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Materials and Methods 

Whole genome sequencing data analysis 

Data analysis was performed using the Parabricks Germline Pipeline (v4.0.1) for germline 

mutation detection (https://docs.nvidia.com/clara/parabricks/4.0.1/whatsnew.html). 

Sequencing reads were aligned to the human reference genome (hg38) with BWA-MEM1. 

Duplicate reads were marked with Picard tools2. The Genome Analysis Toolkit (GATK) 

was used for base quality score recalibration (BQSR) and variant calling. Variants were 

called with HaplotypeCaller in gVCF mode, applying a minimum Phred-scaled confidence 

threshold of 16. 

 

SNP detection in RNA-seq data 

Raw RNA-seq data were subjected to quality control with FastQC (v0.11.9) 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter trimming and 

quality filtering were performed using Trimmomatic3 (version 0.36). Reads were aligned 

to the hg19 reference genome with the STAR two-pass procedure4 (version STAR 2.7.9a). 

Aligned reads were further processed with BWA MEM1 (version 0.7.15) and duplicates 

were marked using Picard tools2 (version 2.9.2). 

 

Variant calling followed the GATK workflow: 

(i) base recalibration with BaseRecalibrator, AnalyzeCovariates, and PrintReads using 

dbSNP138 (provided by NIH Biowulf); 

(ii) variant calling with HaplotypeCaller in “discovery” genotyping mode, generating 

gVCFs with a minimum Phred-scaled confidence threshold of 30. 

 

 Variants were filtered using hard thresholds: QD < 2.0, QUAL < 30.0, SOR > 3.0, FS > 

60.0, MQ < 40.0, MQRankSum < –12.5, and ReadPosRankSum < –8.0. Additional 

filtering excluded variants overlapping repetitive elements5 (UCSC masked and simple 

repeats; https://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/) and ENCODE 

blacklisted regions6 (https://mitra.stanford.edu/kundaje/akundaje/release/blacklists/hg19-

human/). Only heterozygous (0/1) or homozygous alternate (1/1) SNVs were retained. 

Further criteria included: read depth ≥10, exclusion of excessive read depth (d + 3√d, 

https://docs.nvidia.com/clara/parabricks/4.0.1/whatsnew.html
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/?utm_source=chatgpt.com
https://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/
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https://mitra.stanford.edu/kundaje/akundaje/release/blacklists/hg19-human/


where d = mean depth)7 (d+3√d, d = average read depth), and allele frequency ≥10%. 

Filtering was performed using BEDtools (version 2.26.0), BEDOPS (version 2.4.3) and 

VCFtools (version 0.1.17)8-10. SNVs within ±5 bp of indel borders were discarded as likely 

false positives. SNP positions were subsequently lifted over from hg19 to hg38. 

 

mRNA sequencing (mRNA-seq) data analysis 

Raw mRNA-seq data underwent QC with FastQC (v0.11.9). Reads were processed with 

Trimmomatic3 (version 0.36) and aligned to hg19 using STAR4 (version STAR 2.7.9a) in 

paired-end mode (150 bp). Gene-level counts were obtained using HTSeq11 (version 

0.9.1). Normalization and differential expression analysis were performed with the 

DESeq2 package12 in R (https://www.R-project.org/)13. Confounding factors were 

removed using RUVSeq14. Pre-filtering retained only genes with ≥10 total reads. 

Visualization was performed with dplyr (https://CRAN.R-project.org/package=dplyr) and 

ggplot215. Statistical testing employed a paired, two-sided Wilcoxon test. P-values were 

adjusted using the Benjamini–Hochberg method, with a false discovery rate threshold of 

pAdj ≤ 0.05. 
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Supplementary figure 1. Sequence alignments from RNA-seq and WGS data of 

individuals harboring a SNP. 

 

 

 

 

 



Supplementary figure 2. AlphaFold3-predicted models of the IL-2-mediated signaling 

complex. Shown as cartoon representations, the complexes containing (A) WT JAK3 

and (B) the L1073F mutant are depicted. For clarity, the IL-2 signaling complex 

components (IL-2 and its receptor) and STAT5A are omitted. 



Supplementary Table 1. JAK and STAT mutations identified in 30 study subjects of the Tyrolian cohort 
 

Gene 
AA 

substitution 
rsID 

gnomAD All of Us 

Allele Count 
Allele 

frequency 
Allele Count 

Allele 
frequency 

JAK2 V617F rs77375493 471 2.93E-04 278 5.67E-04 

JAK3 
V722I rs3213409 15743 9.75E-03 4480 9.13E-03 

L1073F rs200580168 533 3.31E-04 107 2.18E-04 

TYK2 

A53T rs55762744 14980 9.29E-03 3486 7.10E-03 

V362F rs2304256 446002 2.76E-01 116321 2.37E-01 

G363S rs2304255 113510 7.03E-02 27192 5.54E-02 

I684S rs12720356 10 7.97E-02 30076 6.13E-02 

P1104A rs34536443 59598 3.71E-02 13893 2.83E-02 

STAT2 
M594I rs2066807 93983 5.82E-02 23543 4.80E-02 

G825C rs61754170 29650 1.84E-02 5846 1.19E-02 

STAT5A V209A rs2230123 6766 4.19E-03 8973 1.83E-02 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2. Potential clinical pathogenicity of JAK and STAT mutations. 

Gene 
AA 

substitution 
rsID 

COSMIC ClinVar In silico pathogenicity score 
Literature-Reported Disease 

Associations case # 
Clinical 

significance 
Alpha 

Missense 
PolyPhen2 REVEL 

JAK2 V617F rs77375493 >49,000
Likely 

pathogenic 
0.33 0.93 0.88 Myeloproliferative neoplasms16,17 

JAK3 
V722I rs3213409 67 Benign 0.07 0.00 0.16 

Acute Myelocytic Leukemia18,19 
Natural Killer cell lymphoma20 

T cell lymphoma21 
Idiopathic erythrocytosis22 

L1073F rs200580168 3 Uncertain 0.29 0.98 0.48 Melanocytic Neoplasms23 

TYK2 

A53T rs55762744 0 Benign 0.16 0.92 0.46 
Multiple sclerosis24 
Autoimmunity25,26 

V362F rs2304256 31 Benign 0.08 0.02 0.05 

Systemic sclerosis27 
Systemic lupus erythematosus28-30 
Autoimmune rheumatic diseases31 

Psoriasis32 

G363S rs2304255 2 Benign 0.08 0.00 0.03 
Psoriasis33 

Cancer metastases34 
COVID-19 susceptibility35-37 

I684S rs12720356 5 Benign 0.59 0.97 0.34 

Psoriasis32,38 
Autoimmunity25,39,40 
Systemic sclerosis27 

Rheumatoid arthritis41 
Systemic lupus erythematosus42 

P1104A rs34536443 3 Likely benign 0.83 0.97 0.59 

Systemic sclerosis27 
Autoimmunity25,39,40,43,44 
Rheumatoid arthritis41 

Tuberculosis45 

STAT2 
M594I rs2066807 6 Benign 0.08 0.00 0.36 

Cervical Cancer46 
COVID-19 susceptibility35 

Psoriasis47 

G825C rs61754170 1 Benign 0.09 0.01 0.01 
Lymphoma48 

Autoinflammatory diseases49 

STAT5A V209A rs2230123 2 Benign 0.08 0.11 0.00 Sickle Cell Anemia with Stroke50 



Supplementary Table 3. List of genes regulated through the JAK/STAT pathway at Day0 and Day1 after the 

vaccination in the cohort. 

 



Supplementary Table 4. Ratio of reads supporting the reference or mutant sequence at each JAK and STAT 

mutation site. Black: reference; Red: mutation. 
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