with MIS-C with 
features of HLH, independent of disease severity. This phenotype is 
characterized by thrombocytopenia, reduced leukocyte subsets, 
increased ferritin levels, elevated liver enzymes, and a profound 
hyperinflammatory cytokine profile. We assessed routine laboratory 
parameters, serum proteomics, and the genomic profile of MIS-C pa-
tients with or without thrombocytopenia at hospital admission to 
further elucidate this HLH-like phenotype in a subset of MIS-C patients. 

Consistent with findings from other studies, all MIS-C patients had 
high concentrations of inflammatory biomarkers in serum compared to 
healthy age matched donors [31,32]. However, patients exhibiting this 
HLH-like phenotype developed an even more pronounced hyper-
inflammatory state, primarily driven by hallmark HLH-related serum 
biomarkers. Specifically, cytokines associated with T-cell activation, as 

well as markers associated with TNF-α and IFN-γ signaling were upre-
gulated. Interestingly, in parallel to T-cell activation markers (sIL-2RA), 
T-cell inhibitory signals were upregulated (PD-L1 and galectin-9). This 
can be a directed attempt to suppress the exaggerated T-cell activation, 
or a consequence of heightened IFN-γ stimulation, leading to upregu-
lation of PD-L1 in myeloid, lymphoid, and endothelial cells [33]. For 
galectin-9, the interaction with IFN-γ stimulation is less clear. However, 
patients with acute severe COVID-19 that developed cytokine release 
syndrome also displayed high levels of galectin-9 [34]. Although the 
measured serum samples were not exclusively from therapy-naïve pa-
tients, there was no significant difference in the proportion of therapy 
naïve patients in the hyperinflammatory versus inflammatory MIS-C 
clusters. 

We did not identify MIS-C patients with a genetic diagnosis of pri-
mary HLH. This was not surprising, since children with primary HLH are 
often diagnosed before the age of one year, and MIS-C patients have a 
median age of nine or ten years of age [35]. We found one patient with a 
homozygous VUS in AP3B1. However, this patient did not have a 
medical history prior to MIS-C development and was not reported to 
have any signs phenotypical of Hermansky-Pudlak syndrome (i.e. ocu-
locutaneous albinism and congenital neutropenia). Interestingly, this 
variant has been identified in a heterogenous cohort of patients with a 
platelet defect [36]. Altogether, in these 62 analyzed MIS-C patients, no 
confident deleterious or (likely) pathogenic variants in HLH-associated 
genes were identified, in either the patients with or without 
thrombocytopenia. 

Due to the fact a digenic mode of inheritance is reported to play a 
role in some patients with HLH [37]; and there is growing evidence of a 
genetic predisposition in secondary HLH [38], we evaluated if hetero-
zygous or polygenic variants in HLH-related genes are associated with 
developing an HLH-like phenotype upon SARS-CoV-2 infection. In 
contrast to one study reporting a high number of variants in primary 
HLH genes in children with MIS-C [13] and a different study reporting 
numerous rare heterozygous missense variants in the LYST gene in MIS- 
C patients [39], we found no significant enrichment of variants in these 
genes in comparison with pediatric SARS-CoV-2 exposed controls. We 
did find a higher proportion of genetic variants in HLH-genes in MIS-C 
patients than in controls, but this was not statistically significant. 
Since our sample size is relatively small, this does not completely rule 
out the possibility of a genetic predisposition to an HLH-like inflam-
matory response to SARS-CoV-2 infection in a subset of children. Also, 
while we did not identify any directly causative deleterious variants in 
known HLH genes, this does not rule out the possibility of aberrations in 
other genes, or copy-number-variants or intronic non-coding variants in 
the studied HLH genes, that may explain the genetic predisposition to 
MIS-C. 

Altogether, this study provides relevant insights into the patho-
physiological manifestations of MIS-C and its distinct link to HLH. 
Combining routine clinical parameters, serum proteomics, and DNA 
sequencing, we managed to establish a detailed picture of immunolog-
ically divergent MIS-C phenotypes. These findings not only relate to new 
cases of MIS-C [40], but may have implications for other hyper-
inflammatory conditions presenting with thrombocytopenia as well. 
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estecker (AZ Delta Campus Rumbeke); Jijo John (AZ Delta Campus 
Menen); Thomas EM Crijnen, Muriel Koninckx, Joery Verbruggen, Goele 
Nys, Samira Akhnikh (ZNA Queen Paola Children’s Hospital); Els LIM 
Duval (AZ Sint-Jan Brugge-Oostende campus Serruys); Tine Van Ackere 
(Jan Ypermanziekenhuis); Astrid Verbist, Charlotte Daeze, Caroline 
Becue, Justine De Paepe (AZ Sint-Lucas); Jo Keepers (AZ Alma); Bruno 
Bruylants (O.L.V. Hospital); Sabine Kuypers (AZ Zeno); Siel Daelemans, 
Jutte van der Werff ten Bosch, Gerlant van Berlaer (University Hospital 
Brussel); Alexandra Dreesman (Centre Hospitalo Universitaire Saint- 
Pierre); Benoit Florkin (CHR Citadelle); Catherine Heijmans, Jean 
Papadopoulos (Centre Hospitalier de Jolimont). Study coordination and 
sample processing in Ghent was facilitated by Karlien Claes and Vero-
nique Debacker, respectively. The graphical abstract was created with 
BioRender.com. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.clim.2024.110252. 

References 

[1] A.B. Payne, Z. Gilani, S. Godfred-Cato, E.D. Belay, L.R. Feldstein, M.M. Patel, A.G. 
Randolph, M. Newhams, D. Thomas, R. Magleby, K. Hsu, M. Burns, E. Dufort, A. 
Maxted, M. Pietrowski, A. Longenberger, S. Bidol, J. Henderson, L. Sosa, A. 
Edmundson, M. Tobin-D’Angelo, L. Edison, S. Heidemann, A.R. Singh, J.S. 
Giuliano, Jr., L.C. Kleinman, K.M. Tarquinio, R.F. Walsh, J.C. Fitzgerald, K.N. 
Clouser, S.J. Gertz, R.W. Carroll, C.L. Carroll, B.E. Hoots, C. Reed, F.S. Dahlgren, M. 
E. Oster, T.J. Pierce, A.T. Curns, G.E. Langley, A.P. Campbell, M.-C.I.A. Group, N. 
Balachandran, T.S. Murray, C. Burkholder, T. Brancard, J. Lifshitz, D. Leach, I. 
Charpie, C. Tice, S.E. Coffin, D. Perella, K. Jones, K.L. Marohn, P.H. Yager, N.D. 
Fernandes, H.R. Flori, M.L. Koncicki, K.S. Walker, M.C. Di Pentima, S. Li, S.M. 
Horwitz, S. Gaur, D.C. Coffey, I. Harwayne-Gidansky, S.R. Hymes, N.J. Thomas, K. 
G. Ackerman, J.M. Cholette, Incidence of multisystem inflammatory syndrome in 
children among US persons infected with SARS-CoV-2, JAMA Netw. Open, 4 
e2116420. 

[2] S. Rhedin, C. Lundholm, A. Horne, A.I. Smew, E.C. Osvald, A. Haddadi, T. Alfven, 
R. Kahn, P. Krol, M.I.S.C.C. Swedish Pediatric, B.H. Brew, C. Almqvist, Risk factors 
for multisystem inflammatory syndrome in children - a population-based cohort 
study of over 2 million children, Lancet Reg. Health Eur. 19 (2022) 100443. 

[3] R.A. Porritt, L. Paschold, M.N. Rivas, M.H. Cheng, L.M. Yonker, H. Chandnani, 
M. Lopez, D. Simnica, C. Schultheiss, C. Santiskulvong, J. Van Eyk, J. 
K. McCormick, A. Fasano, I. Bahar, M. Binder, M. Arditi, HLA class I-associated 
expansion of TRBV11-2 T cells in multisystem inflammatory syndrome in children, 
J. Clin. Invest. 131 (2021). 

[4] A. Ramaswamy, N.N. Brodsky, T.S. Sumida, M. Comi, H. Asashima, K.B. Hoehn, 
N. Li, Y. Liu, A. Shah, N.G. Ravindra, J. Bishai, A. Khan, W. Lau, B. Sellers, 
N. Bansal, P. Guerrerio, A. Unterman, V. Habet, A.J. Rice, J. Catanzaro, 
H. Chandnani, M. Lopez, N. Kaminski, C.S. Dela Cruz, J.S. Tsang, Z. Wang, X. Yan, 
S.H. Kleinstein, D. van Dijk, R.W. Pierce, D.A. Hafler, C.L. Lucas, Immune 
dysregulation and autoreactivity correlate with disease severity in SARS-CoV-2- 

A.J. Tulling et al.                                                                                                                                                                                                                               

http://BioRender.com
https://doi.org/10.1016/j.clim.2024.110252
https://doi.org/10.1016/j.clim.2024.110252
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0005
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0005
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0005
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0005
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0010
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0010
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0010
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0010
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0010
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0015
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0015
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0015
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0015
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0015
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0015


Clinical Immunology 264 (2024) 110252

8

associated multisystem inflammatory syndrome in children, Immunity 54 (2021), 
1083–1095 e1087. 

[5] L. Hoste, L. Roels, L. Naesens, V. Bosteels, S. Vanhee, S. Dupont, C. Bosteels, 
R. Browaeys, N. Vandamme, K. Verstaen, J. Roels, K.F.A. Van Damme, B. Maes, 
E. De Leeuw, J. Declercq, H. Aegerter, L. Seys, U. Smole, S. De Prijck, 
M. Vanheerswynghels, K. Claes, V. Debacker, G. Van Isterdael, L. Backers, K.B. 
M. Claes, P. Bastard, E. Jouanguy, S.Y. Zhang, G. Mets, J. Dehoorne, 
K. Vandekerckhove, P. Schelstraete, J. Willems, M.-C. Clinicians, P. Stordeur, 
S. Janssens, R. Beyaert, Y. Saeys, J.L. Casanova, B.N. Lambrecht, F. Haerynck, S. 
J. Tavernier, TIM3+ TRBV11-2 T cells and IFNgamma signature in patrolling 
monocytes and CD16+ NK cells delineate MIS-C, J. Exp. Med. 219 (2022). 

[6] L.M. Yonker, T. Gilboa, A.F. Ogata, Y. Senussi, R. Lazarovits, B.P. Boribong, Y. 
C. Bartsch, M. Loiselle, M.N. Rivas, R.A. Porritt, R. Lima, J.P. Davis, E.J. Farkas, M. 
D. Burns, N. Young, V.S. Mahajan, S. Hajizadeh, X.I.H. Lopez, J. Kreuzer, R. Morris, 
E.E. Martinez, I. Han, K. Griswold Jr., N.C. Barry, D.B. Thompson, G. Church, A. 
G. Edlow, W. Haas, S. Pillai, M. Arditi, G. Alter, D.R. Walt, A. Fasano, Multisystem 
inflammatory syndrome in children is driven by zonulin-dependent loss of gut 
mucosal barrier, J. Clin. Invest. 131 (2021). 

[7] 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 (2020), 982–995 e914. 

[8] L. Verdoni, A. Mazza, A. Gervasoni, L. Martelli, M. Ruggeri, M. Ciuffreda, 
E. Bonanomi, L. D’Antiga, An outbreak of severe Kawasaki-like disease at the 
Italian epicentre of the SARS-CoV-2 epidemic: an observational cohort study, 
Lancet 395 (2020) 1771–1778. 

[9] Q.Y. Zhang, B.W. Xu, J.B. Du, Similarities and differences between multiple 
inflammatory syndrome in children associated with COVID-19 and Kawasaki 
disease: clinical presentations, diagnosis, and treatment, World J. Pediatr. 17 
(2021) 335–340. 

[10] M. Noval Rivas, R.A. Porritt, M.H. Cheng, I. Bahar, M. Arditi, COVID-19-associated 
multisystem inflammatory syndrome in children (MIS-C): a novel disease that 
mimics toxic shock syndrome-the superantigen hypothesis, J. Allergy Clin. 
Immunol. 147 (2021) 57–59. 

[11] S. Godfred-Cato, J.Y. Abrams, N. Balachandran, P. Jaggi, K. Jones, C.A. Rostad, A. 
T. Lu, L. Fan, A. Jabbar, E.J. Anderson, C.M. Kao, D.A. Hunstad, R.B. Rosenberg, M. 
J. Zafferani, K.C. Ede, W. Ballan, F.R. Laham, Y. Beltran, B. Bryant, L. Meng, T. 
A. Hammett, M.E. Oster, S. Bamrah Morris, E.D. Belay, Distinguishing multisystem 
inflammatory syndrome in children from COVID-19, Kawasaki disease and toxic 
shock syndrome, Pediatr. Infect. Dis. J. 41 (2022) 315–323. 

[12] D. Kumar, C.A. Rostad, P. Jaggi, D.S. Villacis Nunez, C. Prince, A. Lu, L. Hussaini, 
T.H. Nguyen, S. Malik, L.A. Ponder, S.P.V. Shenoy, E.J. Anderson, M. Briones, 
I. Sanz, S. Prahalad, S. Chandrakasan, Distinguishing immune activation and 
inflammatory signatures of multisystem inflammatory syndrome in children (MIS- 
C) versus hemophagocytic lymphohistiocytosis (HLH), J. Allergy Clin. Immunol. 
149 (2022) 1592–1606 e1516. 

[13] A. Vagrecha, M. Zhang, S. Acharya, S. Lozinsky, A. Singer, C. Levine, M. Al-Ghafry, 
C. Fein Levy, R.Q. Cron, Hemophagocytic lymphohistiocytosis gene variants in 
multisystem inflammatory syndrome in children, Biology (Basel) 11 (2022). 

[14] J.I. Henter, A. Horne, M. Arico, R.M. Egeler, A.H. Filipovich, S. Imashuku, 
S. Ladisch, K. McClain, D. Webb, J. Winiarski, G. Janka, HLH-2004: diagnostic and 
therapeutic guidelines for hemophagocytic lymphohistiocytosis, Pediatr. Blood 
Cancer 48 (2007) 124–131. 

[15] P. Buda, E. Strauss, D. Januszkiewicz-Lewandowska, E. Czerwinska, 
K. Ludwikowska, L. Szenborn, E. Gowin, M. Okarska-Napierala, E. Kuchar, J. Ksia 
Zyk, Clinical characteristics of children with MIS-C fulfilling classification criteria 
for macrophage activation syndrome, Front. Pediatr. 10 (2022) 981711. 

[16] G.N. Usmani, B.A. Woda, P.E. Newburger, Advances in understanding the 
pathogenesis of HLH, Br. J. Haematol. 161 (2013) 609–622. 

[17] Y. Tang, X. Xu, H. Song, S. Yang, S. Shi, J. Wei, B. Pan, F. Zhao, C. Liao, C. Luo, 
Early diagnostic and prognostic significance of a specific Th1/Th2 cytokine pattern 
in children with haemophagocytic syndrome, Br. J. Haematol. 143 (2008) 84–91. 

[18] C. Bracaglia, K. de Graaf, D. Pires Marafon, F. Guilhot, W. Ferlin, G. Prencipe, 
I. Caiello, S. Davi, G. Schulert, A. Ravelli, A.A. Grom, C. de Min, F. De Benedetti, 
Elevated circulating levels of interferon-gamma and interferon-gamma-induced 
chemokines characterise patients with macrophage activation syndrome 
complicating systemic juvenile idiopathic arthritis, Ann. Rheum. Dis. 76 (2017) 
166–172. 

[19] W. Ou, Y. Zhao, A. Wei, H. Ma, Q. Zhang, L. Zhang, H. Lian, D. Wang, Z. Li, 
T. Wang, R. Zhang, Serum cytokine pattern in children with hemophagocytic 
lymphohistiocytosis, Ann. Hematol. 102 (2023) 729–739. 

[20] G. Otar Yener, A. Pac Kisaarslan, K. Ulu, E. Atalay, F. Haslak, S. Ozdel, B. Bozkaya 
Yucel, D. Gezgin Yildirim, F. Cakmak, K. Ozturk, M. Cakan, Z. Balik, C. Hasbal 
Akkus, M. Yildiz, T. Erat, B.S. Cetin, M. Yilmaz, E. Baglan, S. Lacinel Gurlevik, 
V. Atasayan, S.G. Karadag, A. Adrovic, S. Caglayan, A. Tanatar, F.G. Demirkan, 
T. Coskuner, O. Akgun, M. Kasap Cuceoglu, G. Kavrul Kayaalp, S. Sahin, 
O. Basaran, F. Demir, K. Barut, M. Ciftel, D. Gurses, A. Baykan, Y. Ozsurekci, 
T. Karagoz, H.E. Sonmez, Y. Bilginer, N. Aktay Ayaz, O. Aydog, S. Yuksel, B. Sozeri, 
O. Kasapcopur, S. Ozen, Differences and similarities of multisystem inflammatory 
syndrome in children, Kawasaki disease and macrophage activating syndrome due 
to systemic juvenile idiopathic arthritis: a comparative study, Rheumatol. Int. 42 
(2022) 879–889. 

[21] A.J. Tulling, G. Lugthart, M.G. Mooij, C.L.H. Brackel, S.W.J. Terheggen-Lagro, 
R. Oostenbrink, C.M.P. Buysse, S. Hashimoto, W. Armbrust, M. Bannier, J. Bekhof, 
H.B. van Gameren-Oosterom, H. Hendriks, M.A. van Houten, J.W. van der Linden, 
A. Lebon, L. van Onzenoort-Bokken, G.A. Tramper-Stranders, M. van Veen, E.G. 
J. von Asmuth, E.P. Buddingh, on behalf of the COPP-study group, Severe pediatric 
COVID-19 and multisystem inflammatory syndrome in children from wild-type to 
population immunity: a prospective multicenter cohort study with real-time 
reporting, Pediatr. Infect. Dis. J. 42 (12) (2023) 1077–1085. 

[22] WHO Criteria Multisystem Inflammatory Syndrome in Children. n.d. 
[23] G.J. Schwartz, A. Munoz, M.F. Schneider, R.H. Mak, F. Kaskel, B.A. Warady, S. 

L. Furth, New equations to estimate GFR in children with CKD, J. Am. Soc. 
Nephrol. 20 (2009) 629–637. 

[24] V.A. Schneider, T. Graves-Lindsay, K. Howe, N. Bouk, H.C. Chen, P.A. Kitts, T. 
D. Murphy, K.D. Pruitt, F. Thibaud-Nissen, D. Albracht, R.S. Fulton, M. Kremitzki, 
V. Magrini, C. Markovic, S. McGrath, K.M. Steinberg, K. Auger, W. Chow, 
J. Collins, G. Harden, T. Hubbard, S. Pelan, J.T. Simpson, G. Threadgold, 
J. Torrance, J.M. Wood, L. Clarke, S. Koren, M. Boitano, P. Peluso, H. Li, C.S. Chin, 
A.M. Phillippy, R. Durbin, R.K. Wilson, P. Flicek, E.E. Eichler, D.M. Church, 
Evaluation of GRCh38 and de novo haploid genome assemblies demonstrates the 
enduring quality of the reference assembly, Genome Res. 27 (2017) 849–864. 

[25] W.T.K. Maassen, L.F. Johansson, B. Charbon, D. Hendriksen, S.V.D. Hoek, M. 
K. Slofstra, R. Mulder, M.T. Meems-Veldhuis, R. Sietsma, H.H. Lemmink, C.C. 
V. Diemen, M.E.V. Gijn, M.A. Swertz, K.J.V.D. Velde, MOLGENIS VIP: an open- 
source and modular pipeline for high-throughput and integrated DNA variant 
analysis, medRxiv (2024), 2024.2004.2011.24305656. 

[26] A. Bousfiha, A. Moundir, S.G. Tangye, C. Picard, L. Jeddane, W. Al-Herz, C. 
C. Rundles, J.L. Franco, S.M. Holland, C. Klein, T. Morio, E. Oksenhendler, A. Puel, 
J. Puck, M.R.J. Seppanen, R. Somech, H.C. Su, K.E. Sullivan, T.R. Torgerson, 
I. Meyts, The 2022 update of IUIS phenotypical classification for human inborn 
errors of immunity, J. Clin. Immunol. 42 (2022) 1508–1520. 

[27] S. Chen, L.C. Francioli, J.K. Goodrich, R.L. Collins, M. Kanai, Q. Wang, J. Alfoldi, N. 
A. Watts, C. Vittal, L.D. Gauthier, T. Poterba, M.W. Wilson, Y. Tarasova, W. Phu, 
R. Grant, M.T. Yohannes, Z. Koenig, Y. Farjoun, E. Banks, S. Donnelly, S. Gabriel, 
N. Gupta, S. Ferriera, C. Tolonen, S. Novod, L. Bergelson, D. Roazen, V. Ruano- 
Rubio, M. Covarrubias, C. Llanwarne, N. Petrillo, G. Wade, T. Jeandet, R. Munshi, 
K. Tibbetts, C. Genome Aggregation Database, A. O’Donnell-Luria, M. Solomonson, 
C. Seed, A.R. Martin, M.E. Talkowski, H.L. Rehm, M.J. Daly, G. Tiao, B.M. Neale, D. 
G. MacArthur, K.J. Karczewski, A genomic mutational constraint map using 
variation in 76,156 human genomes, Nature 625 (2024) 92–100. 

[28] S. Richards, N. Aziz, S. Bale, D. Bick, S. Das, J. Gastier-Foster, W.W. Grody, 
M. Hegde, E. Lyon, E. Spector, K. Voelkerding, H.L. Rehm, A.L.Q.A. Committee, 
Standards and guidelines for the interpretation of sequence variants: a joint 
consensus recommendation of the American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology, Genet. Med. 17 (2015) 
405–424. 

[29] K. Jaganathan, S. Kyriazopoulou Panagiotopoulou, J.F. McRae, S.F. Darbandi, 
D. Knowles, Y.I. Li, J.A. Kosmicki, J. Arbelaez, W. Cui, G.B. Schwartz, E.D. Chow, 
E. Kanterakis, H. Gao, A. Kia, S. Batzoglou, S.J. Sanders, K.K., Farh, predicting 
splicing from primary sequence with deep learning, Cell 176 (2019), 535–548 
e524. 

[30] P. Rentzsch, M. Schubach, J. Shendure, M. Kircher, CADD-splice-improving 
genome-wide variant effect prediction using deep learning-derived splice scores, 
Genome Med. 13 (2021) 31. 

[31] M. Rodriguez-Rubio, J.J. Menendez-Suso, C. Camara-Hijon, M. Rio-Garcia, 
M. Laplaza-Gonzalez, I. Amores-Hernandez, M.P. Romero-Gomez, E. Alvarez-Rojas, 
D. Salas-Mera, E. Lopez-Granados, P. de la Oliva, Cytokine profile in children with 
severe multisystem inflammatory syndrome related to the coronavirus disease 
2019, J. Pediatr. Intensive Care 11 (2022) 259–264. 

[32] C. Diorio, R. Shraim, L.A. Vella, J.R. Giles, A.E. Baxter, D.A. Oldridge, S.W. Canna, 
S.E. Henrickson, K.O. McNerney, F. Balamuth, C. Burudpakdee, J. Lee, T. Leng, 
A. Farrel, M.P. Lambert, K.E. Sullivan, E.J. Wherry, D.T. Teachey, H. Bassiri, E. 
M. Behrens, Proteomic profiling of MIS-C patients indicates heterogeneity relating 
to interferon gamma dysregulation and vascular endothelial dysfunction, Nat. 
Commun. 12 (2021) 7222. 

[33] D.B. Flies, L. Chen, The new B7s: playing a pivotal role in tumor immunity, 
J. Immunother. 30 (2007) 251–260. 

[34] S. De Biasi, M. Meschiari, L. Gibellini, C. Bellinazzi, R. Borella, L. Fidanza, L. Gozzi, 
A. Iannone, D. Lo Tartaro, M. Mattioli, A. Paolini, M. Menozzi, J. Milic, 
G. Franceschi, R. Fantini, R. Tonelli, M. Sita, M. Sarti, T. Trenti, L. Brugioni, 
L. Cicchetti, F. Facchinetti, A. Pietrangelo, E. Clini, M. Girardis, G. Guaraldi, 
C. Mussini, A. Cossarizza, Marked T cell activation, senescence, exhaustion and 
skewing towards TH17 in patients with COVID-19 pneumonia, Nat. Commun. 11 
(2020) 3434. 

[35] M.B. Jordan, C.E. Allen, S. Weitzman, A.H. Filipovich, K.L. McClain, How I treat 
hemophagocytic lymphohistiocytosis, Blood 118 (2011) 4041–4052. 

[36] I. Almazni, R.J. Stapley, A.O. Khan, N.V. Morgan, A comprehensive bioinformatic 
analysis of 126 patients with an inherited platelet disorder to identify both 
sequence and copy number genetic variants, Hum. Mutat. 41 (2020) 1848–1865. 

[37] K. Zhang, S. Chandrakasan, H. Chapman, C.A. Valencia, A. Husami, D. Kissell, J. 
A. Johnson, A.H. Filipovich, Synergistic defects of different molecules in the 
cytotoxic pathway lead to clinical familial hemophagocytic lymphohistiocytosis, 
Blood 124 (2014) 1331–1334. 

[38] C. Bloch, J.P. Jais, M. Gil, M. Boubaya, Y. Lepelletier, B. Bader-Meunier, 
N. Mahlaoui, N. Garcelon, O. Lambotte, D. Launay, C. Larroche, E. Lazaro, 
F. Liffermann, O. Lortholary, M. Michel, J.M. Michot, P. Morel, M. Cheminant, 
F. Suarez, L. Terriou, G. Urbanski, J.F. Viallard, A. Alcais, A. Fischer, G. de Saint 

A.J. Tulling et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0015
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0015
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0020
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0025
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0025
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0025
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0025
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0025
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0025
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0025
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0030
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0030
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0030
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0030
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0030
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0030
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0030
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0035
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0035
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0035
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0035
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0040
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0040
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0040
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0040
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0045
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0045
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0045
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0045
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0050
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0050
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0050
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0050
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0050
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0050
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0055
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0055
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0055
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0055
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0055
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0055
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0060
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0060
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0060
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0065
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0065
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0065
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0065
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0070
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0070
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0070
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0070
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0075
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0075
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0080
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0080
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0080
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0085
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0085
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0085
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0085
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0085
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0085
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0090
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0090
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0090
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0095
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0100
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0100
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0100
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0100
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0100
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0100
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0100
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0100
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0105
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0105
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0105
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0110
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0110
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0110
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0110
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0110
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0110
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0110
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0110
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0115
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0115
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0115
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0115
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0115
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0120
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0120
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0120
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0120
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0120
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0125
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0130
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0130
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0130
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0130
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0130
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0130
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0135
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0135
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0135
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0135
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0135
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0140
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0140
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0140
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0145
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0145
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0145
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0145
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0145
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0150
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0150
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0150
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0150
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0150
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0150
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0155
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0155
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0160
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0160
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0160
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0160
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0160
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0160
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0160
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0165
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0165
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0170
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0170
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0170
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0175
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0175
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0175
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0175
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0180
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0180
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0180
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0180


Clinical Immunology 264 (2024) 110252

9

Basile, O. Hermine, H.L.H.S.G. French, Severe adult hemophagocytic 
lymphohistiocytosis (HLHa) correlates with HLH-related gene variants, J. Allergy 
Clin. Immunol. 153 (2024) 256–264. 

[39] R. Khan, W. Ji, J. Guzman-Rivera, A. Madhvi, T. Andrews, B. Richlin, C. Suarez, 
S. Gaur, W. Cuddy, A.R. Singh, H. Bukulmez, D. Kaelber, Y. Kimura, U. Ganapathi, 
I.E. Michailidis, R. Ukey, S. Moroso-Fela, J.K. Kuster, M. Casseus, J. Roy, L. 

C. Kleinman, D.B. Horton, S.A. Lakhani, M.L. Gennaro, A genetically modulated 
Toll-like-receptor-tolerant phenotype in peripheral blood cells of children with 
multisystem inflammatory syndrome, medRxiv (2024). 

[40] M. Hensley, P. Jaggi, M.E. Oster, Not gone, and should not be forgotten: 
multisystem inflammatory syndrome in children, Pediatr. Infect. Dis. J. (2024). 

A.J. Tulling et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0180
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0180
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0180
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0185
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0185
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0185
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0185
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0185
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0185
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0190
http://refhub.elsevier.com/S1521-6616(24)00361-9/rf0190

	Serum proteomics reveals hemophagocytic lymphohistiocytosis-like phenotype in a subset of patients with multisystem inflamm ...
	1 Introduction
	2 Materials and methods
	2.1 Study design, setting, and participants
	2.2 Clinical and laboratory data collection
	2.3 Serum proteomics assays (Luminex and Olink)
	2.4 Whole-exome-sequencing
	2.5 Statistical analysis

	3 Results
	3.1 Thrombocytopenia in MIS-C correlates with HLH-associated laboratory markers, but not disease severity
	3.2 Thrombocytopenic MIS-C patients have a distinct HLH-like serum proteomic profile
	3.3 Genetic screening of HLH-associated genes did not identify any causative variants in patients with MIS-C, nor an enrich ...

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


