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Abstract

Variability in COVID-19 disease severity suggests that host genetic factors influence
immune responses and disease outcomes. Tyrosine kinase 2 (TYK2), encoded by
the TYK2 gene, helps regulate immune responses and inflammation. However, the
impacts of its variants on disease progression remain unclear. This study investigated
the association between single-nucleotide polymorphisms (SNPs) in the TYK2 gene
and COVID-19 severity. The study enrolled COVID-19 patients, with one group
presenting severe symptoms and another group with mild symptoms. After DNA
extraction, a specific region of the TYK2 gene was amplified and sequenced. Three
SNPs were identified within the targeted region: rs2304255 (C>T), rs2304256 (C>A),
and rs12720270 (G>A). Among these, rs2304256 (a missense variant) and rs12720270
(an intronic variant) showed significantly different allele frequencies between
mild and severe COVID-19 groups. Computational predictions suggested that the
identified missense mutations do not directly affect TYK2 protein function. However,
expression quantitative trait locus analysis from the Genotype-Tissue Expression
database indicated that rs2304256 and rs12720270 are associated with increased
TYK2 expression. Furthermore, RNA sequencing data analysis suggested that these
variants promote exon 8 inclusion in TYK2 mRNA. As higher levels of full-length TYK2
potentially cause cytokine over-signaling, SNPs rs2304256 and rs12720270 may
contribute to exaggerated inflammatory responses during COVID-19, increasing
disease severity.

Keywords: TYK2 gene; COVID-19 severity; Immune response; Genetic susceptibility

1. Introduction

The 2019 coronavirus disease (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), is regarded as one of the deadliest pandemics of modern
times. COVID-19 generally results in mild symptoms for many infected individuals, but
can lead to severe complications, such as acute respiratory distress syndrome and multi-
organ failure for others.! While established clinical risk factors such as concomitant
chronic diseases (e.g., obesity, diabetes, asthma) are known to predispose individuals to
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severe symptoms, it has become increasingly clear that host
genetic factors also play a substantial role in determining
an individual’s susceptibility to SARS-CoV-2 infection and
the severity of COVID-19." The significant inter-individual
variability observed in host responses to SARS-CoV-2
infection, ranging from asymptomatic carriage to lethal
outcomes, strongly suggests that an individual’s genetic
makeup profoundly shapes their disease trajectory. This
foundational understanding is crucial for moving toward
personalized risk assessments and targeted interventions
in infectious disease management.

Among the genes implicated in immune responses
to COVID-19, tyrosine kinase 2 (TYK2) has emerged
as a gene of significant interest. The expression of TYK2
is ubiquitous, though the expression level varies among
different cell types. TYK2 is a non-receptor tyrosine
protein kinase encoded by the TYK2 gene on chromosome
19 in humans; it is a member of the Janus kinase (]AK)
family and an important component of the JAK/signal
transducers and activators of transcription (STAT) signal
transduction pathway.?

Tyrosine kinase 2 lacks its own extracellular ligand-
binding domain, unlike receptor tyrosine kinases. Instead,
it associates with the cytoplasmic domains of various
cytokine receptors, including those for type I interferons
(IFN) and interleukins (ILs) such as IL-6, IL-10, IL-12,
IL-22, and IL-23.% In addition, type I and type II cytokine
receptors lack intrinsic kinase activity and depend on
specific binding to selective JAKs for kinase activity. Upon
cytokine binding to its cognate receptor, TYK2, along with
other JAKs, becomes activated. This activation leads to
the phosphorylation of specific tyrosine residues on the
receptor subunits, which then serve as docking sites for
STAT proteins.” Various other cytokines induce TYK2
phosphorylation, although TYK2 is not essential for their
signal transduction. Notable examples include cytokines
that use the gp130 receptor subunit, such as IL-6, leukemia
inhibitory factor, oncostatin M, ciliary neurotrophic factor,
cardiotrophin-1, IL-11, and IL-27.*

The type I IFN family contains more than 20 members,
with IFN-alpha subtypes and IFN-beta being the most
prominent. These type I IFNs signal through the IFNARI
and IFNAR2 receptors, interacting with TYK2 and JAKI,
respectively. TYK2 interacts functionally with the IFNAR1
receptor subunit, enhancing ligand binding, and has a role
in stable IFNARI gene expression.’ Activity of TYK2 is
crucial for initiating type I IFN responses and combating
viral infections during their early stages. Mutant human
cell lines that lack TYK2 show no response to IFN-alpha
and have diminished responses to IFN-beta, which is
mainly due to a significant decrease in IFNARI surface

expression, reducing high-affinity IFN-alpha binding.*¢
JAK family proteins, including TYK2, are multi-domain
structures that share seven homologous regions (JH1-
JH7). In vitro studies conducted using TYK2 deletion
mutants revealed that the main TYK2 binding region
for IFN alpha/beta receptor chain 1 lies within parts of
JH6 and JH7, while JH3-5 regions help in the stability of
TYK2-IFNARI complexes.*’

Single-nucleotide polymorphisms (SNPs) in TYK2
can render an individual susceptible to autoimmune and
inflammatory diseases, as the gene plays a crucial role in
regulating the immune response.® Meta-analyses suggest
that various SNPs in the TYK2 gene, such as rs2304256,
rs12720270, rs12720356, rs34536443, and rs35018800,
are associated with diverse autoimmune conditions.” A
recent study reveals a functional link between TYK2 and
the suppressors of cytokine signaling (SOCS1 and SOCS3)
in severe COVID-19 cases. Studies have reported lower
TYK2 expression in COVID-19 patients than in healthy
controls.® In contrast, certain genetic variants in the TYK2
gene that increase TYK2 expression are associated with an
increased risk of severe, life-threatening COVID-19.*°

Thus, TYK2 plays a pivotal role in mediating responses
to IFNs and cytokines that are essential for antiviral
immunity. While several studies have highlighted
associations between TYK2 SNPs and immune modulation,
their precise impact on COVID-19 severity remains
insufficiently explored. Investigating the role of these
variants may help bridge this knowledge gap and enhance
our understanding of host-genome interactions with
SARS-CoV-2. Therefore, this study aimed to determine the
frequency of specific TYK2 gene SNPs among Bangladeshi
individuals with severe COVID-19 compared to those with
mild symptoms. It also sought to evaluate whether these
genetic variations are risk factors for severe COVID-19
and to explore their potential effects on the TYK2 protein
that may contribute to heightened disease severity.

2. Materials and methods

2.1. Samples and data collection

Ethical clearance was obtained from the Ethical Review
Committee of the Faculty of Biological Sciences, University
of Dhaka, Bangladesh (Ref No. 127/Biol.Scs.). Venous
blood samples and data were collected from 72 COVID-19
patients, comprising 34 individuals with mild COVID-19
and 38 with severe COVID-19 outcomes. Individuals with
mild COVID-19 had flu-like symptoms, such as a runny
nose, cough, and manageable fever. Severe cases were
classified as those requiring hospitalization for ventilation
support or intensive care in an intensive care unit due to
serious complications caused by COVID-19. None of the
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patients in the study had received a COVID-19 vaccine.
Additionally, patients with comorbidities were excluded to
focus solely on genetic factors influencing the severity of
COVID-19. All were citizens of Bangladesh and belonged
to the same ethnic group. Written informed consent was
obtained from each patient. In addition, RNA sequencing
(RNA-seq) data of 200 genotyped individuals were
collected from the European Genome-Phenome Archive
through an official application to the respective authorities.

2.2. DNA extraction, quantification, and
amplification by polymerase chain reaction

Total genomic DNA was isolated from blood samples
using the Wizard® Genomic DNA Extraction Kit (A1620,
Promega, United States). After agarose gel electrophoresis,
Quantity One software (version 4.6.6) was used to visualize
DNA bands and capture images. Utilizing a NanoDrop®
spectrophotometer (Thermo Fisher Scientific, United
States), DNA was quantified, and its purity was assessed.

Although TYK2 is a large gene (30,040 bp), this study
focused on a 519-bp segment spanning exon 8 and intron
7. This region was selected because it includes functionally
relevant polymorphisms previously implicated in immune
regulation and disease susceptibility.'"'? Therefore,
sequencing this specific exon-intron region was a
biologically justified approach rather than an exploratory
analysis of the entire gene. To amplify the target region,
primer pairs were designed using Primer3 (version 2.6.1)
and NCBI Primer-BLAST, and the primers were validated
by performing in silico polymerase chain reaction (PCR)
with two bioinformatics tools, namely UCSC In-Silico PCR
(version 39x1) and PrimerDigital In-Silico PCR."*-!¢ Table
1 provides the necessary primer information.

Polymerase chain reaction was conducted using the
ProFlex PCR system (Thermo Fisher Scientific, United
States). The amplification process began with an initial
denaturation at 95 °C for 5 min, followed by 35 cycles
consisting of denaturation at 94 °C for 30 s, annealing at 60
°C for 30 s, and extension at 72 °C for 2 min. The process
concluded with a final extension step at 72 °C lasting 7 min.
The PCR products were purified using the FavorPrep™
Gel/PCR Purification Mini Kit (FAGCK001-1, Favorgen
Biotech Corp., Taiwan) following the manufacturer’s
protocol. Agarose gel electrophoresis confirmed a single

Table 1. Primers used for the amplification of the TYK2 gene

band of purified PCR product corresponding to the
expected 519 bp amplicon size in all samples (Figure S1).

2.3. Genotyping

Cycle sequencing of PCR amplicons was performed using
the Applied Biosystems BigDye® Terminator v3.1
sequencing kit (4337455, Thermo Fisher Scientific, United
States). The cycle sequencing (sequencing PCR) products
were purified using the ethanol/ethylenediaminetetraacetic
acid/sodium  acetate  precipitation method. The
SeqStudioTM Genetic Analyzer (Applied Biosystems,
Thermo Fisher Scientific, United States) was used to
analyze the purified sequencing products through capillary
electrophoresis. Software programs such as Chromas v.
2.6.6, BioEdit v. 7.0.9.0, and Geneious Prime were used
to view, align, and edit the sequence chromatograms. The
reference nucleotide sequence for the targeted region of
human non-receptor TYK2 was obtained from NCBI
Nucleotide and compared with the aligned sequences to
identify genetic variation."”

2.4, Bioinformatic analyses of mutation
pathogenicity and impact on gene expression

Various computational tools were used in this study,
including SIFT (version 6.2.1), PROVEAN (version
1.1.5), PolyPhen-2 (version 2.2.3), and PANTHER-PSEP
(version 18.0), to predict the damaging impact of TYK2
gene mutations.'®*' These tools evaluated how amino acid
substitutions might affect TYK2 structure and function.
The mutations were considered potentially pathogenic
if most of the computational tools predicted them to be
deleterious. Additionally, to determine whether these
varjants contribute to altering global TYK2 expression, the
Genotype-Tissue Expression (GTEx) database (https://
gtexportal.org/) was explored across multiple tissues,
including whole blood. The GTEx Project serves as a
comprehensive public resource for human gene expression,
regulation, and their connection to genetic variation across
a wide range of tissues and individuals.??

2.5. Analysis of the impacts of the mutations in pre-
mRNA splicing

To investigate the impact of the variants on pre-mRNA
splicing of TYK2, cis-expression quantitative trait loci (cis-
eQTL) were analyzed at multiple resolution levels. While

Primer name Primer sequence 5’-3’ Amplicon size Annealing temperature
TYK2-F GGTGGATGCTGACACAGTGCT 60 °C

519
TYK2-R TGTCCGCTAGGGCCAGTTTCTT 60 °C
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global gene expression analysis may mask variation in
specific exon expression, eQTL analysis using RNA-seq
data enables quantification of individual splicing events at
the transcript, exon, and junction levels. For this purpose,
RNA-seq data of primary CD14* monocytes from 200
genotyped individuals were used.”” In the cis-eQTL study,
primary CD14* monocytes were stimulated with influenza
A virus to observe their response to a viral attack.?

2.6. Statistical analysis

The sample size was determined using the standard
epidemiological formula for unmatched case-control
studies comparing two proportions with a desired statistical
power of 80% and a two-sided significance level of a = 0.05.
For rs2304256, the minor allele frequency was 0.18 in the
mild group and 0.61 in the severe group, yielding a required
minimum sample size of 17 individuals per group. For
rs12720270, the minor allele frequency was 0.21 in the mild
group and 0.53 in the severe group, yielding a minimum
sample size of 32 individuals per group. The present study
included 34 mild and 38 severe COVID-19 patients, which
exceeds the calculated minimum sample size for both SNPs.
From the collected demographic and clinical information
on severe and mild COVID-19 patients, the mean,
maximum, minimum, and standard deviation (SD) were
calculated. Data were expressed as means + SD. To assess
whether there were statistically significant differences in
age and body mass index (BMI) between the mild and
severe COVID-19 groups, independent samples t-tests
were performed; a Chi-square test of independence was
used to assess differences in sex distribution. Here, p-values
were calculated for each variable using GraphPad Prism
software (version 10.4.1). Fisher’s exact test was performed
to identify the association of the TYK2 variants with severe
conditions of COVID-19. Results from R v.4.1.1 included
allele and genotype frequencies of the three variants, as
well as descriptive statistics, frequencies, and proportions
for categorical variables. Additionally, logistic regression
analysis was conducted, and the outcomes were presented
with genotype frequencies, proportions, odds ratios
(ORs), mean differences, and 95% confidence intervals.
Five models were evaluated to identify the inheritance
model that best fit the study data, where p-values were
chosen as the selection criteria. The OR was calculated for
models showing positive associations. A p-value < 0.05 was
considered statistically significant. Because five genetic
inheritance models were tested for each of the three
variants (15 comparisons total), a Bonferroni-corrected
significance threshold of a = 0.05/15 = 0.0033 was applied
in addition to the nominal a = 0.05.7%

Pairwise linkage disequilibrium (D’ and r?) between
the three genotyped variants was calculated from

individual-level joint genotype data using the R package
(genetics). Haplotype frequencies across the three loci
were estimated using an expectation-maximization
algorithm implemented in the R package (haplo.stats).”
Haplotype-specific association with COVID-19 severity
was assessed using a haplotype score test.”® Hardy-
Weinberg equilibrium (HWE) for each of the three
variants (rs2304255, rs2304256, rs12720270) was assessed
separately in the mild and severe COVID-19 patient
groups using chi-square goodness-of-fit tests.” The mild
group was treated as the primary reference for evaluating
genotyping quality, as disease-associated loci are expected
to deviate from HWE in the affected group by design.

3. Results

3.1. Demographic characteristics of the study
population

The patients’ demographic information is shown in Table
2. Independent samples t-tests revealed no significant
differences in mean age (p-value = 0.414) or BMI (p-value
= 0.126) between the two study groups. Similarly, the
chi-square test of independence indicated that observed
differences in male/female percentages between the mild
and severe patient groups were not statistically significant
(p-value = 0.276). All statistical tests were two-tailed.
Based on the statistical analyses of the provided data, age,
sex distribution, and BMI were not confounding factors in
this study.

Table 2. Demographic information of the study groups

Mild COVID-19 Severe COVID-19

Variable (n = 34) (n = 38) p-value
Age (years), 34.88 + 9.84 37.53 + 16.92 0.414
mean + SD
Sex
Male 82% 68% 0.276
Female 18% 32%

2
BMI(kg/m?), 3 434263 24.46 + 3.02 0.126
mean + SD

Note: p-values for age and BMI were calculated using independent
samples t-tests; the p-value for sex distribution was calculated using a
chi-square test of independence.

Abbreviations: BMI: Body mass index; SD: Standard deviation.

3.2. Genotyping results for TYK2 polymorphisms

By mapping the amplicons’ nucleotide sequences
generated in this study to the reference TYK2 nucleotide
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sequence from NCBILY variations at 3 positions were
identified (Figure 1). Every variation has a unique
reference identification number (rsID) in NCBI’'s dbSNP
and ClinVar databases.”® All variants were present in both
severe and mild COVID-19 groups (Table 3). Two changes
were transitions, whereas the other was a transversion.
Figure S2 shows that the identified variants rs2304255 and
rs2304256 are in exon 8, whereas rs12720270 is in intron 7
of the TYK2 gene.

In this study population, the altered allele “T” of
rs2304255 showed minimal difference in frequency
distribution between severe and mild COVID-19 groups
(5% and 3%, respectively) (Table 4). However, there is a
significant difference in the frequencies of the altered alleles
of rs2304256 and rs12720270 between the two patient
groups. The altered allele “A” of rs2304256 had a higher
frequency level in the severe group of patients compared
to the mild group (61% and 18%, respectively) (Table 4),
which is also higher than the frequency noted in the 1000
Genomes and ALFA Allele Frequency databases.” This is
similar for the altered allele “A” of rs12720270, where the

frequency in the severe group is 53% compared with 21%
in the mild group (Table 4), which is again higher than in
the 1000 Genomes and ALFA Allele Frequency databases.*

3.3. Associations of rs2304256 and rs12720270 with
severe COVID-19

The significance of the associations of the three variants
with the disease outcome was statistically determined
through Fisher’s exact test. Two of them, rs2304256 and
rs12720270, were found to be statistically significant
(p-values = 0.0000002 and 0.000075, respectively), while
the remaining variant was not. In addition, the OR of
the mutant allele “A” in rs2304256 associated with severe
COVID-19 is 7.05 (Table 4), i.e., individuals carrying
the mutant allele have almost 7 times higher odds of
developing severe COVID-19 compared to those without
the mutation. Similarly, the mutant allele “A” in rs12720270
is associated with severe COVID-19, having an OR of 4.24
(Table 4).

According to the inheritance model testing results in
R v.4.1.1 (Table 4), the dominant model best fits the data

Figure 1. Partial chromatograms of selected TYK2 sequences of samples (from all sequenced samples in this study) aligned with the reference TYK2
sequence (from NCBI) using Geneious Prime software. (A) rs2304255 and rs2304256. (B) rs12720270.

Table 3. Variants detected in the TYK2 gene of the study participants

Nucleotide position

(GRCh38.p14) Nucleotide change Annotated rsID Amino acid change Consequence
chr19:10364973 C>T 152304255 G (Gly) > S (Ser) Missense variant
chr19:10364976 C>A 152304256 V (Val) > F (Phe) Missense variant
chr19:10365084 G>A rs12720270 - Intron variant
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Table 4. Odds ratio, confidence interval, and p-value of the variants from Fisher’s exact test and genetic inheritance models

Mild COVID-19

Severe COVID-19

9 -val
Model Genotype/Alleles patients (1 = 34) patients (1 = 38) OR (95% CI) p-value
rs2304255
66 (97%) 72 (95%)
Allelic model 1.83 (0.25-20.8) 0.684
2 (3%) 4 (5%)
cc 32 (94%) 34 (90%) 1 -
Additive model CT 2 (6%) 4 (10%) 1.88 (0.34-14.25) 0.482
TT 0 0 NA NA
CC 32 (94%) 34 (90%) 1 -
Dominant model
CT&TT 2 (6%) 4(10%) 1.88 (0.34-14.25) 0.482
CC&CT 34 (100%) 38 (100%) 1 -
Recessive model
TT 0 0 NA NA
Over-dominant CC&TT 32 (94%) 34 (90%) 1 -
model CT 2 (6%) 4(10%) 1.88 (0.34-14.25) 0.482
rs2304256
C 56 (82%) 30 (39%) 7.05 (3.11-16.96)
Allelic model ¥ <0.0001**
12 (18%) 46 (61%)
ccC 22 (65%) 4(11%) 1 -
Additive model CA 12 (35%) 22 (58%) 12.93 (4.58-48.43) <0.0001**
AA 0 12 (31%) 636,068,360 (0—co0) 0.992
CC 22 (65%) 4 (10%) 1 -
Dominant model
CA & AA 12 (35%) 34 (90%) 15.6 (4.85-62.12) <0.0001**
CC&CA 34 (100%) 26 (68%) 1 -
Recessive model
AA 0 12 (32%) 151,233,037 (0-c0) 0.992
Over-dominant CC & AA 22 (65%) 16 (42%) 1 -
model CA 12 (35%) 22 (58%) 2.52 (0.98-6.7) 0.0574
rs12720270
54 (79%) 36 (47%) 4.24 (1.93-9.73)
Allelic model " <0.0001**
14 (21%) 40 (53%)
GG 20 (59%) 4(11%) 1 -
Additive model GA 14 (41%) 28 (73%) 11.34 (3.84-43.2) <0.0001**
AA 0 6 (16%) 212,724,062 (0-c0) 0.992
GG 20 (59%) 4 (10%) 1 -
Dominant model
GA & AA 14 (41%) 34 (90%) 12.1 (3.81-47.84) <0.0001%*
GG & GA 34 (100%) 32 (84%) 1 -
Recessive model
AA 0 6 (16%) 45,203,863 (0-c0) 0.991
Over-dominant GG & AA 20 (59%) 10 (35%) 1 -
model GA 14 (41%) 28 (65%) 4(1.51-11.18) 0.0063

Note: **Statistically significant.

Abbreviations: CI: Confidence interval; F: Fisher’s exact test; NA: Not available; OR: Odds ratio.
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and describes the association between TYK2 variants and
severe COVID-19 outcomes. In the dominant model, the
p-values for rs2304256 and rs12720270 were 0.000017 and
0.00008, respectively; both were statistically significant.
They remained statistically significant after Bonferroni
correction (a = 0.0033). No model for rs2304255 reached
significance before or after correction. The high ORs of the
variant alleles (heterozygous or homozygous) in rs2304256
and rs12720270 in the dominant model (15.6 and 12.1,
respectively) (Table 4) suggest that the probability of
playing a dominant role by the variant alleles (heterozygous
or homozygous) in those two loci in developing severe
COVID-19 is much higher.

Pairwise linkage disequilibrium analysis showed
moderate-to-strong allelic association between rs2304256
and rs12720270 (D’ = 0.76, r* = 0.52, p-value < 0.001),
and near-complete D’ but low 7* between rs2304255 and
each of the other two variants (Table 5). This is consistent
with the low minor allele frequency of rs2304255 (“T”
allele frequency = 4%), limiting its informativeness in this
cohort.

Expectation-maximization (EM) based haplotype
estimation identified six haplotypes with frequencies > 1%
across the three loci. The most common haplotype, C-C-
G, had a frequency of 54.3% (Figure S3). The haplotype
carrying both risk alleles, C-A-A, had a frequency of
29.5% (Figure S3). Haplotype-based association testing
under a dominant model showed a significant global effect
(global score statistic = 23.09, df = 4, p-value = 0.00012).
At the individual haplotype level, C-A-A was significantly
associated with severe COVID-19 (score = 4.256, p-value
= 0.00002), while the reference haplotype C-C-G was
significantly associated with the mild phenotype (score
= —3.946, p-value = 0.00008) (Table SI1). The C-C-A
and C-A-G haplotypes were not significantly associated
with severity (p-value = 0.585 and p-value = 0.109,
respectively). These findings indicate that rs2304256 and
rs12720270 largely co-segregate on a shared risk haplotype,
consistent with their moderate-to-strong pairwise linkage
disequilibrium (7* = 0.52).

Table 5. Pairwise linkage disequilibrium among genotyped
TYK2 variants

All three variants were consistent with HWE in the mild
group (rs2304255: x> = 0.03, p-value = 0.86; rs2304256:
x* = 1.56, p-value = 0.21; rs12720270: x> = 2.29, p-value
= 0.13). These support the absence of genotyping error.
In the severe group, rs12720270 showed a statistically
significant deviation from HWE (x* = 8.67, p-value =
0.003), consistent with the expected pattern for a locus
under disease association, whereas rs2304256 (x> = 1.70,
p-value = 0.19) and 152304255 (x> = 0.12, p-value = 0.73)
did not deviate significantly.

3.4. No damaging effect of the two single-
nucleotide polymorphisms on tyrosine kinase 2
protein detected in silico

The potential impact of TYK2 SNPs on the structure
and function of the encoded protein was evaluated to
determine the pathogenicity of the variants. For this
purpose, web-based tools SIFT, PROVEAN, PANTHER-
PSEP, and PolyPhen-2 were used. These tools have different
terminology and corresponding score ranges, such as
SIFT (neutral: score > 0.05, deleterious: score < 0.05),
PROVEAN (neutral: score > 2.5, deleterious: score < 2.5),
PANTHER (neutral: score < 0.5, disease: score > 0.5), and
PolyPhen-2 (benign: score < 0.15, possibly damaging: 0.15
< score < 0.92, probably damaging: score > 0.92). All these
tools predicted that the query variants have no deleterious
impact on the TYK2 protein (Table 6).

3.5. Association of rs2304256 and rs12720270 with
increased TYK2 transcript expression

Using publicly available data from unrelated individuals
in the GTEx database, 12304256 and rs12720270 were
associated with a modest increase in TYK2 expression
in several tissues, including the adrenal gland and
whole blood. Violin plots in Figure 2 show that variant
alleles (heterozygous or homozygous) at rs2304256 and
rs12720270 upregulate TYK2 expression in both tissues.
These low p-values indicate statistically significant and
strong associations between these SNPs and TYK2
expression.

Table 6. Pathogenicity assessment of TYK2 gene variants
using in silico tools

Outcome of nucleotide variation

Computational
Variant pair D r p-value tools rs2304255(C>T) rs2304256 (C>A)
152304255 — rs2304256 0.997 0.03 0.040 SIFT Tolerated (0.26) Tolerated (0.11)

PROVEAN Neutral (0.478) Neutral 0.513)
rs2304255 - rs12720270 0.997 0.07 0.001

PANTHER-PSEP  Probably benign (0.19)  Probably benign (0.13)
rs2304256 - rs12720270 0.76 0.52 <0.001 PolyPhen-2 Benign (0.002) Benign (0.015)
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Figure 2. TYK2 variations are associated with increased TYK2 expression in two tissues: the adrenal gland (left) and whole blood (right).>? (A) rs23042256
is associated with increased TYK2 expression in the adrenal gland. (B) rs23042256 is associated with increased TYK2 expression in whole blood. (C)
rs12720270 is associated with increased TYK2 expression in the adrenal gland. (D) rs12720270 is associated with increased TYK2 expression in whole
blood. The width of the violin plots represents the density of data points. The black bars inside the violin indicate interquartile ranges, and the white line

indicates the median.

3.6. Promotion of exon 8 inclusion in TYK2
transcripts by rs2304256 and rs12720270

After RNA-seq data from primary CD14* monocytes from
200 individuals were stimulated to observe changes during
viral attack, cis-eQTL analysis indicated that rs2304256
and rs12720270 have a significant role in pre-mRNA
processing. Comparisons of expression at multiple levels
(transcript, exon, and junction level) among different
genotypes in rs2304256 and rs12720270 suggest that
mutant alleles in those two loci are associated with the
inclusion of exon 8 in the TYK2 mRNA during the pre-
mRNA splicing event. In addition, these two variants were
also found to upregulate global TYK2 expression.

The notched box plots in Figure 3, generated using R
v.4.1.1, describes the expression levels of exon 8, exon 7-9
junction, exon 7-8 junction, and exon 8-9 junction in the
final TYK2 mRNA among different genotypes (CC: n =
143, CA: n =47, AA: n = 10) of the locus rs2304256, where
the colored boxes represent the interquartile range, with
the notches indicating confidence intervals around the
median. In addition, the black dots represent individual
data points, while the red diamonds represent the mean

expression for each genotype. In the mutant genotypes
(both heterozygous and homozygous) of rs2304256, exon 8
expression is higher than in the wild-type genotype. So, the
altered allele “A” (both heterozygous and homozygous) of
rs2304256 stimulates the expression of exon 8 in the TYK2
mRNA, which is also statistically significant (p-value =
0.0194<0.05) (Figure 3A). A reduction in the expression
of the exon 7 and exon 9 junction has been found in the
presence of the altered allele “A” (both heterozygous and
homozygous) of rs2304256, which is also statistically
significant (p-value = 0.00895<0.05) (Figure 3B). This
finding indicates reduced exon 8 exclusion and increased
inclusion in TYK2 mRNA in the presence of the altered
allele.

Moreover, the altered allele “A” (both heterozygous
and homozygous) of rs2304256 is found to be associated
with increased expression of the exon 7-exon 8 junction,
which indicates the inclusion of exon 8 due to the altered
allele (Figure 3C). Again, an increase in the expression of
the exon 8 and exon 9 junction in the final TYK2 mRNA
in the presence of the altered allele “A” (both heterozygous
and homozygous) of rs2304256 was found, and their
association was also statistically significant (p-value =

Volume 5 Issue 3 (2026)

doi: 10.36922/GPD026060005


https://doi.org/10.36922/GPD026060005

Gene & Protein in Disease

Two TYK2 SNPs in COVID-19 severity

Figure 3. Rs2304256 cis-eQTL analysis on TYK2 mRNA expression in primary CD14* monocytes from genotyped donors (CC: n = 143, CA: n = 47, AA:
n =10). Effects of the rs2304256 locus on the expression of (A) exon 8, (B) exon 7-8 junction, (C) exon 7-8 junction, and (D) exon 8-9 junction of TYK2.
In the notched box plot, the x-axis represents the three genotypes (CC, CA, AA), and the y-axis represents logCPM (log counts per million) expression

levels of exon 8 in the TYK2 transcript.

0.01<0.05) (Figure 3D). This also provided evidence of
exon 8 inclusion in the TYK2 mRNA due to the altered
allele.

Furthermore, Figure 4 shows that the minor allele “A”
of rs2304256 is associated with reduced expression of the
TYK2-204 (ENST00000525220) transcript lacking exon 8
and increased expression of transcript ENST00000529370
having exon 8, which is a fully functional isoform. These
associations were also statistically significant (p-value
= 0.0091). Similarly, the altered allele “A” of rs12720270
is also associated with higher expression of exon 8, the
exon 7-8 junction, and the exon 8-9 junction, while it is

associated with lower expression of the exon 7-9 junction
and transcripts lacking exon 8. Taken together, these
findings indicate that rs2304256 and rs12720270 both
affect pre-mRNA splicing and promote exon 8 inclusion in
the final TYK2 mRNA.

4.Discussion

The COVID-19 pandemic, caused by SARS-CoV-2, has
triggered an unparalleled global health crisis. While many
infected individuals exhibit mild to moderate symptoms
such as breathing difficulties, cough, fever, chills, headache,
muscle pain, and loss of smell or taste, symptom severity
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Figure 4. Effects of the genotypes of rs2304256 on the expression of TYK2 transcripts ENST00000525220 (lacks exon 8) and ENST00000529370 (has exon

8). CPM: Counts per million.

varies significantly from person to person.*® That is why
understanding the relationship between genetic factors
and COVID-19 severity has become crucial.

Tyrosine kinase 2 is a member of the JAK protein
tyrosine kinase family and plays a key role in signaling
by various antiviral and immunoregulatory cytokines
in both immune and non-immune cells.” Extensive
genetic association studies have revealed that TYK2
is a susceptibility gene for various autoimmune and
inflammatory diseases.”” This study aimed to investigate
whether TYK2 polymorphisms are significantly associated
with severe COVID-19 outcomes and whether they affect
TYK2 protein function, thereby contributing to disease
severity. To achieve this goal, we compared a targeted region
of the TYK2 gene between patients with severe disease
and those with mild symptoms. To specifically examine
genetic influences on COVID-19 severity, the study
excluded patients who were vaccinated or had pre-existing
comorbidities. No significant differences in age (p-value =

0.414), BMI (p-value = 0.126), or sex distribution (p-value
=0.276) were found between the mild and severe COVID-
19 patient groups (Table 2), indicating these variables were
not confounding factors.

Analyzing the targeted region of the TYK2 gene,
three variants, rs2304255 (C>T), rs2304256 (C>A),
and rs12720270 (G>A), were identified (Figures 1 and
S2). Among the three variants, the variant allele “A” of
rs2304256 (61%) and the variant allele “A” of rs12720270
(53%) were found at higher frequencies in severe patients
than in mild patients. These frequencies are also higher
than those annotated in the 1000 Genomes and ALFA
Allele Frequency database. rs2304256 (C>A) is a non-
synonymous SNP causing the amino acid change V362F,
whereas rs12720270 (G>A) is an intronic variant (Table 3).
Statistical analysis (Fisher’s exact test) revealed a significant
association (p-value < 0.05) between two specific gene
variants, rs2304256 and rs12720270, and an increased risk
of severe COVID-19 (Table 4).
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Further analysis using different genetic inheritance
models indicated that the dominant model showed the
strongest statistical support for this association, based
on comparison of nominal p-values. In this model, the
presence of even one copy of the variant allele at these loci
significantly increases the likelihood of severe COVID-
19. More specifically, the p-values for rs2304256 and
rs12720270 were 0.000017 and 0.00008, respectively, and
showed statistically significant associations in this model
(Table 4). Even after applying a Bonferroni correction for
15 comparisons (a = 0.05/15 = 0.0033), the Dominant-
model associations for rs2304256 and rs12720270
remained significant by several orders of magnitude.
rs2304255 showed no association under any model,
before or after correction, consistent with its similar allele
frequency between groups. High ORs (15.6 for rs2304256
and 12.1 for rs12720270) in the dominant model indicate
that individuals carrying these variant alleles have a
significantly higher chance of developing severe COVID-
19 than those without the mutations. However, this elevated
OR does not mean that every person with the mutation will
develop severe COVID-19. It reflects an increased relative
likelihood rather than certainty of outcome.

Given the moderate-to-strong linkage disequilibrium
between rs2304256 and rs12720270 (r*> = 0.52) (Table 5), we
performed haplotype-based analysis to determine whether
these variants contribute independent or overlapping
signals. The results indicate that the two variants largely
co-segregate on a shared risk haplotype (C-A-A, frequency
29.5%), which was significantly associated with severe
COVID-19, while the common haplotype carrying neither
risk allele (C-C-G) was associated with the mild phenotype
(Table S1). This suggests that the two non-synonymous
SNP associations reported above likely reflect a single
underlying haplotype effect.

In silico analysis using different bioinformatic tools
(SIFT, PROVEAN, PolyPhen-2, and PANTHER-PSEP)
predicted that the variants rs2304256 and rs12720270
do not have any deleterious effect on the structure and
function of the TYK2 protein (Table 6). Several studies also
suggest that these two variants do not alter TYK2 structure
or function in cytokine signaling.!! Subsequently, we
sought to determine why these two variants are frequently
observed in patients with severe COVID-19 and how they
contribute to the risk of developing severe COVID-19
disease. Because rs2304256 and rs12720270 did not show
structural or functional differences in the TYK2 protein,
we predicted that these variants might affect pre-mRNA
processing. Intronic and exonic sequences can alter gene
expression by modulating pre-mRNA processing.*
Because both variants are close to the intron 7/exon 8

boundary, they may affect exon 8 splicing efficiency, as first
reported by Li et al."!

In the present study, we sought to corroborate this
mechanism using an independent RNA-seq-based cis-
eQTL dataset derived from primary monocytes of 200
individuals from the EGA database®, and to examine,
for the first time, whether these established splicing-
regulatory variants are associated with COVID-19 severity
outcomes. Consistent with the findings of Li et al,'' our
analysis confirmed that the minor allele “A” of rs2304256
is associated with reduced expression of the TYK2-204
transcript (ENST00000525220), which naturally lacks
exon 8 (Figure 4). This minor allele also correlated with
lower levels of the exon 7-exon 9 junction but higher
levels of exon 8, exon 7-exon 8 junction, and exon 8-exon
9 junction (Figure 3). Moreover, it was associated with
increased activity at the donor and acceptor splice sites
flanking exon 8. These findings suggest that rs2304256
likely influences pre-mRNA splicing by promoting exon
8 inclusion. The minor allele “A” of rs12720270 exhibited
similar effects. Thus, both TYK2 gene variants affect pre-
mRNA splicing to promote exon 8 inclusion.

Inhuman cells, different isoforms of TYK2 are expressed,
including the full-length functional TYK2 and TYK2-AES8
(lacking exon 8). Functional studies show that TYK2-AE8
is catalytically active but cannot bind essential cytokine
receptors such as [IFNARI, IL-12Rp1, and IL-10R2, so it
cannot relay JAK/STAT signaling.* Overall, our analysis
and the literature indicate that TYK2 variants rs2304256
and rs12720270 increase global TYK2 expression (Figure
2), increase full-length functional TYK2 by promoting
exon 8 inclusion during splicing, and produce fewer
TYK2-AE8 variants (Figure 4). This suggests a “dosage”
effect, where these variants lead to higher functional TYK2
levels.

Studies have demonstrated that overexpressed TYK2
can localize to the nucleus.® This suggests potential nuclear
functions and may promote chronic inflammation, as
proposed for JAK1 and JAK2, which can be pathogenic.*
During immune regulation, TYK2 transmits signals from
various cytokine receptors. For example, TYK2 mediates
IL-12 and IL-23 signaling, and over-signaling can play
pathogenic roles in autoimmune and autoinflammatory
conditions.”! In COVID-19 patients, rs2304256 and
rs12720270 variants increased functional TYK2 protein
levels. In a sense, this can help combat SARS-CoV-2 viral
attacks through type I IFN antiviral signaling mediated
by receptors associated with TYK2. However, increased
TYK2 levels also carry risks because TYK2 mediates
signaling of many immunoregulatory cytokines, including
IL-10, IL-12, IL-22, and IL-23." Increased TYK2 may lead
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to over-signaling of these cytokines. Excessive signaling
through these cytokines may contribute to inflammation
and cytokine storm, which is associated with worse clinical
outcomes in COVID-19 patients. Direct confirmation
would require cytokine profiling, TYK2 protein
quantification, and phospho-STAT signaling assays in the
patient cohort itself, which were beyond the scope of the
present study.

The finding that rs2304256 and rs12720270 are
associated with increased TYK2 expression in both
whole blood and the adrenal gland suggests that this
upregulation is not restricted to circulating immune cells.
It may also occur in tissues involved in the systemic stress
and inflammatory response to severe infection. Given the
adrenal gland’s role in cortisol-mediated regulation of
inflammation, this cross-tissue effect may be relevant to
the dysregulated inflammatory states observed in severe
COVID-19. However, this remains inferential without
direct tissue sampling from our patient cohort.

Although the sample size was small (72 mild and severe
COVID-19 patients in total) due to resource limitations,
it exceeded the calculated minimum sample size for both
SNPs, and the study was adequately powered (more than
80%) to detect the observed effect sizes for rs2304256
and rs12720270. Importantly, COVID-19 severity is
influenced by multiple genetic and non-genetic factors
beyond the two variants examined here, including other
TYK2 and non-TYK2 polymorphisms, comorbidities, and
environmental exposures. Thus, the associations reported
should be interpreted as contributing risk factors rather
than sole determinants of disease severity. Because this
study genotyped a targeted 519 bp region rather than
performing genome-wide genotyping, formal population
stratification analysis (e.g., principal component analysis)
could not be performed. Stratification risk was instead
mitigated at the design level: all participants were recruited
from a single self-reported ethnic group in Bangladesh,
and the two clinical groups did not differ significantly in
age, sex distribution, or BMI (Table 2).

This study has several limitations. First, the sample size
was relatively limited. Further validation in independent
external cohorts is needed to confirm the reproducibility
of these findings. Second, all functional inferences in the
present study were based on bioinformatics analyses of
public databases, including eQTL and RNA-seq data. No
cell or molecular functional experiments were performed
to verify the exact regulatory mechanisms of the
identified SNPs. Third, although the association analysis
was adjusted for major confounding factors such as age,
sex, and underlying comorbidities, potential residual
confounding cannot be completely excluded. Notably, this

study only demonstrates a statistical association between
TYK2 genetic variants and COVID-19 severity, rather than
definite causal relationships. Therefore, all mechanistic
interpretations should be considered speculative. Further
experimental and longitudinal evidence is necessary to
clarify how these SNPs affect gene splicing, expression
levels, and inflammatory responses during SARS-CoV-2
infection.

5. Conclusion

Understanding disease mechanisms and outcomes is
crucial for proper diagnosis, treatment, and risk assessment.
This study investigated the relationship between TYK2
polymorphisms and COVID-19 severity. This study found
that the presence of two TYK2 alleles (“A” allele of rs2304256
and “A” allele of rs12720270) is associated with more severe
COVID-19 outcomes, and statistical evidence supports
this association. Haplotype analysis further showed that
these two alleles largely co-occur on a single risk haplotype
(frequency 29.5%). Both rs2304256 and rs12720270 were
associated with modest upregulation of TYK2 expression
across multiple tissues, according to the GTEx database.
RNA-seq-based cis-eQTL analysis also revealed interesting
findings. These findings suggest that the association of
these alleles with COVID-19 severity likely reflects higher
levels of functional TYK2. Altered alleles rs2304256 and
rs12720270 in TYK2 promote inclusion of exon 8, leading
to increased functional TYK2 protein. Increased levels
of functional TYK2 result in over-signaling of cytokines
(cytokine storm), which is associated with a greater
likelihood of severe outcomes in COVID-19 patients.
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