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The characteristics of the host are crucial in the final outcome of COVID-19. Herein, the influence

of genetic and clinical variants in COVID-19 severity was investigated in a total of 1350 patients.
Twenty-one single nucleotide polymorphisms of genes involved in SARS-CoV-2 sensing as Toll-like-
Receptor 7, antiviral immunity as the type | interferon signalling pathway (TYK2, STAT1, STAT4,
OAS1, SOCS) and the vasoactive intestinal peptide and its receptors (VIP/VIPR1,2) were studied.

To analyse the association between polymorphisms and severity, a model adjusted by age, sex and
different comorbidities was generated by ordinal logistic regression. The genotypes rs8108236-AA
(OR 0.12 [95% Cl 0.02-0.53]; p=0.007) and rs280519-AG (OR 0.74 [95% C1 0.56-0.99]; p=0.03) in TYK2,
and rs688136-CC (OR 0.7 [95% Cl 0.5-0.99]; p=0.046) in VIP, were associated with lower severity; in
contrast, rs3853839-GGin TLR7 (OR 1.44 [95% Cl 1.07-1.94]; p=0.016), rs280500-AG (OR 1.33 [95% CI
0.97-1.82]; p=0.078) in TYK2 and rs1131454-AA in OAS1 (OR 1.29 [95% CI 0.95-1.75]; p=0.110) were
associated with higher severity. Therefore, these variants could influence the risk of severe COVID-19.

The clinical heterogeneity of COVID-19 ranges from asymptomatic infection to an exacerbated inflammatory
response'?. There are several host factors that can affect the severity of COVID-19 as age, sex and several
comorbidities including hypertension, diabetes or heart disease®*. However, early in the evolution of the
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pandemic it was evidenced that those cases with severe forms of COVID-19 were related with an exacerbated
immune response to the virus, leading to an hyperinflammatory status and, in the worst cases, a devastating
effect on the lungs denominated Acute Respiratory Distress Syndrome (ARDS)?, thrombosis and multiple organ
failure®’.

The innate immune system plays an essential role in the antiviral response and rapidly senses viral infection
through Toll-like receptors (TLRs) triggering type I interferon (IFN) production®. Among TLRs, the endosomal
TLR7 recognizes single strand RNA viruses as SARS-CoV-2°"'. The effectiveness of the early immune response
depends on the capability of cells to induce a competent expression of a variety of interferon-stimulated genes
(ISGs) involved in the orchestration of the antiviral response and immune-regulation'?!*. This process needs a
fine coordination led by receptors and cellular mediators, as the Janus kinase and Signal transducers and activators
of transcription (JAK-STAT) signalling pathway, whose participation is essential and whose deregulation has
already been related to susceptibility to infections and the development of autoimmune diseases'*'¢. In addition,
the vasoactive intestinal peptide (VIP) and its G protein-coupled receptors VPAC1 and VPAC2 modulate the
immune response in several immune-mediated inflammatory disorders (IMID)'”~** and viral infections®, and
its relationship with severe COVID-19 is an active area of research. A patented formulation of VIP RLF-100
(Aviptadil) is now under clinical trials to evaluate its use for COVID-19-related ARDS. Preliminary results
showed that this treatment increases life expectancy by optimizing oxygenation and controlling the failure caused
by the COVID-19 induced cytokine storm?'.

Genome-wide association studies (GWAS) have tried to identify genetic factors related to COVID-19 severity,
and single nucleotide polymorphisms (SNPs) of several loci integrated in the pathway of virus entry into the
cells have been reported””. Among them, previous work of our group has validated the transmembrane serine
protease 2 (TMPRSS2 rs75603675) as a predictor of the severity of hospitalized patients*. Moreover, TMPRSS2
rs713400 was associated with SARS-CoV-2 viremia and a poor prognosis®*. Furthermore, different gene pathways
of activation and regulation of the immune response have been assessed, and missense variants either in the
viral RNA sensor TLR7 or in the IFN a/p-receptor (IFNAR1/2) have been associated to severe cases of COVID-
1972, Autosomal-recessive deficiencies in the intracellular mediators of the IFNAR1 signalling pathway, as
tyrosine kinase 2 (TYK2) or STAT family members, favour intracellular bacterial and viral infections through
impaired cytokine response”~*!. Consequently, missense genetic variants of these genes participate in COVID-19
severity*®*2**. However, genetic variants leading to high expression of TYK2 are associated to critical COVID-19
disease® and the inhibition of this tyrosine kinase has been proposed as a therapeutic target in influenza A virus
infections aggravated by secondary bacterial pneumonia®.

Because of the disparity of observed findings, additional confirmatory and exploratory studies are warranted.
Therefore, in this observational study we validated previously reported alleles and evaluated new SNP candidates
in TLR7, TYK2 and downstream interferon-stimulated genes (ISGs) as STATI, STAT4, OASI (2’-5 oligoadenylate
synthetase 1) and SOCSI (suppressor of cytokine signalling 1), as well as VIB VIPRI and VIPR2 genes,
determining their potential worsening or protective role in the outcome of COVID-19. For this purpose, first, a
clinical model was developed with the characteristics and comorbidities associated with COVID-19 severity in
our cohort (age, sex, cancer, dementia, diabetes, hypertension, obesity and people living with HIV). Then, each
SNP was added to the clinical model and evaluated and, finally, those variants with a significant association were
selected for a combined clinical and genetic model. We found that genetic variants in TYK2 (rs8108236-AA and
rs280519-AG) and VIP (rs688136-CC) had a protective role, while other variants in TYK2 (rs280500-AG), TLR7
(rs3853839-GG) and OASI (rs1131454-AA) increased the likelihood of developing greater COVID-19 severity.

Results

Sociodemographic and clinical variables associated with COVID-19 severity in our population
A total of 1,440 patients were genotyped. Twenty-six of them were excluded from the statistical analysis due
to genotyping failure (more than 5% missing genotypes), while 64 were excluded because of missing relevant
clinical data. Therefore, a total of 1,350 patients were included in the study, with a mean age of 63.3 years (SD
16.7), 55.6% were male and 82.1% white non-Hispanic. The main comorbidities detected in the population were
hypertension (41%) and dyslipidaemia (37%). Regarding severity (see Materials and Methods for definition),
31.4% of patients were classified as having mild, 45.5% moderate and 23.1% severe disease. There were significant
differences between severity groups in terms of age (p <0.001), male sex (p <0.001), prevalence of hypertension
(p<0.001), dyslipidaemia (p <0.001), diabetes mellitus (p <0.001), obesity (p=0.002), dementia (p <0.001), cancer
(p=0.001) and people living with HIV (LHIV) (p <0.001), as shown in Table 1. Treatment administered and
analytical data collected during hospitalization are listed in Table SI.

When the multivariate analysis was performed to establish the clinical variables predicting severity, only
some of them remained statistically significant. Among these variables, the interaction between sex and age was
included to improve model adjustment. This interaction indicated that the risk increased in older age groups and
was higher in males than in females. The risk of severe clinical outcome was also increased to different extents
by other known comorbidities such as hypertension, obesity, dementia, diabetes (being higher for patients with
organ damage) and cancer (being higher for metastatic cancer). In contrast, living with HIV exhibited a protective
role notably decreasing COVID-19 severity. This multivariate model was used to adjust the association between
genetic variants and COVID-19 severity (Table 2).

Genotyping and association analysis with clinical variables

Genotype analysis was performed for 21 SNPs within genes involved in the intracellular sensing of SARS-
CoV-2 as TLR7, the IFN-I signalling pathway (TYK2, STAT1, STAT4, OAS1, SOCS1) and the VIP/VPAC axis.
The studied SNPs were not in linkage disequilibrium (LD) and their minor allele frequency (MAF) was>0.01
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Mild, Moderate, | Severe,
Variable n n=424* n=614" n=312* P®
Sex x Age (years) 1350 <0.001
Female <45 69 (16%) 19 (3.1%) 4 (1.3%)
Female 45-70 118 (28%) | 130 (21%) | 32 (10%)
Female > 70 32 (7.5%) 129 (21%) 67 (21%)
Male <45 51 (12%) 42 (6.8%) 9 (2.9%)
Male 45-70 123 (29%) | 177 (29%) | 94 (30%)
Male >70 31(7.3%) | 117 (19%) | 106 (34%)
Race/ethnicity 1349 0.3
White, non-Hispanic 345 (81%) | 497 (81%) 266 (85%)
White, Hispanic 74 (17%) 109 (18%) 40 (13%)
Afro-descendent 1(0.2%) 0 (0%) 1(0.3%)
Asian 4(0.9%) 7 (1.1%) 5(1.6%)
Missing 0 1 0
Hypertension 1350 <0.001
Yes 94 (22%) 269 (44%) 178 (57%)
Diabetes mellitus 1350 <0.001
No 394 (93%) | 500 (81%) | 237 (76%)
Without organ damage 26 (6.1%) 102 (17%) 55 (18%)
With organ damage 4(0.9%) 12 (2.0%) 20 (6.4%)
Dyslipidaemia 1350 <0.001
Yes 102 (24%) | 250 (41%) 147 (47%)
Obesity 1350 0.002
Yes 39(9.2%) | 89 (14%) 56 (18%)
Dementia 1350 <0.001
Yes 5(1.2%) 25 (4.1%) 25 (8.0%)
Cancer 1350 0.001
No 419 (99%) | 594 (97%) | 291 (93%)
Without metastasis 3(0.7%) 15 (2.4%) 14 (4.5%)
With metastasis 2(0.5%) 5(0.8%) 7 (2.2%)
People living with HIV 1350 <0.001
Yes 25 (5.9%) | 4(0.7%) 0 (0%)

Table 1. Demographic and clinical data according to COVID-19 severity scale. *n (%). *Pearson’s Chi-squared
test; Fisher’s exact test.

(Table S2). In the case of TYK2, due to its upstream position in the IFN-I pathway, seven SNPs covering the
gene were analysed (Fig S1).

To determine the association between each SNP and COVID-19 severity, the 21 SNPs were included
separately in the clinical model by multivariate analysis and TYK2 rs8108236, rs280519 and rs280500, OASI
rs1131454, TLR7 rs3853839 and VIP rs688136 remained significant. The predicted probability of severity per
genotype of significant SNPs in this model is shown in Fig. 1. This analysis showed that the rs280519-GA,
rs8108236-AA and rs688136-CC genotypes were protective compared to each of their major alleles (Odds ratio,
OR=0.786/0.171/0.682, respectively) (Fig. 1, upper panels), while carrying rs1131454-AA, rs3853839-GG or
rs280500-AG was considered a risk factor (OR=1.323/1.478/1.104, respectively) (Fig. 1, lower panels).

Then, the combined effect or influence of these SNPs and clinical variables on COVID-19 severity was analysed
(Fig. 2). Although clinical variables strongly influenced the disease outcome, showing higher OR compared to
genetic variants, TYK2 rs8108236-AA, rs280519-AG and VIP rs688136-CC genotypes were associated with a
lower COVID-19 severity (OR<1) and TLR7 rs3853839-GG, TYK2 rs280500-AG and OASI rs1131454-AA
genotypes favoured a worse disease outcome (OR >1). Among them, the TLR7 rs3853839-GG genotype had
the highest OR value (OR =1.44). This model resulting from including these variants was statistically different
from the model that only included clinical variables (p <0.001). The model combining both genetic variants
and clinical variables provided a better explanation of data variability (R* Nagelkerke from 0.230 to 0.250) and
improved the prediction of disease severity (R> McFadden from 0.106 to 0.117).

Discussion

Due to a global effort, the main knowledge on the effect of specific demographic and clinical characteristics on
COVID-19 severity has been established*®. Herein the modified WHO COVID ordinal outcomes scale, which
stratifies mild, moderate and severe patients, was employed to analyse both protective and risk variables. Other
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Variable ‘ OR ‘ 95% CI p-value
Interaction of sex and age (comparator: females under 45
y.0.)

Female 45-70 y.o 3.76 | 2.25-6.5 <0.001
Female>70 y.o 9.98 |5.74-17.85 <0.001
Male <45 y.0 3.6 1.97-6.73 <0.001
Male 45-70 y.o 7.25 |4.37-12.41 <0.001
Male>70y.0 14.87 | 8.55-26.61 <0.001

People living with HIV 0.08 |0.02-0.21 <0.001

Diabetes (comparator: no)

Without organ damage 1.2 |0.88-1.64 0.253
With organ damage 231 | 1.17-4.69 0.018
Dementia 1.85 | 1.07-3.2 0.027
Obesity 1.6 1.17-2.19 0.004
Hypertension 145 | 1.13-1.86 0.003
Cancer (comparator: no)

Without metastasis 1.72 | 0.87-3.45 0.121
With metastasis 3.61 |1.23-11.02 0.02

Table 2. Clinical model with demographic and clinical variables of the patients. n: 1350; AIC: 2587.679; R?
McFadden: 0.106; R? Nagelkerke: 0.230. CI confidence interval, OR Odds ratio y.o. years old.

studies focused mainly on the severe states of the disease have selected additional sub-classifications®. Our study
corroborates that age and sex are the two characteristics with the highest influence on COVID-19 severity as has
been described®*. Regarding comorbidities, the presence of oncological disease with metastasis, diabetes with
organ damage, dementia, obesity and hypertension, in decreasing order of importance, significantly influence
the risk of severe COVID-19 complications in our model, as previously reported**.

The finding that LHIV is an independent protective factor in our cohort is remarkable. In contrast, the
largest study on the effect of COVID-19 on people LHIV showed that HIV infection was an independent risk
factor for poor prognosis®®. However, this study recognized that having an undetectable viral load and being
on antiretroviral treatment (ART) greatly reduced the risk of worse disease onset, which has been validated in
other Spanish LHIV cohorts*. Additionally, this study also indicated that other patient features, such as age and
health quality, are factors that notably affect COVID-19 severity. Patients LHIV included herein presented a lower
average age (49.9 £ 11.6 years) compared to those in the general population (63.8 +16.6 years) and presented a
very high rate of immune virologic control, since almost all of them received ART treatment. Thus, we interpret
the detected protective effect as a consequence of a greater supervision, concomitant ART treatment, and good
immunological state of the patients prior to COVID-19 infection.

Heterogeneity in clinical response to SARS-CoV-2 that could not be explained by these clinical variables led
us to study the influence of certain SNPs on the severity of infection and outcome in Spanish patients, focusing
on the impact of genetic variants of genes involved in the IFN-I signalling pathway and the VIP/VPAC axis.
We found that the TLR7 rs3853839-GG genotype was the greatest risk factor for disease severity, in agreement
with recently described data**#!. This variant is located in the 3’ untranslated region (UTR) and increases TLR7
transcripts in peripheral blood mononuclear cells (PBMC) from carriers with systemic lupus erythematosus
(SLE)*?, HCV-infected patients** and COVID-19 patients**. In addition, rare TLR7 missense variants have been
described in 4 young male patients with severe COVID-19 whose PBMCs displayed impaired type I and II
IFN responses®® and Asano and colleagues reported TLR7 deficiency in 1% of men under 60 years with life-
threatening COVID-19*. Moreover, Fallerini et al. described that TLR7 loss-of-function variants were present in
2% of young male patients thus establishing TLR7 as the most important susceptibility gene for life-threatening
disease®.

Recently, we have described a close interaction between TLR7 expression and the IFN-I signalling pathway
mediated through TYK2¥. Among the TYK2 SNPs evaluated herein, rs8108236-AA and rs280519-AG appear
to be protective while rs280500-AG seems to increase the risk of COVID-19 severity. TYK2 rs8108236-AA
genotype is rare and was only found in nine patients (Table S3). This is a splicing variant located in the intronic
position chr19:10355156 that could exert an influence on expression changes. Additionally, TYK2 rs280519 is
located 7 bp away from the start of intron 11 in a highly conserved interspecies region*®, suggesting an important
role in the function of the protein. In this case, the AG and AA genotypes are both present at equal frequency in
the European population. Other variants assessed in our model, reported previously to have a protective effect
in autoimmune diseases, such as TYK2 rs12720270%4 rs12720356 and rs34536443°%°! were not found to be
significant to predict COVID-19 severity, although the latter is a missense variant described as a risk allele for
mycobacteria and viral infection®® and was associated to hospitalization due to SARS-CoV-2 infection in another
study™. Similarly, severity is not influenced by the rs2304256 variant in our setting, in contrast with the poor
outcome found in COVID-19 Brazilian patients, especially among female and non-white populations®?. In our
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Fig. 1. Predicted probability of COVID-19 severity for each significant SNP in the clinical model. Numbers
inside each graph bar indicate the predicted probability of COVID-19 severity as percentage (95% confidence
interval) for each genotype: OASI rs1131454, TLR7 rs3853839, TYK2 rs280500, rs280519 and rs8108236, and
VIP rs688136. Upper horizontal lines indicate significant p-values and Odds ratios from the multivariable
analysis in which each SNP was included separately in the clinical model.

research, we found that TYK2 rs280500-AG increased the risk of COVID-19 severity, although the effect of this
intronic variant on protein function is not known and it has not been previously associated with viral infection.

Downstream TYK2 in the IFN-I signalling pathway is OAS1, involved in the early antiviral response by
degrading viral RNA*. We found the missense variant rs1131454-AA associated with disease severity, in
agreement with previous reports relating this variant to COVID-19 hospitalization®*® or increased risk for
Alzheimer’s disease™. In fact, this variant appears associated with this neurodegenerative disease (OR 2.58 [95%
CI 1.22-5.46]; p=0.013) in our cohort. Moreover, OASI rs1131454-AA achieved significant association with
COVID-19 severity when correcting the model with dementia and other comorbidities, ensuring the independent
effect of this SNP on clinical outcome. OASI rs2660 was previously associated with a lower risk of SARS-CoV-2
viremia?*, but we did not find an association with disease outcome.

Altogether, these results reinforce the importance of timing in the host type I IFN response to control
viral infection®’; if this response is poor in the early stages of infection due to missense or impaired-function
variants in TLR7, TYK2 or/and OAS]1 it could favour virus evasion mechanisms and result in severe disease'>>°%.
However, the persistence of an elevated IFN-I secretion when TLR7 and TYK2 expression is increased could
induce inflammatory tissue damage, also leading to a worse outcome. Then, the fine-tuning of TLR7 and TYK2
expression is crucial to avoid triggering IFN-I mediated pathological processes.
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Fig. 2. Forest plot of the final multivariable model with clinical and genetic variables. The Odds ratios (dots)
and 95% confidence intervals (horizontal bars) for all variables are depicted. ORs=1 correspond to reference
conditions and are represented by grey dots, as well as non-significant conditions. Conditions that significantly
increase the probability of developing severe COVID-19 are represented by red dots, while those conditions
significantly associated with the development of mild COVID-19 are represented in blue (p <0.05). HIV human
immunodeficiency virus, DM Diabetes mellitus, AHT arterial hypertension.

Regarding VIP, we have shown that patients carrying the rs688136-CC genotype had a lower probability to
develop severe COVID-19. Previous studies of our group described that the expression of this variant, located in
the 3’ UTR region, is higher in homozygous patients with early arthritis'®. Elevated serum VIP levels correlated
with a better outcome and response to treatments in these patients®. Lower serum VIP levels are present in
patients with severe COVID-19%, therefore, high serum VIP could protect from a worst outcome in both IMID
and COVID-19.

In conclusion, genetic variants in TYK2 (rs8108236 and rs280519) and VIP (rs688136) were associated with a
better outcome of COVID-19. In contrast, TLR7 rs3853839, TYK2 rs280500 and OASI rs1131454 were identified
as risk factors predicting higher disease severity. All these results improved the severity predictive model based
on the patient’s clinical features and comorbidities, helping to explain the variability in COVID-19 outcome
within our population.

Materials and methods

Study design and population

This is a retrospective observational study including patients with COVID-19 treated at the University Hospital
La Princesa from March 29th, 2020 to September 14th, 2021, before the vaccination campaign started in Spain
(see results for detailed description of number of patients). Patients were included in the study if COVID-19
infection was confirmed by real-time polymerase chain reaction (RT-PCR) on nasopharyngeal samples or by
serological testing, and if they were older than 18 years and had given informed consent. Blood samples of

Scientific Reports |

(2024) 14:20728 |

https://doi.org/10.1038/s41598-024-71476-2 nature portfolio



www.nature.com/scientificreports/

admitted patients were collected during their hospitalization while those treated as outpatients were recruited
when the pandemic situation did not pose a risk to their health.

Probes and genotyping

Total DNA was extracted from peripheral blood using MagNA Pure 2.0 and MagNA Pure LC DNA Isolation Kit
(Roche Life Science, Basel, Switzerland). Concentration and integrity were measured with NanoDrop ND-1000
(Thermo Fisher Scientific). Genotyping was performed at Parque Cientifico of Autdnoma University of Madrid
(UAM, Campus Cantoblanco, Madrid) using QuantStudio 12 k Flex, TagMan™ Genotyping Master Mix and
TagMan™ customized 384 plates (all from Applied Biosystems, Thermo Fisher Scientific, Walthman, MA, USA),
using individual probes, duplicate samples and negative controls to verify assay 's accuracy. Allelic discrimination
was automatically defined by the TagMan™ SNP Genotyping App (within Thermo Fisher Connect™, Applied
Biosystems™ ANALYSIS SOFTWARE, Genotyping Analysis Module, version 4.1 was employed), based on allele-
specific fluorescence. The assessed SNPs and their predesigned TagMan™ probes and primer sequences are
detailed in Table S2.

Variables
Data were extracted retrospectively from electronic medical records and included in a database in a pseudo-
anonymized/codified way by removing all identifiable information to ensure the privacy of the patients.

All variables collected can be classified into six groups: demographic data, COVID-19-related clinical data,
comorbidities, pharmacological treatment before and during the hospitalization and laboratory parameters.
Laboratory parameters and COVID-19 pre-treatments were collected on admission day and according to pre-
existing pathologies, respectively (Table S4). Additionally, variables were registered during patient hospitalization
period or, in the case of outpatients, at the time of their visit to the emergency department.

The main outcome considered in the study was COVID-19 severity, assessed following a modified version
of the 8-point World Health Organization (WHO) Ordinal Scale (WOS) to obtain the worst outcome for each
patient (Table S5). According to this scoring system, a categorical outcome variable was elaborated by pooling
patients in three levels: mild for 1, 2 and 3 WOS score, moderate for 4, and severe for 5, 6 and 7. In addition,
in order to establish a more detailed comparison, among comorbidity variables, two of them were considered
categorical instead of binary: diabetes (0: diabetes absence; 1: diabetes without complications; 2: diabetes with
end organ damage) and tumors (0: tumor absence; 1: non metastatic solid tumor; 2: metastatic solid tumor).

Statistical analysis

Statistical analyses were performed using Stata 14.0 for Windows (StataCorp LP, College Station, TX, USA).
Those quantitative variables with non-normal distribution were represented as median and interquartile range
(IQR), and the Mann Whitney or Kruskal-Wallis tests were used to analyse significant differences. Quantitative
variables with gaussian distribution were described as mean and standard deviation. Qualitative variables were
described as proportions, and the 2 test was used to compare categorical variables.

In order to identify those variables associated with variation of COVID-19 severity we fitted an ordered
logistic regression analysis (command ologit of Stata), considering the dependent variable the WHO-severity
scale grouped in Mild (levels 1 to 3), Moderate (level 4) and Severe (levels 5 to 7) as previously described®!. The
first model was performed by adding all sociodemographic variables, comorbidities and treatments previous
to SARS-CoV-2 infection that achieved a p-value <0.15 in the bivariate analysis (Table S6). The final clinical
model was reached through backward stepwise removal of variables with p-value>0.15, based on the Akaike
information criterion (AIC)®%. Once the best model was obtained, the different SNPs were forced in the model in
order to determine whether there was an association with COVID-19 severity or not, using as reference the global
major allele established in the Ensembl genome database. All those SNPs that achieved a p-value <0.15 with this
approach were included in the final model combining clinical and genetic variables, which was constructed as
previously described for the clinical model. Finally, we evaluated whether the clinical model and the final model
(with clinical and genetic variables) were different by AIC, R* and ANOVA.

Data availability
The dataset from this publication has been deposited to the Zenodo database and assigned the identifier
10245797.
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