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Abstract  

Purpose: Our understanding of the inborn errors of immunity that cause immunodeficiencies is increasing however, 

their contribution to pediatric sepsis is unknown.  

Methods: We used whole exome sequencing to characterize variants previously reported in monogenic immunologic 

disorders in 330 children admitted to intensive care for severe sepsis. Candidate variants were restricted to novel 

null variants or rare variants classified as pathogenic or potentially pathogenic in Qiagen’s Human Genetic Mutation 

Database in a disease consistent inheritance pattern. 

Results: One in two children overall and two of three African American children had immunodeficiency-associated 

variants. Children with candidate variants had increased odds of isolating a blood or urinary pathogen (blood: OR 

2.05, 95% CI 1.16 - 3.65, p-value = 0.014, urine: OR: 2.35, 95% CI 1.02 – 5.41, p-value = 0.04) and laboratory 

evidence of increased immune activation with increased odds of hyperferritinemia (ferritin ≥ 500 ng/ml, OR: 1.92, 

95% CI: 1.16 – 3.20, p-value = 0.013) and lymphopenia (minimum lymphocyte count <1000/µL, OR: 1.62, 95% CI: 

1.03 – 2.55, p-value = 0.038).  

Conclusion: Herein, we describe the genetic findings in this pediatric sepsis cohort and their microbiologic and 

immunologic significance providing rationale for screening children with life-threatening infection for potential 

inborn errors of immunity.  

 

Keywords: sepsis, inborn errors of immunity, hyperinflammation, primary immunodeficiency 
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Introduction 

Severe sepsis remains a leading cause of morbidity and mortality with greater than 40 million annual cases 

worldwide and contributing to over 60% of pediatric deaths, emphasizing a critical need for insight into its 

pathobiology [1]. Inborn errors of immunity (IEI) have been hypothesized to underlie individual vulnerability to 

life-threatening infection, not just in primary immunodeficiencies, but also in sporadic cases of severe sepsis [2]. 

While these links have been explored in individual cases and pathogens, such as influenza [3], invasive 

pneumococcus [4], pseudomonas [5] and SARS-CoV2 infection [6], the prevalence of IEI has not been 

systematically evaluated among prospective pediatric severe sepsis cohorts.  

Advances in next generation sequencing (NGS) have led to an expanding understanding of the molecular 

basis of many IEI. In fact, the International Union of Immunologic Societies (IUIS) updates their catalogue of 

immunologic disorders with monogenic causes biannually, and currently describes over 300 genetic defects.[7] Due 

to the disorders' widespread phenotypic and genetic heterogeneity, exome sequencing (ES) is commonly used in 

their diagnosis. However, the broader application of ES to children with life-threatening infection has been hindered 

by challenges in variant interpretation. In addition to limited understanding of variant pathogenicity, on an 

individual level even known pathogenic variants are impacted by penetrance, expressivity and environment such that 

it may not cause disease in all individuals harboring it. This leads to a critical knowledge gap in our understanding 

of the prevalence and relevance of these inborn errors of immunity in pediatric severe sepsis.  

In the neonatal intensive care unit, genetic disease is recognized as a significant contributor to morbidity 

and mortality and rapid NGS sequencing has demonstrated reduced time to diagnosis and direct clinical impact 

[8,9]. In older children with concern for underlying genetic disease, comparable diagnostic rates to neonates have 

been observed nearing 40% with a median time to diagnosis of under 2 weeks. The two largest series utilizing 

sequencing to achieve molecular diagnosis in children admitted to the pediatric intensive care unit both included 

cases of unappreciated genetic immunodeficiency in the setting of life-threatening infection [10,11].   

Building on these results we used ES to test the hypothesis that variants in genes in the 2017 IUIS 

classification of Primary Immunodeficiency Diseases are common among children with severe sepsis and may 

represent potential cases of immunodeficiency.  
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Methods 

Subject Selection 

All pediatric severe sepsis admissions between 44 weeks Post Gestational Age and 18 years old admitted to 

one of nine Pediatric Intensive Care Units in the Eunice Kennedy Shriver National Institute of Child Health and 

Human Development Collaborative Pediatric Critical Care Research Network (NICHD-CPCCRN) between 2015-

2017 with a central venous or arterial catheter and a commitment to aggressive care were eligible. The study was 

approved by the central Institutional Review Board and all 9 individual site Institutional Review Boards.  Written 

informed consent was obtained from one or more parents/guardians for each child.  Assent was garnered when the 

child was able. Sepsis was defined as the presence of suspected or documented infection AND evidence of two of 

the following Systemic Inflammatory Response criteria (1. Tachycardia (heart rate > 90th percentile for age, 2. 

Tachypnea (respiratory rate > 90th percentile for age), 3. Abnormal temperature (< 36°C or > 38.5°C), and 4. 

Abnormal WBC count (> 12,000/mm3   or < 4,000/mm3 or > 10% immature neutrophils). Severe sepsis was defined 

by the previously mentioned criteria AND at least one organ failure defined using the organ failure index (OFI) 

(cardiovascular: need for cardiovascular infusion support; pulmonary: need for mechanical ventilation support with 

the ratio of the PaO2/FIO2 < 300 without this support; hepatic—total bilirubin > 1.0 mg/dL and alanine 

aminotransferase > 100 U/L; renal: serum creatinine > 1.0 mg/dL and oliguria [urine output < 0.5 mL/kg/hr]; 

hematologic: thrombocytopenia < 100,000/mm3 and international normalized ratio > 1.5 × normal; and CNS: 

Glasgow Coma Scale < 12 in absence of sedatives) [12]. 

DNA Extraction and Exome Sequencing  

A total 401 pediatric patients with severe sepsis were enrolled, of whom 381 parents (95%) provided 

consent for sequencing. Whole blood DNA extraction was performed and 330 individuals completed ES (median 

DNA yield 39.24𝜇g, IQR: 20.19	𝜇g - 71.49	𝜇g) and 51 would have insufficient DNA (median yield 1.120	𝜇g, IQR: 

0.205	𝜇g - 3.455	𝜇g, p-value < 0.0001). Those with insufficient DNA extraction had a lower median lymphocyte 

count on the day of sequencing (230 versus 1200 cells per µl, p = 1.43 x10-10), were older (median age 8.5y v 5.3y, 

p-value = 0.0008), less likely to be previously healthy (13.7% versus 47.9%, p-value = 2.8 x 10-6), more likely to 

have malignancy (47.1% versus 7.0%, p-value = 9.21x10-12), and suffered higher mortality (23.5% versus 8.5%, p-

value = 0.0028).  
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DNA was extracted from whole blood using standard methods. ES was performed on the Ion Torrent 

Platform at the University of Pittsburgh Genomics Research Core Laboratory. Libraries were constructed using the 

Ampliseq Exome RDY (ThermoFischer) with 100x target coverage.  FASTQ files were aligned to homo sapiens 

reference sequence GRCh37/hg19 to generate VCF files. The Fabric Genomics Opal software platform (Fabric 

Genomics Inc, CA) was used to identify nonsynonymous variants including missense, nonsense, frameshift, start 

site, or splice site (+/- 2bp) mutations. Candidate variants were filtered for a minimum coverage >10x and a PHRED 

score >20 for quality control.  

Candidate Gene Filter 

The IUIS’ report of Inborn Errors of Immunity currently lists 328 genes as causes of over 350 monogenic 

primary immunodeficiencies [7] (Table S1). Candidate variants were restricted this gene list, with a minor allele 

frequency (MAF) less than 0.05 in the ExAC, 1000 Genome, NHLBI-ESP 6500 and gnomAD databases. Variants 

were required to exhibit a disease-consistent inheritance pattern (one variant for autosomal dominant disorders or X-

linked disorders in males, and two variants for autosomal recessive disorders). For disorders with evidence 

supporting both recessive and dominant inheritance, only a single heterozygous variant was required. Additionally, 

missense variants were limited to only those classified as disease mutation (DM) or disease mutation? (DM?) in 

Qiagen’s Professional Human Genetic Mutation Database (HGMD) based on peer-reviewed literature of the variant 

in human disease. The DM? designation indicates uncertainty in the link between variant and disease phenotype, and 

is a potential rather than definitive association between the variant and immunodeficiency. In this manuscript, these 

DM and DM? variants will be defined as pathogenic and potentially pathogenic respectively. Therefore, for all 

candidate missense variants, the specific amino acid change observed in our cohort was also seen in a prior report of 

human immune deficiency in the peer-reviewed literature. Unique null variants (nonsense, frameshift, canonical 

+/−1 or 2 splice sites and initiation codon) found in a disease-causing inheritance pattern were treated as potentially 

pathogenic per the American College of Medical Genetics (ACMG) standards and guidelines for the interpretation 

of sequence variants [13]. Highly recurrent null variants were filtered from the dataset, due to high likelihood that 

they represented sequencing error or had no impact on gene function.  
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Statistical Methods 

Comparisons between baseline characteristics and outcome were made between groups of children with 

and without identified inborn errors of immunity using 𝜒2 testing for categorical variables and Wilcoxon rank sum 

for continuous variables using a p-value threshold of 0.05.  

For individual identified variants, a cohort MAF was computed (Table S2) and compared using 𝜒2 testing to 

gnomAD (https://gnomad.broadinstitute.org/ v2.1.1) a publicly available reference database of sequencing data from 

141,456 individuals from which individuals with severe pediatric diseases are actively excluded [14]. This approach 

has been used to identify overrepresented monogenic variants in cohorts of individuals with rare diseases [15]. 

Additional MAF comparisons were made between 1.) African Americans and non-African Americans in the 

pediatric sepsis cohort, and 2.) African American in the sepsis cohort and individuals of African heritage in 

gnomAD. P-values were adjusted for multiple testing using the Benjamini-Hochberg method for the number of 

identified variants. Significance threshold was a p-value of 0.05 after multiple test corrections. All frequency 

calculations and statistical comparisons were completed using R version 3.5.1. 

 

Results 

Prevalence of Pathogenic and Potentially Pathogenic Variants Associated with Inborn Errors of Immunity in 

Children with Severe Sepsis 

Among the 330 sequenced individuals, we limited our inquiry to those genes known to cause monogenic 

IEI as catalogued by the IUIS. Candidate variants were further restricted to either novel null variants in genes where 

nonsense mutations are a known disease mechanism or other variants classified in HGMD [16] as pathogenic or 

potentially pathogenic in a disease causing inheritance pattern. As shown in Fig. 1, the identified variants exhibited 

both locus and allele diversity, with 317 total variants observations at 117 loci in 191 individuals (57.9%) including 

85 previously healthy children (Table 1, Fig. 1). Additionally, more than 2/3 of African American or Black children 

with severe sepsis (51 of 70, 72%, p-value = 0.0042) were found to have a genetic variant previously associated with 

IEI (Table 1). While most individuals harbored single IEI (N=114, 59.7% of positive ES), 47 children had at two 

variants in an immune system gene, 17 had 3 (5%), and 13 had 4 or more (4%, range 1-7, Fig. 2, Table S3).  

Among these 317 variants, 181 variants were associated with autosomal dominant disorders (N = 139 

individuals), 7 patients were homozygous for variants in conditions with autosomal recessive inheritance and 18 had 
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two variants in these genes (N = 15 individuals) and two X-linked recessive disorders (N = 2 individuals).  109 

variants were associated with disorders that can be inherited in either an autosomal dominant or autosomal recessive 

manner (N = 87 individuals). For these conditions, only a single monoallelic variant was required. 

 

Association of IEI Status with Infection Site and Laboratory Markers of inflammatory State  

Review of microbiologic data showed that the presence of IEI-variants associated with anatomic site of 

pathogen identification (Fig. 3a). Children with IEI variants had increased odds of culturing a pathogen from either 

the blood stream or urinary tract (blood culture positive: OR 1.90, 95% CI 1.02 - 3.52, p-value = 0.040; urine culture 

positive: OR: 2.35, 95% CI 1.02 – 5.41, p-value = 0.04). The strength of this association increased when 

conventional blood culture results were supplemented with PCR blood pathogen identification (OR 2.05, 95% CI 

1.16 - 3.65, p-value = 0.013). Notably, there was no significant difference in odds of having bacteria cultured from 

the respiratory tract. 

Additionally, we sought to identify differences in laboratory markers of immunologic activation between 

those with and without IEI. As seen in Fig. 3b, Children with IEI-associated variants were more likely to be 

lymphopenic (minimum lymphocyte count < 1000/µL, OR: 1.62, 95% CI: 1.03 – 2.55, p-value = 0.038) and 

hyperferritinemic (ferritin > 500 ng/ml, OR: 1.92, 95% CI: 1.16 – 3.20, p-value = 0.013) at any point on study, both 

markers of systemic inflammation and known risk factors for sepsis mortality [17,18]. There were also trends 

toward increased odds of having CRP > 10mg/dl (OR: 1.57, 95% CI: 1.01 – 2.44, p-value = 0.057) and platelet 

count < 150 x 1003/µL (OR: 1.57 , 95% CI: 1.01 – 2.46, p-value = 0.053), also markers of increased inflammation. 

Children with variants also displayed significant differences in absolute lab values with a lower minimum 

lymphocyte count (median, [IQR] : 740, [330 – 1300] v. 940/µL, [470 - 1520], p-value = 0.02) and minimum 

platelet count (median, [IQR] : 105.5, [40.3 – 192.0] v. 136.0 x1003/µL, [62 – 212.0], p-value = 0.04). A trend 

towards higher absolute CRP levels (median, [IQR] : 12.0, [4.8 – 20.8] v. 9.2 mg/dL, [3.0 – 17.7], p-value = 0.051) 

was observed between groups. 

IEI Variants According to International Union of Immunologic Society Functional Class 

Identified variants occurred across the full spectrum of functional of primary immunodeficiencies classes 

delineated by the IUIS and included complement disorders, autoinflammatory disorders, combined 

immunodeficiencies with associated or syndromic defects, congenital defects of phagocyte number and function, 
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disorders of immune dysregulation, defects in innate and intrinsic immunity, predominantly antibody deficiencies 

and immunodeficiencies affecting cellular and humoral immunity (Fig. 1, Table S4). Participant variant data 

including zygosity, previous publications, and gnomad allele frequency can be found in Table S3.  

 Complement variants previously implicated in atypical hemolytic uremic syndrome (aHUS) were the most 

common IUIS disease process. In total 137 complement mutations were identified in 92 individuals (27.9%, Fig. 1, 

Table S4). The most commonly encountered variants in this group included CFH (c.3148A>T; p.Asn1050Tyr), C3 

(c.1407G>C; p.Glu469Asp) and CFHR3 (c.424 C>T; p.Arg142Cys), all previously described in aHUS [19–23].  We 

also identified several other variants in the alternative complement pathways previously reported in atypical 

hemolytic uremic syndrome including: CFHR5, CFI, CD46, CFI, CFB, CFHR3, THBD and CFHR4.   

The next most frequently encountered group of variants were related to autoinflammatory conditions (Fig. 

1, Table S4). They occurred in 72 individuals and included previously identified pathogenic or potentially 

pathogenic variants in MEFV, NLRP3, NLRP12, TNFRSF1A, CARD14, NOD2, and PSTPIP1. The most commonly 

identified variant in this group, NLRP3 c.2113C>A; p.Gln705Lys was carried by 21 individuals, and was 

homozygous in one. Other variants seen in the cohort where the same amino acid change has previously been 

observed in other autoinflammatory disorders including Familial Mediterranean fever (MEFV), familial cold 

inflammatory syndrome type 2 (NLRP12), TNF receptor-associated periodic syndrome (TNFRSF1A), Blau 

Syndrome (NOD2), pyogenic sterile arthritis, pyoderma gangrenosum acne syndrome (PSTPIP1) and CARD 

mediated pustular psoriasis (CARD14).  

The remaining other pathogenic or potentially pathogenic variants according to IUIS Classification of 

Primary Immunodeficiencies from most to least common include: Combined immunodeficiencies with associated or 

syndromic features: KMT2D, TERT, RTEL1, SPINK5, TBX1; congenital defects of phagocyte number and function: 

ELANE, CFTR, ITGB2, GATA2; disorders of immune dysregulation: AIRE, UNC13D, PRF1, CASP10, FAS, 

CTLA4, XIAP; defects of innate and intrinsic immunity: TINF2, IRF3, STAT1, IL17RA, TICAM1; Predominantly 

antibody deficiencies: TNFRSF13B, TCF3, TTC37; and mutations affecting cellular and humoral immunity: IL2RG, 

TAP1; and (Fig. 1, Table S4).  

 

Specific Variants Overrepresented in the Pediatric Sepsis Cohort Compared to gnomAD 
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After candidate variant identification, we sought to find statistical evidence of overrepresentation in 

children with severe sepsis in comparison to participants in the gnomAD database 

(https://gnomad.broadinstitute.org/, v2.1.1), to identify variants that may contribute to severe sepsis risk [14]. A 

summary of statistically significant findings is provided in Table 2. Several complement variants were significantly 

over-represented; C3 (c.1407G>C; p.Glu469Asp), was seen 4.7 times more often in children with sepsis than in the 

gnomAD database, (N = 15, adjusted p-value = 1.1x10-7) as well as C3 (c.443G>A; p.Arg148Gln, MAF ratio = 

214.2, N = 1, adjusted p-value = 4.1 x10-7) both activating variants of the main complement convertase [22].  

CFHR3 was also overrepresented (c.424C>T; p.Arg142Cys, MAF ratio 2.9, N = 15, adjusted p-value = 6.1 x10-3), a 

member of the CFH family of genes with a key role in downregulating complement [24]. In addition, IRF3 

(c.829G>A; p.Ala277Thr), a transcriptional regulator of type I interferon (IFN)-dependent immune responses and 

variant associated with impaired IFN-β and CXCL10 production after viral stimulation [25], was over-represented in 

the sepsis cohort with an MAF ratio of 3.4 compared to gnomAD (N = 9, adjusted p-value = 0.04). A complete 

listing of allele counts, minor allele frequencies and variant-wise comparisons can be found in Table S3. 

 

Specific Variants Overrepresented in African American Children with Severe Sepsis 

After showing that children of African American ancestry were at increased odds of having pathogenic or 

potentially pathogenic variants identified, we sought to identify the specific variants contributing to this association 

(Fig. 4). Again, complement variants are common but represent a higher proportion of variants identified (Fig. 4 

versus Fig. 1). When highlighting ancestry based differences by comparing African American to Non-African 

American children within our sepsis cohort, the activating complement convertase variant C3 (c.1407G>C; 

p.Glu469Asp), complement regulatory variants CFHR3 (c.424C>T; p.Arg142Cys) and CFHR5 (c.434G>A; 

p.Gly145Glu), and TNFRSF1A (c.224C>T; p.Pro75Leu) an autoinflammation variant associated with increased NF-

kB p65 activity and IL-8 secretion [26] were overrepresented (Table 2). Next, we compared MAF in children of 

African American ancestry from the sepsis cohort to individuals of African descent in gnomAD, highlighting 

potential predisposing factors for severe sepsis among groups of similar ancestral background. While limited by 

small numbers, we saw that C3 (c. 443G>A; p.Arg148Gln) and CFH (c.2850G>T; p.Gln950His) were both more 

common than expected in African American children with sepsis (Table 2).  
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Discussion 

Over half of the children with severe sepsis in our sample were found to have at least one variant where the 

same amino acid change was previously linked to an inborn error of immunity. Further, the presence of these 

variants associated with increased odds of pathogen identification in blood and urine and increased odds of 

lymphopenia and hyperferritinemia. While recurrent, severe or atypical infection is a classic characteristic of 

primary immunodeficiencies, this work suggests that life-threatening infection in the absence of known 

immunodeficiency may be related to deleterious variants in genes previously associated with inborn errors of 

immunity. This may be especially true of children in tertiary intensive care units in resource rich settings, as they 

may represent a significantly enriched population as a result of immunization practices, early and aggressive 

antibiotic treatment, and the low rates of endemic invasive infection. 

Overall, the landscape of potential IEI in children with severe sepsis was highly heterogeneous at both the 

gene and allele level, reflecting cohort diversity, which included all children with severe sepsis. As such, we 

identified a wide range of defects affecting diverse aspects of host immune response with variably severe 

phenotypes. Previously, in six of six adults with extreme hyperferritinemic sepsis we also observed these inborn 

errors of immunity including variants previously described in atypical hemolytic uremic syndrome, hemophagocytic 

lymphohistiocytosis, familial Mediterranean fever and cryopyrin associated periodic syndrome, suggesting that these 

findings may also be relevant to a subset of adults with hyperinflammatory sepsis phenotypes [27]. 

Both in the cohort as a whole, and in children of African American ancestry complement variants were 

frequent. Complement is a part of the innate immune system that functions in early response to pathogens. 

Inactivating variants lead to increased susceptibility to bacterial pathogens such as meningococcus [28], invasive 

pneumococcal disease [4] and can be selected against in humans in the setting of endemic infection [29]. However, 

this improved pathogen clearance may come with a cost of increased tendency towards inflammation and thrombotic 

microangiopathy [30]. C3 c.1407G>C and CFHR3 c.424C>T, the most common in our cohort, have been reported 

as causal variants for aHUS [22,24] and were statistically overrepresented in comparison to gnomAD. In addition to 

being reported in aHUS (required for their inclusion), other identified complement variants have been associated 

with thromboembolic phenotypes [31] including recurrent pregnancy loss (C3 c.2203C>T) [32], HELLP syndrome 
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(CD46 c.1058C>T, CD46 c.38C>T ) [33,34]  and drug-induced thrombotic microangiopathy (CFH c.2850G>T, 

CFH c.3148A>T) [35].  This suggests the variants may convey risk for a hyperactivated complement response 

following infection or other immunologic triggers.  

When considering the frequency of complement variation in the study population, it is important to 

emphasize the ancestry-specific differences. For C3 c.1407G>C and CFHR3 c.424C>T, the overrepresentation may 

be explained in part due to their frequency in African American children. CFHR5 c.434G>A and TNFRSF1A 

c.224C>T, a gene that encodes a TNF-a innate immune receptor that can directly activate complement signaling 

[36], were also more common among African American children with sepsis than in children of other ancestral 

backgrounds. Still, these effects do not seem completely explained by population stratification, as in comparison to 

African gnomAD participants, African American children with sepsis more commonly carried CFH c.2850G>T and 

C3 c.443G>A variants. While gnomAD participants of African background are an imperfect control as genetic 

variation can differ significantly by geographic region, previous reports of disease association argue for their 

functional relevance and emphasize the role of complement in sepsis pathobiology in African American children. 

These findings raise the question as to whether differences in pediatric sepsis outcome and severity of illness that 

associate with ancestral background may in some instances be genetically mediated, perhaps related to differences in 

inflammatory response. Regardless, they emphasize the need for diverse cohorts in future studies of genetic risk in 

pediatric sepsis. 

The second most commonly encountered functional group were variants related to Autoinflammatory 

conditions. Genetic mutations in NLRP3 cause the cryopyrin-associated periodic syndromes including familial cold 

inflammatory syndrome, Muckle-Wells syndrome and neonatal-onset multisystem inflammatory disorder (NOMID). 

These autoinflammatory disorders are monogenic inflammasomopathies inherited in an autosomal dominant pattern 

with incomplete penetrance. The specific NLRP3 p.Gln705Lys variant leads to constitutive hyperactivation with 

increased IL-1b and IL-18 synthesis [37] that has been linked to an intensified acute phase response [38]. MEFV 

variants, previously reported in Familial Mediterranean Fever were also commonly encountered and have been 

associated with an exaggerated immune response to infection with larger increases in WBC count, ESR and LDH 

levels accompanied by measurable differences in tachycardia and hypotension [39].   

IRF3 (c.829G>A; p.Ala277Thr) variants were also encountered 3.4 times more commonly in the pediatric 

sepsis cohort than expected in gnomAD (adjusted p-value = 0.04). Heterozygous IRF3 variants (c.829G>A; 
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p.Ala277Thr) have been described in herpes simplex encephalitis. As a regulator of the type-1 interferon response, 

peripheral blood mononuclear cells isolated from individuals with IRF3 c. 829G>A have significantly lower 

CXCL10 and IFN-b levels, following poly(I:C), HSV-1 (a DNA virus) and RNA virus infection, demonstrating 

impaired innate antiviral response [25]. Additionally, other IRF3 variants have been shown to be overrepresented 

among individuals with life-threatening COVID-19 infection, where they are postulated to contribute to impaired 

viral clearance [40]. As viral infections are a common cause of sepsis in children, this leads us to hypothesize that 

genetic interferon pathway variation may be related to risk for severe viral illness in general.  

Other key findings of the study include that if offered in the intensive care unit, genetic testing for 

immunologic disease is agreed to by 95% of parents of children with sepsis. The acceptability of genomic testing is 

important in light of current questions regarding patient and family preferences regarding genetic diagnosis. We also 

found that insufficient sampling of DNA from peripheral blood in the setting of lymphopenia was common, 

suggesting a role for alternative sampling techniques including buccal mucosa, saliva or uroepithelial cells. This is 

of considerable importance, as sepsis patients with lymphopenia are known to be at greater risk of morbidity and 

mortality [17]. 

The main limitation of our study is that while the presence of a pathogenic or potentially pathogenic variant 

in a disease consistent inheritance pattern is remarkable, on an individual basis a variant cannot be equated with 

immunodeficiency. While candidate variants were restricted to those with prior associations with disease in humans, 

literature-based classifications are likely to misclassify a portion of variants. Therefore, even autosomal dominant 

conditions represent cases of potential rather than confirmed immunodeficiency. While it is unlikely that the 

majority of children with candidate variants represent missed diagnoses of primary immunodeficiency, the repeated 

observation of previously reported variants in a disease consistent inheritance pattern argues against interpretation as 

incidental. While a fraction of these children may currently or in the future meet classic immunodeficiency 

definitions, the remainder may reflect a phenotypic spectrum, where genetic heterogeneity impacts sepsis-risk or 

immunologic phenotype during infection, short of overt immunodeficiency. This phenotypic spectrum is impacted 

by penetrance, expressivity, epistasis, gene-gene interactions and environmental factors. Subsequently, the 

molecular findings of inborn errors of immunity are related to, but remain distinct from the clinical diagnosis of 

immunodeficiency. Other notable limitations include the 15 cases of potential autosomal recessive biallelic disease, 

where ES is unable to differentiate in cis from in trans variants in the absence of parental sampling. ES also fails to 
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identify regulatory, structural and copy number variants that may contribute to the genetic landscape of pediatric 

sepsis. Future study is needed to clarify the role that these genetic findings play in predisposition to infection, 

differential immune response, severity of illness and recurrence risk between ancestry groups and among individuals 

with shared genetic risk.  

Conclusions 

In conclusion genetic variation previously linked to inborn errors of immunity is common in our pediatric 

severe sepsis cohort. These variants were associated with infection site and laboratory markers of reflective of 

activated inflammatory states. This suggests that screening of children with severe sepsis for unappreciated heritable 

immunologic disease is warranted with subsequent evaluation by clinical geneticists to determine clinical 

significance.  In the future, the pathobiologic insights afforded by this approach could facilitate a genome-driven 

precision medicine approach for children with severe sepsis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 15 

Declarations  

Ethical Approval 

The study was approved by the central Institutional Review Board and all 9 individual site Institutional Review 

Boards 

Consent to Participate 

Written informed consent was obtained from one or more parents/guardians for each child. Written assent was 

garnered when the child was able. 

Consent to Publish 

This consent provided consent for participation in the study, as well as consent for publication of study results. 

Authors Contributions 

This study was conceptualized by JAC, DAN, JMD, JL, UC and JV. Data curation was performed by KK, RS, DH, 

UC and RB. KK, LGG, RB, HJP, RWR performed formal analysis. Funding was acquired by JAC. The 

Investigation was performed by KK, JL, DH, UC, RS, JAC, RAB, DW, MMP, KM, MH, CN, JCL, AD, TS, TC, 

REH, AFZ, JMD.  Methodology was created by JAC, JV, JL, JMD, DAN. Supervision of the project was performed 

by JAC, JV, LGG, JMD, DAN.  Visualization and original draft writing was performed by KK. All authors provided 

critical feedback and helped shape the research, analysis and manuscript. 

Funding 

Supported, in part, by grant R01GM108618 (to Dr. Carcillo) from the National Institutes of General Medical 

Sciences, by grant K12HD047349 (to Dr. Kernan) and 5U01HD049934-10S1 (to Dr. Carcillo) from the Eunice 

Kennedy Shriver National Institutes of Child Health and Human Development, National Institutes of Health, 

Department of Health and Human Services and the following cooperative agreements: U10HD049983, 

U10HD050096, U10HD049981, U10HD063108, U10HD63106, U10HD063114, U10HD050012, and 

U01HD049934. 

Competing Interests 

Drs. Carcillo’s, Berg’s, Wessel’s, Pollack’s, Meert’s, Hall’s, Doctor’s, Cornell’s, Harrison’s, Zuppa’s, Reeder’s, 

Banks’s, and Holubkov’s institutions received funding from the National Institutes of Health (NIH). Drs. Carcillo’s, 

Newth’s, Shanley’s, and Dean’s institutions received funding from the National Institutes of Child Health and 

Human Development. Drs. Carcillo, Berg, Wessel, Polack, Meert, Hall, Newth, Doctor, Shanley, Cornell, Harrison, 



 16 

Zuppa, Reeder, Banks, Holubkov, Notterman, and Dean received support for article research from the NIH. Dr. 

Carcillo’s institution also received funding from the National Institutes of General Medical Sciences. Dr. Pollack 

disclosed that his research is supported by philanthropy from Mallinckrodt Pharmaceuticals. Dr. Hall received 

funding from Bristol Myers-Squibb (for service on an advisory board) and LaJolla Pharmaceuticals (service as a 

consultant), both unrelated to the current submission. Dr. Newth received funding from Philips Research North 

America. Dr. Doctor’s institution received funding from the Department of Defense and Kalocyte. Dr. Shanley 

received funding from Springer publishing, International Pediatric Research Foundation, and Pediatric Academic 

Societies. Dr. Cornell disclosed he is co-founder of Pre-Dixon Bio. Dr. Holubkov received funding from Pfizer 

(Data Safety Monitoring Board [DSMB] member), Medimmune (DSMB member), Physicians Committee for 

Responsible Medicine (biostatistical consulting), DURECT Corporation (biostatistical consulting), Armaron Bio 

(DSMB past member), and St Jude Medical (DSMB past member). Dr. Notterman received funding from the 

National Institutes of Health. The remaining authors have disclosed that they do not have any potential conflicts of 

interest. 

Availability of Data and Material 

All data used in this analysis is available in the Main and Extended Tables. 

 

Code Availability 

 

Not applicable. 

 

 



 17 

1.  Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, et al. Global, regional, and 

national sepsis incidence and mortality, 1990–2017: analysis for the Global Burden of Disease Study. 

Lancet [Internet]. 2020;395(10219):200–11. Available from: http://dx.doi.org/10.1016/S0140-

6736(19)32989-7 

2.  Casanova J-L. Severe infectious diseases of childhood as monogenic inborn errors of immunity. Proc Natl 

Acad Sci [Internet]. 2015 Nov 30 [cited 2017 Sep 28];112(51):201521651. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/26621750 

3.  Schulert GS, Canna SW. Convergent pathways of the hyperferritinemic syndromes. Int Immunol [Internet]. 

2018 Apr 25 [cited 2019 Feb 28];30(5):195–203. Available from: 

https://academic.oup.com/intimm/article/30/5/195/4840606 

4.  Gaschignard J, Levy C, Chrabieh M, Boisson B, Bost-Bru C, Dauger S, et al. Invasive pneumococcal 

disease in children can reveal a primary immunodeficiency. Clin Infect Dis. 2014 Jul 15;59(2):244–51.  

5.  Asgari S, McLaren PJ, Peake J, Wong M, Wong R, Bartha I, et al. Exome sequencing reveals primary 

immunodeficiencies in children with community-acquired Pseudomonas aeruginosa sepsis. Front Immunol. 

2016;7(SEP):1–11.  

6.  van der Made CI, Simons A, Schuurs-Hoeijmakers J, van den Heuvel G, Mantere T, Kersten S, et al. 

Presence of Genetic Variants Among Young Men With Severe COVID-19. JAMA [Internet]. 2020 Jul 24 

[cited 2020 Aug 4]; Available from: https://jamanetwork.com/journals/jama/fullarticle/2768926 

7.  Picard C, Bobby Gaspar H, Al-Herz W, Bousfiha A, Casanova J-L, Chatila T, et al. International Union of 

Immunological Societies: 2017 Primary Immunodeficiency Diseases Committee Report on Inborn Errors of 

Immunity. J Clin Immunol [Internet]. 2018 [cited 2019 Sep 19];38(1):96–128. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/29226302 

8.  Petrikin JE, Cakici JA, Clark MM, Willig LK, Sweeney NM, Farrow EG, et al. The NSIGHT1-randomized 

controlled trial: Rapid whole-genome sequencing for accelerated etiologic diagnosis in critically ill infants. 

npj Genomic Med. 2018 Dec 1;3(1).  

9.  Saunders CJ, Miller NA, Soden SE, Dinwiddie DL, Noll A, Alnadi NA, et al. Rapid whole-genome 

sequencing for genetic disease diagnosis in neonatal intensive care units. Sci Transl Med. 2012 Oct 

3;4(154).  



 18 

10.  Mestek-Boukhibar L, Clement E, Jones WD, Drury S, Ocaka L, Gagunashvili A, et al. Rapid Paediatric 

Sequencing (RaPS): Comprehensive real-life workflow for rapid diagnosis of critically ill children. J Med 

Genet. 2018 Nov 1;55(11):721–8.  

11.  Sanford EF, Clark MM, Farnaes L, Williams MR, Perry JC, Ingulli EG, et al. Rapid Whole Genome 

Sequencing Has Clinical Utility in Children in the PICU. Pediatr Crit Care Med. 2019 Jun;1.  

12.  Doughty L, Clark RSB, Kaplan SS, Sasser H, Carcillo J. sFas and sFas Ligand and Pediatric Sepsis-Induced 

Multiple Organ Failure Syndrome. Pediatr Res [Internet]. 2002 Dec 1 [cited 2019 Feb 25];52(6):922–7. 

Available from: http://www.nature.com/doifinder/10.1203/00006450-200212000-00018 

13.  Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. 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 [Internet]. 2015 May 

[cited 2017 Sep 5];17(5):405–24. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25741868 

14.  Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alföldi J, Wang Q, et al. The mutational constraint 

spectrum quantified from variation in 141,456 humans. Nature [Internet]. 2020 May 28 [cited 2020 Aug 

3];581(7809):434–43. Available from: https://doi.org/10.1038/s41586-020-2308-7 

15.  Osborne AJ, Breno M, Borsa NG, Bu F, Frémeaux-Bacchi V, Gale DP, et al. Statistical Validation of Rare 

Complement Variants Provides Insights into the Molecular Basis of Atypical Hemolytic Uremic Syndrome 

and C3 Glomerulopathy. J Immunol [Internet]. 2018 Apr 1 [cited 2018 Aug 15];200(7):2464–78. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/29500241 

16.  Stenson PD, Mort M, Ball E V, Shaw K, Phillips A, Cooper DN. The Human Gene Mutation Database: 

building a comprehensive mutation repository for clinical and molecular genetics, diagnostic testing and 

personalized genomic medicine. Hum Genet. 2014 Jan 28;133(1):1–9.  

17.  Felmet KA, Hall MW, Clark RSB, Jaffe R, Carcillo JA. Prolonged Lymphopenia, Lymphoid Depletion, and 

Hypoprolactinemia in Children with Nosocomial Sepsis and Multiple Organ Failure. J Immunol [Internet]. 

2005 Mar 15 [cited 2021 Jan 21];174(6):3765–72. Available from: 

https://pubmed.ncbi.nlm.nih.gov/15749917/ 

18.  Bennett TD, Hayward KN, Farris RW, Ringold S, Wallace CA, Brogan T V. Very high serum ferritin levels 

are associated with increased mortality and critical care in pediatric patients. Pediatr Crit Care Med 



 19 

[Internet]. 2011;12(6):e233-6. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21263363 

19.  Geerlings MJ, Volokhina EB, de Jong EK, van de Kar N, Pauper M, Hoyng CB, et al. Genotype-phenotype 

correlations of low-frequency variants in the complement system in renal disease and age-related macular 

degeneration. Clin Genet [Internet]. 2018 Oct 1 [cited 2020 Apr 26];94(3–4):330–8. Available from: 

http://doi.wiley.com/10.1111/cge.13392 

20.  Besbas N, Gulhan B, Soylemezoglu O, Ozcakar ZB, Korkmaz E, Hayran M, et al. Turkish pediatric atypical 

hemolytic uremic syndrome registry: initial analysis of 146 patients. BMC Nephrol [Internet]. 2017 Jan 5 

[cited 2018 Aug 17];18(1):6. Available from: 

http://bmcnephrol.biomedcentral.com/articles/10.1186/s12882-016-0420-6 

21.  Fidalgo T, Martinho P, Pinto CS, Oliveira AC, Salvado R, Borràs N, et al. Combined study of ADAMTS13 

and complement genes in the diagnosis of thrombotic microangiopathies using next-generation sequencing. 

Res Pract Thromb Haemost. 2017 Jul;1(1):69–80.  

22.  Schramm EC, Roumenina LT, Rybkine T, Chauvet S, Vieira-Martins P, Hue C, et al. Mapping interactions 

between complement C3 and regulators using mutations in atypical hemolytic uremic syndrome. Blood. 

2015 Apr 9;125(15):2359–69.  

23.  Chapin J, Eyler S, Smith R, Tsai H-M, Laurence J. Complement factor H mutations are present in 

ADAMTS13-deficient, ticlopidine-associated thrombotic microangiopathies. Blood [Internet]. 2013 May 9 

[cited 2020 May 13];121(19):4012–3. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23660864 

24.  Zhang T, Lu J, Liang S, Chen D, Zhang H, Zeng C, et al. Comprehensive analysis of complement genes in 

patients with atypical hemolytic uremic syndrome. Am J Nephrol [Internet]. 2016 May 1 [cited 2020 Dec 

10];43(3):160–9. Available from: https://pubmed.ncbi.nlm.nih.gov/27064621/ 

25.  Mørk N, Kofod-Olsen E, Sørensen KB, Bach E, Ørntoft TF, Østergaard L, et al. Mutations in the TLR3 

signaling pathway and beyond in adult patients with herpes simplex encephalitis. Genes Immun [Internet]. 

2015 Dec 1 [cited 2020 Aug 14];16(8):552–66. Available from: http://exac.broadinstitute.org 

26.  Nedjai B, Hitman GA, Church LD, Minden K, Whiteford ML, McKee S, et al. Differential cytokine 

secretion results from p65 and c-Rel NF-κB subunit signaling in peripheral blood mononuclear cells of TNF 

receptor-associated periodic syndrome patients. Cell Immunol. 2011 Jan 1;268(2):55–9.  

27.  Kernan KF, Ghaloul-Gonzalez L, Shakoory B, Kellum JA, Angus DC, Carcillo JA. Adults with septic shock 



 20 

and extreme hyperferritinemia exhibit pathogenic immune variation. Genes Immun [Internet]. 2018 Jul 6 

[cited 2018 Sep 7]; Available from: http://www.ncbi.nlm.nih.gov/pubmed/29977033 

28.  Davila S, Wright VJ, Khor CC, Sim KS, Binder A, Breunis WB, et al. Genome-wide association study 

identifies variants in the CFH region associated with host susceptibility to meningococcal disease. Nat 

Genet. 2010;42(9):772–6.  

29.  Van Den Broek B, Van Der Flier M, De Groot R, De Jonge MI, Langereis JD. Common Genetic Variants in 

the Complement System and their Potential Link with Disease Susceptibility and Outcome of Invasive 

Bacterial Infection. J Innate Immun. 2020;12(2):131–41.  

30.  Bu F, Borsa N, Gianluigi A, Smith RJH. Familial atypical hemolytic uremic syndrome: a review of its 

genetic and clinical aspects. Clin Dev Immunol [Internet]. 2012 [cited 2017 Oct 10];2012:370426. Available 

from: http://www.hindawi.com/journals/jir/2012/370426/ 

31.  Tang L, Wang HF, Lu X, Jian XR, Jin B, Zheng H, et al. Common genetic risk factors for venous 

thrombosis in the chinese population. Am J Hum Genet. 2013 Feb 7;92(2):177–87.  

32.  Mohlin FC, Gros P, Mercier E, Gris JCR, Blom AM. Analysis of C3 gene variants in patients with 

idiopathic recurrent spontaneous pregnancy loss. Front Immunol. 2018 Aug 7;9(AUG).  

33.  Fang CJ, Fremeaux-Bacchi V, Liszewski MK, Pianetti G, Noris M, Goodship THJ, et al. Membrane 

cofactor protein mutations in atypical hemolytic uremic syndrome (aHUS), fatal Stx-HUS, C3 

glomerulonephritis, and the HELLP syndrome. Blood. 2008 Jan 15;111(2):624–32.  

34.  Crovetto F, Borsa N, Acaia B, Nishimura C, Frees K, Smith RJH, et al. The genetics of the alternative 

pathway of complement in the pathogenesis of HELLP syndrome. J Matern Neonatal Med [Internet]. 2012 

Nov [cited 2021 Feb 4];25(11):2322–5. Available from: https://pubmed.ncbi.nlm.nih.gov/22594569/ 

35.  Chapin J, Eyler S, Smith R, Tsai H-M, Laurence J. Complement factor H mutations are present in 

ADAMTS13-deficient, ticlopidine-associated thrombotic microangiopathies. Blood [Internet]. 2013 May 9 

[cited 2017 Nov 17];121(19):4012–3. Available from: http://www.bloodjournal.org/cgi/doi/10.1182/blood-

2013-03-487694 

36.  Liu J, Tan Y, Zhang J, Zou L, Deng G, Xu X, et al. C5aR, TNF-&#x3b1;, and FGL2 contribute to 

coagulation and complement activation in virus-induced fulminant hepatitis. J Hepatol [Internet]. 2015 Feb 

1;62(2):354–62. Available from: https://doi.org/10.1016/j.jhep.2014.08.050 



 21 

37.  Verma D, Särndahl E, Andersson H, Eriksson P, Fredrikson M, Jönsson J-I, et al. The Q705K 

polymorphism in NLRP3 is a gain-of-function alteration leading to excessive interleukin-1β and IL-18 

production. PLoS One. 2012 Apr 17;7(4):e34977.  

38.  Aksentijevich I, D. Putnam C, Remmers EF, Mueller JL, Le J, Kolodner RD, et al. The clinical continuum 

of cryopyrinopathies: Novel CIAS1 mutations in North American patients and a new cryopyrin model. 

Arthritis Rheum [Internet]. 2007 Apr 1 [cited 2020 Apr 26];56(4):1273–85. Available from: 

http://doi.wiley.com/10.1002/art.22491 

39.  Koc B, Oktenli C, Bulucu F, Karadurmus N, Sanisoglu SY, Gul D. The rate of pyrin mutations in critically 

ill patients with systemic inflammatory response syndrome and sepsis: a pilot study. J Rheumatol. 2007 Oct 

1;34(10):2070–5.  

40.  Zhang Q, Liu Z, Moncada-Velez M, Chen J, Ogishi M, Bigio B, et al. Inborn errors of type I IFN immunity 

in patients with life-threatening COVID-19. Science (80- ) [Internet]. 2020 Oct 23 [cited 2021 Jan 

13];370(6515). Available from: https://doi.org/10.1126/science.abd4570 

 

 

  



 22 

Figure/Table Legends 

 

Table 1 Characteristics for all study participants, individuals with and without inborn errors of immunity on 

whole exome sequencing 

Categorical data are expressed as N (%). Continuous variables are presented as median and (IQR). Statistical 
comparison between groups was performed using Wilcoxon-rank sum for continuous variables and Fisher’s exact 

test for categorical variables. There were no significant differences identified between the complete cohort and the 

IEI positive or IEI negative groups. In comparing children with severe sepsis with IEI variants to those without, 

children of African American ancestry were noted to have increased odds of having an IEI variant identified.  
a. OR 2.30 95% CI 1.25 - 4.36, p = 0.0042  

IEI: Inborn Errors of Immunity; IQR: Interquartile range; N: number; ICU: intensive care unit; LOS: length of stay; 

MV: mechanical ventilation; ECMO: extracorporeal membrane oxygenation; PLEX: plasma exchange; CRRT: 

continuous renal replacement therapy 

 

Table 2 Summary table of statistical assessment of over representation inborn errors of immunity allele 

frequency differences by ancestry group 

 
Summary table of statistically significant frequency comparisons following multiple test corrections between the 

following groups: 1.) Sepsis cohort and gnomAD to identify variants more common in the sepsis population as a 

whole; 2.) African American and Non-African American children in the sepsis cohort to identify variants that may 

explain the increased odds of probable IEI identified on whole exome sequencing of African American children; 3.) 

African Americans in the sepsis cohort and individuals of African ancestry in gnomAD to identify probable IEI 

over-represented variants in comparison to a specific ancestral background. Table shows ratio of minor allele 

frequency in statistically significant comparison of interest, number of individuals within the subgroup where the 

variant was identified. p-values shown are c2 comparisons with Benjamini-Hochberg adjustment for the 117 total 

variants observed in the dataset 
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Fig. 1 Genomic landscape of inborn errors of immunity in severe pediatric sepsis. 

This figure displays every pathogenic or likely pathogenic variant identified in the cohort and from inner-most ring 

to outer-most ring indicates its International Union of Immunologic Societies Classification, the disease where it has 

been previously identified, the gene locus affected and finally the specific allele change. 117 unique variants were 
identified in 191 individuals. Representatives of all IUIS disease classes were identified in the cohort including from 

most to least common: complement deficiencies (complement, blue), autoinflammatory disorders 

(autoinflammatory, yellow), combined immunodeficiency with associated or syndromic features (syndromic 

features, gray), congenital defects of phagocyte number and function (phagocyte defects, green), diseases of immune 

dysregulation (immune dysregulation, peach), defects of innate and intrinsic immunity (innate immunity, purple), 

predominantly antibody deficiencies (antibody, orange), immunodeficiencies affecting cellular and humoral 

immunity (T & B cell, teal). Variants observed a single time are labeled at the margin for legibility. Subsequently, 

the wedge size allotted to an individual variant, gene, disease and immune disorder classification is proportional to 

the relative frequency of its observation in the dataset 

 

Fig. 2. Number of variants per subject in the severe pediatric sepsis cohort 

Shows the number of inborn errors of immunity variants identified per subject, which ranged from zero to seven 
 

Fig. 3 Immunologic and Infectious Characteristics for individuals with and without inborn errors of 

immunity 

a. Shows the odds ratios and 95%CI for positive microbiologic testing in children with inborn errors of immunity 

compared to those without genetic variants. Microbiologic data is taken from any day on study. Blood culture 

represents positive bacterial cultures only, while blood pathogen includes blood culture and blood PCR pathogen 

identification. Respiratory cultures include specimens taken from tracheal aspirate, pleural fluid culture, bronchial 

brush and bronchoalveolar lavage. Children with variants were noted to have significantly increased odds of positive 

conventional blood culture, combined PCR and culture positive blood pathogen testing and urine culture b. Shows 

the odds ratios and 95%CI for laboratory characteristics in children with inborn errors of immunity compared to 

children without. Comparison is of the most extreme values from any day on study. Children with potential inborn 
error of immunity variants were noted to have significantly increased odds of lymphopenia and hyperferritinemia  

*Fisher’s exact test p-value < 0.05 

 

Fig. 4 Genomic landscape of inborn errors of immunity in African American children with severe pediatric 

sepsis  

This figure displays every pathogenic or likely pathogenic variant identified in African American children with 

severe sepsis. From inner-most ring to outer-most ring it indicates the variants’ International Union of Immunologic 

Societies Classification, the human disease where it has been previously identified, the gene locus affected and 

finally the specific allele change. Representatives of all IUIS disease classes from most to least common: 

complement deficiencies (complement, blue), autoinflammatory disorders (autoinflammatory, yellow), congenital 

defects of phagocyte number and function (phagocyte defects, green), combined immunodeficiency with associated 

or syndromic features (syndromic features, gray), diseases of immune dysregulation (immune dysregulation, peach), 
defects of innate and intrinsic immunity (innate immunity, purple) and predominantly antibody deficiencies 

(antibody, orange. The wedge size allotted to an individual variant, gene, disease and immune disorder classification 

is proportional to the relative frequency of its observation in the dataset 

 

Supplemental Figure/Table Legends 

 

Table S1 Candidate Gene List 

Table provides the genes included in this study, the IUIS Classification, its associated immunologic defect, 

inheritance pattern taken from On Mendelian Inheritance in Man (OMIM), as well as OMIM phenotype number 

 

Table S2 Variant Counts and MAF comparisons 

 Counts of identified variants in children within the cohort, gnomAD and their comparisons. Table shows the total 

numbers of individual variants identified in the cohort, as well as their counts and frequencies in gnomAD, African 

American children with sepsis in the cohort, and participants of African descent in the gnomAD database 
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Table S3 Identified inborn errors of immunity by subject 

Table shows the subject, gene, variant, disease phenotype where the variant has been previously seen, HGMD 

classification, inheritance pattern, protein sequence consequence, zygosity, rsID, gnomAD minor allele frequency, 

PolyPhen2, Sift Score and PubMed ID of previous publications. Subjects are broken down into groups based on the 

numbers of variants identified per subject 
 

Table S4 Variants According to International Union of Immunologic Societies Primary Immunodeficiency 

Diseases Classification Variants are grouped according to International Union of Immunologic Societies (IUIS) 

classification and gene and listed from most common to least common. Inheritance pattern is taken from On 

Mendelian Inheritance in Man (OMIM). These genes are classified according to functional grouping according to 

the International Union of Immunologic Societies and include Complement Disorders, Autoinflammatory Disorders, 

Cellular and Humoral immune deficiencies, Combined Immunodeficiencies with Syndromic Features, Antibody 

deficiencies, Diseases of Immune Dysregulation, Defects of Phagocyte Number and Function and Defects of Innate 

and Intrinsic Immunity. Candidate variant filter was limited to nonsense and missense variants listed in Human 

Genetic Mutation Database Classification as disease mutation (DM) or likely disease mutation (DM?) and having 

been previously reported in cases of the related immunologic disorder.  

 

AD: autosomal dominant; AR: autosomal recessive; DM: disease mutation; DM? likely disease mutation; FS: 

Frameshift; IUIS: International Union of Immunologic Societies; MAF: minor allele frequency; HGMD: Human 

Genetic Mutation Database 

 

 

 



Figures

Figure 1

Genomic landscape of inborn errors of immunity in severe pediatric sepsis. This �gure displays every
pathogenic or likely pathogenic variant identi�ed in the cohort and from inner-most ring to outer-most ring
indicates its International Union of Immunologic Societies Classi�cation, the disease where it has been



previously identi�ed, the gene locus affected and �nally the speci�c allele change. 117 unique variants
were identi�ed in 191 individuals. Representatives of all IUIS disease classes were identi�ed in the cohort
including from most to least common: complement de�ciencies (complement, blue), autoin�ammatory
disorders (autoin�ammatory, yellow), combined immunode�ciency with associated or syndromic features
(syndromic features, gray), congenital defects of phagocyte number and function (phagocyte defects,
green), diseases of immune dysregulation (immune dysregulation, peach), defects of innate and intrinsic
immunity (innate immunity, purple), predominantly antibody de�ciencies (antibody, orange),
immunode�ciencies affecting cellular and humoral immunity (T & B cell, teal). Variants observed a single
time are labeled at the margin for legibility. Subsequently, the wedge size allotted to an individual variant,
gene, disease and immune disorder classi�cation is proportional to the relative frequency of its
observation in the dataset

Figure 2



Number of variants per subject in the severe pediatric sepsis cohort Shows the number of inborn errors of
immunity variants identi�ed per subject, which ranged from zero to seven

Figure 3

Immunologic and Infectious Characteristics for individuals with and without inborn errors of immunity a.
Shows the odds ratios and 95%CI for positive microbiologic testing in children with inborn errors of
immunity compared to those without genetic variants. Microbiologic data is taken from any day on study.
Blood culture represents positive bacterial cultures only, while blood pathogen includes blood culture and
blood PCR pathogen identi�cation. Respiratory cultures include specimens taken from tracheal aspirate,
pleural �uid culture, bronchial brush and bronchoalveolar lavage. Children with variants were noted to
have signi�cantly increased odds of positive conventional blood culture, combined PCR and culture
positive blood pathogen testing and urine culture b. Shows the odds ratios and 95%CI for laboratory
characteristics in children with inborn errors of immunity compared to children without. Comparison is of
the most extreme values from any day on study. Children with potential inborn error of immunity variants



were noted to have signi�cantly increased odds of lymphopenia and hyperferritinemia *Fisher’s exact test
p-value < 0.05

Figure 4

Genomic landscape of inborn errors of immunity in African American children with severe pediatric sepsis
This �gure displays every pathogenic or likely pathogenic variant identi�ed in African American children
with severe sepsis. From inner-most ring to outer-most ring it indicates the variants’ International Union of



Immunologic Societies Classi�cation, the human disease where it has been previously identi�ed, the gene
locus affected and �nally the speci�c allele change. Representatives of all IUIS disease classes from
most to least common: complement de�ciencies (complement, blue), autoin�ammatory disorders
(autoin�ammatory, yellow), congenital defects of phagocyte number and function (phagocyte defects,
green), combined immunode�ciency with associated or syndromic features (syndromic features, gray),
diseases of immune dysregulation (immune dysregulation, peach), defects of innate and intrinsic
immunity (innate immunity, purple) and predominantly antibody de�ciencies (antibody, orange. The
wedge size allotted to an individual variant, gene, disease and immune disorder classi�cation is
proportional to the relative frequency of its observation in the dataset
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