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Supplementary Materials and Methods 

RNA extraction and gene expression analysis 
For cloning purposes, cDNA samples were generated with iScript cDNA Synthesis kit 

(BioRad, USA) using total RNA isolated from various cells using GeneJET RNA Purification kit 
(Thermo Fisher Scientific, USA). For real-time quantitative PCR (RT-qPCR), total RNA isolated 
from PBMCs was used to generate cDNA with the RevertAid First-Strand cDNA Synthesis System 
(Thermo Fisher Scientific) using oligo-dT primer. cDNA samples were amplified using the 
LightCycler 480 SYBR Green I Master kit (Roche, USA) on an LightCycler 96 Real-Time PCR 
system (Roche). Relative gene expression was calculated by the 2-ddCt method. Primers are provided 
in Table S1. 
 
Molecular dynamics (MD) simulation and analysis of MD trajectories 

The structure and atomic coordinate of the human IRAK-4 death domain (DD) were obtained 
from the Protein Data Bank (PDB ID: 3MOP) (Lin et al., 2010). The crystal structure contains 4 
IRAK-4 DDs within Myd88 and IRAK-2 assembly and all IRAK-4 chains were similar, with no 
missing amino acid or unmodeled regions reported. The p.C79Y mutation was introduced to the WT 
IRAK-4 DD structure and refined via FoldX repair command (Schymkowitz et al., 2005). The 
structures were put into a dodecahedron box with water molecules and periodic boundary conditions 
were set. All systems were neutralized by Na+ and Cl- ions and minimized with 50,000 steps of 
steepest descent. Initially, for the NVT ensemble, a modified Berendsen thermostat with no pressure 
coupling was applied for both systems for 100 ps at 300 K. and Particle Mesh Ewald (PME) method 
was used to calculate electrostatic interactions (Berendsen et al., 1984; Essmann et al., 1995). 
Resulting systems with either WT or mutant IRAK-4 DD were simulated by GROMACS (Groningen 
Machine for Chemical Simulations) (http://www.gromacs.org/) using the CHARMM36 force field 
with an integration time-step of 2 fs (Huang et al., 2017). Water was treated explicitly using the TIP3P 
model (Jorgensen et al., 1983). After 100 ps of NPT equilibration at 300 K , production simulations 
were lasted for 100 ns at the same temperature. Analyses of trajectories were done using Visual 
Molecular Dynamics (VMD) to calculate the root mean square deviation (RMSD), root means square 
fluctuation (RMSF), and radius of gyration (Rg) of backbone atoms (Humphrey et al., 1996). The 
hydrogen bond number, solvent accessible surface (SASA), and Free energy landscape (FEL) for the 
first two eigenvectors were calculated using utilities provided in GROMACS v2021.1. The analyses 
of secondary structure  were done by using the MDTraj “compute_dssp” module (McGibbon et al., 
2015). Visuals were produced by using representative structures obtained from the last 1 ns of 
simulations using VMD. The PRODIGY (Protein binding energy prediction) server was used to 
determine the residues found in the Myd88 and IRAK-4 interaction site in the 3MOP (Xue et al., 
2016). The docking was performed for the WT and mutant (p.C79Y) IRAK-4 DD obtained from MD 
simulation with Myd88 obtained from the crystal structure (PDB ID: 3MOP) (Lin et al., 2010), using 
the default setting in the HADDOCK 2.4 server (van Zundert et al., 2016). 
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Table S1. List of primers used in this study 
IRAK4 gDNA Fwd  CAGAACCGTGAGCCAAATTAAC Sanger sequencing (C79Y) 
IRAK4 gDNA Rev CCTAATTGTGGACACCCTGG Sanger sequencing (C79Y) 
IRAK4_WT_Fwd BamHI GACGGATCCATGGATTACAAGGATGACGACGATAA

GATGAACAAACCCATAACACC 
Cloning (pcDNA3.1) 

IRAK4_WT_Rev XhoI GCATCTCGAGTTAAGAAGCTGTCATCTCTTG Cloning (pcDNA3.1) 
IRAK4_Seq1_Fwd CCACCTGACTCCTCAAGTCC Sanger sequencing (IRAK4 ORF) 
IRAK4_Seq2_Rev GGACTTGAGGAGTCAGGTGG Sanger sequencing (IRAK4 ORF) 
IRAK4_Seq3_Fwd GACTAGCAGAATTGTGGGAAC Sanger sequencing (IRAK4 ORF) 
IRAK4_Seq4_Rev GTTCCCACAATTCTGCTAGTC Sanger sequencing (IRAK4 ORF) 
IRAK4_C79Y_SDM_Fwd GCACCACAAATTACACAGTTGGTG SDM (pcDNA3.1) 
IRAK4_C79Y_SDM_Rev CACCAACTGTGTAATTTGTGGTGC SDM (pcDNA3.1) 
IRAK4_R12C_SDM_Fwd CCATCAACATATGTGTGCTGCCTC SDM (pcDNA3.1) 
IRAK4_R12C_SDM_Rev GAGGCAGCACACATATGTTGATGG SDM (pcDNA3.1) 
IRAK4 SDM Fwd  CGGGACTTTCCAAAATGTCGT SDM (pcDNA3.1) 
IRAK4 SDM Rev     GGCACCTTCCAGGGTCAAGG SDM (pcDNA3.1) 
IRAK4_EcoRI_Fwd N3XF GCTGGAATTCGATGAACAAACCCATAACACC Subcloning (pCI-neo-N-3xFLAG) 
IRAK4_XbaI_Rev N3XF CTTCTAGATTAAGAAGCTGTCATCTCTTGC Subcloning (pCI-neo-N-3xFLAG) 
IL18RAP HindIII Fwd ACGAAGCTTCAATGCTCTGTTTGGGCTG Cloning (pCMV6) 
IL18RAP XhoI Rev AGGGCTCGAGTCACCATTCCTTAGGCTGG Cloning (pCMV6) 
IL18RAP_Seq1 Fwd CCTACTTCTTGGGAGCACTG Sanger Sequencing (IL18RAP) 
IL18RAP_Seq2_Rev CAGTGCTCCCAAGAAGTAGG Sanger Sequencing (IL18RAP) 
IL18RAP_Seq3_Fwd GAAATAGTGCTGCTGTACCG Sanger Sequencing (IL18RAP) 
IL18RAP_Seq4_Rev CGGTACAGCAGCACTATTTC Sanger Sequencing (IL18RAP) 
IRAK4 gRNA1 Fwda CACCGTATGTGCGCTGCCTCAATG  Cloning (CRISPR) 
IRAK4 gRNA1 Reva AAACACATTGAGGCAGCGCACATAC Cloning (CRISPR) 
IRAK4 gRNA2 Fwda CACCGAGGCAGCGCACATATGTTGA Cloning (CRISPR) 
IRAK4 gRNA2 Reva AAACTCAACATATGTGCGCTGCCTC Cloning (CRISPR) 
IRAK4 CRISPR Out Fwd GTGGAAAAAGGAAGCAAACC Competitive PCR (CRISPR) 
IRAK4 CRISPR Out Rev AGCAACAACTTTAAAACGTCA Competitive PCR (CRISPR) 
IRAK4 CRISPR1 In Fwd (F1) GTGCGCTGCCTCAATGT Competitive PCR (CRISPR) 
IRAK4 CRISPR1 In Rev (R1) CAGCTTCCTAATTAGTCCAACA Competitive PCR (CRISPR) 
IRAK4 CRISPR2 In Fwd (F2) GAACAAACCCATAACACCATCA Competitive PCR (CRISPR) 
IRAK4 CRISPR2 In Rev (R2) GCAGCGCACATATGTTGA Competitive PCR (CRISPR) 
IRAK4 cDNA Fwdb TGGCAAAGTGTCAACATGAAAAC Gene expression (RT-qPCR) 
IRAK4 cDNA Revb GGTGGAGTACCATCCAAGCAA Gene expression (RT-qPCR) 
HPRT1 cDNA Fwdc CTGGCGTCGTGATTAGTGATGATG Gene expression (RT-qPCR) 
HPRT1 cDNA Revc TTGAGCACACAGAGGGCTACAATG Gene expression (RT-qPCR) 

Fwd: Forward, Rev: Reverse 
a(Jordi et al., 2017) 
bPrimerBank ID: 223671887c2 
c(Belkaya et al., 2019) 

  



 

5 

Table S2. List of antibodies used in this study 

Antibody Clone or 
Catalog # 

Company Purpose 

anti-FLAG M2 Sigma-Aldrich, USA Immunoblotting 

anti-human GAPDH 1E6D9 Proteintech, USA Immunoblotting 

anti-GFP JL-8 Clontech, Japan Immunoblotting 

Goat anti-Mouse IgG 72-8062-M001 Tonbo Biosciences, USA Immunoblotting 

anti-human IRAK4 Alexa Fluor 647 L29-525 BD Biosciences, USA Immunoblotting 
Flow cytometry 

anti-human CD3 Pacific Blue OKT3 Biolegend, USA Flow cytometry 

anti-human CD4 FITC OKT4 Biolegend, USA Flow cytometry 

anti-human CD8 PE HIT8a Biolegend, USA Flow cytometry 

anti-human CD14 FITC M5E2 Biolegend, USA Flow cytometry 

anti-human CD19 PE HIB19 Biolegend, USA Flow cytometry 

anti-human TNF APC MAb11 Biolegend, USA Flow cytometry 

anti-mouse IgG1 APC 
 

MOPC-21 Biolegend, USA 
 

Flow cytometry 

anti-mouse IgG1 Alexa Fluor 647 MOPC-21 BD Biosciences, USA Flow cytometry 

 
Antibody dilutions were used according to the manufacturer’s recommendations. 
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Table S3. Genetic analysis of the WES data of the patient  

Number of annotated variants 
(Number of mutated genes) 

Patient 

Total 147225 
(22483) 

Nonsynonymous and 
 essential splicing 

11943 
(6029) 

MAF <1% 496 
(448) 

Homozygous 24 
(24) 

The table shows the number of annotated variations with the number of genes, shown in parenthesis, found in the patient. 
The low-quality variants with low depth coverage (variants with Reads <5, Mapping Quality <40, and Genotype Quality 
<30) were excluded. All variants except nonsynonymous (missense, insertion, deletion, start-loss, stop-loss, stop-gain) 
and essential splicing (± 2 bp from the exon-intron boundary) were excluded. Variants with a higher MAF of 1% in 
population databases (gnomAD and 1000G), including subpopulations (African, Ashkenazi Jewish, Finnish, non-Finnish 
European, South Asian, East Asian, and Latino) in gnomAD were excluded. 

  
Table S4. Homozygous rare nonsynonymous variants found in the patient 

 
aGene damage index (GDI) describes the least mutated and most mutated genes in the range of 0.0001 to 42.91. 
bThe number of homozygote individuals in gnomAD carrying the same variant found in the patient. 
cNumber of potential loss of function (pLoF) variants (insertion, deletion, start-loss, stop-loss, stop-gain, essential-
splicing), for which there are homozygote carriers found in the gnomAD for the genes indicated. 

D: Damaging. B: Benign. HOM: Homozygous. NA: Not Applicable.  
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Table S5. Characteristics of genes with homozygous rare nonsynonymous variations present 
in the patient 

 
Expression pattern, function, and clinical significance of genes were obtained by using the NCBI 
(https://www.ncbi.nlm.nih.gov/), Protein Atlas (https://www.proteinatlas.org/) and OMIM (https://www.omim.org/) 
databases. 
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Table S6. Disease-causing variations in IRAK4 

 
COMP HET: Compound Heterozygous, HOM: Homozygous.  

(Andres et al., 2013; Bouma et al., 2009; Cardenes et al., 2006; Enders et al., 2004; Gokturk et al., 2018; Grazioli et al., 
2016; Hoarau et al., 2007; Karananou et al., 2020; Ku et al., 2007; Maglione et al., 2014; Medvedev et al., 2003; 
Nishimura et al., 2021; Picard et al., 2003; Picard et al., 2010; Takada et al., 2016)  
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Fig. S1. A. Bar graph showing IRAK4 levels normalized against HPRT1 expression by RT-qPCR on 
PBMCs from the patient and three healthy controls (C1, C2, and C3). Relative IRAK4 expression was 
calculated by normalization against the mean value for control cells, which is set to 1. The values 
shown are the mean ± SEM of two independent experiments performed in duplicates. B. Histogram 
showing intracellular IRAK-4 expression in lymphoblastoid B cells generated from peripheral blood 
cells of the patient and two healthy controls (C1 and C2) as previously described (Belkaya et al., 
2019). Dashed lines show unstained controls. C. Representative immunoblot image showing IRAK-
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4 expression in whole cell lysates (75 µg protein/lane) from lymphoblastoid B cells of the patient and 
two healthy controls (C1 and C2). Immunoblotting was performed with the IRAK-4 antibody, 
followed by GAPDH antibodies after stripping of the membrane, respectively. D, E. Agarose gel 
images showing T7 Endonuclease I assay (T7E1) on IRAK4 knockout in HEK293 cells (D) and 
competitive PCR assay on IRAK4 knockout single clones of HEK293 cells (KO #1 and KO #2, 
generated by CRISPR #1 and CRISPR #2 primer sets, respectively) (E). Primers used for CRISPR 
#1 (indicated by F1 and R1) and CRISPR #2 (indicated by F2 and R2) were listed in TableS1. F. 
Histogram showing intracellular IRAK-4 expression in WT and IRAK4 knockout single clones of 
HEK293 cells (KO #1 and KO #2) by flow cytometry. Dashed lines show unstained controls. G. 
Representative immunoblot image showing IRAK-4 expression in whole cell lysates (75 µg 
protein/lane) from WT, KO #1 and KO #2 HEK293 cells. Immunoblotting was performed with the 
IRAK4 antibody, followed by GAPDH antibodies after stripping of the membrane, respectively. 
Expected molecular weights: IRAK-4; ~55 kDa, GAPDH: ~36 kDa. 
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Fig. S2. A. Heatmap presentation of multiplex cytokine profiling showed as bar graphs in the Figure 
6. Each heatmap represents a different cytokine. Color schemes showing the mean expression levels 
(pg/mL) from two independent experiments are presented on a logarithmic scale with base of 10. C1 
and C2 are healthy controls, P is the patient. B-C. Graphs show IL-6 (B) and IFN-α2 (C) production, 
measured by ELISA, from PBMCs of three healthy controls (C1, C2 and C3; open shapes), the patient 
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(black circle), and his father (blue circle), mother (green circle) and sibling (red circle) upon various 
stimuli. Values are of the mean levels of a single experiment performed in duplicates. NT: No 
treatment (Medium only).  
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