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Abstract: Background/Objectives: The COVID-19 pandemic resulted in 675 million cases
and 6.9 million deaths by 2022. Despite substantial declines in case fatalities following
widespread vaccination campaigns, the threat of future coronavirus outbreaks remains a
concern. Current treatments for COVID-19 have been repurposed from existing therapies
for other infectious and non-infectious diseases. Emerging evidence suggests a role for
genetic factors in both susceptibility to SARS-CoV-2 infection and response to treatment.
However, comprehensive studies correlating clinical outcomes with genetic variants are
lacking. The main aim of our study is the identification of host genetic biomarkers that pre-
dict the clinical outcome of COVID-19 pharmacological treatments. Methods: In this study,
we present findings from GWAS and candidate gene and pathway enrichment analyses
leveraging diverse patient samples from the Spanish Coalition to Unlock Research of Host
Genetics on COVID-19 (SCOURGE), representing patients treated with immunomodulators
(n = 849), corticoids (n = 2202), and the combined cohort of both treatments (1 = 2487) who
developed different outcomes. We assessed various phenotypes as indicators of treatment
response, including survival at 90 days, admission to the intensive care unit (ICU), radiolog-
ical affectation, and type of ventilation. Results: We identified significant polymorphisms
in 16 genes from the GWAS and candidate gene studies (TLR1, TLR6, TLR10, CYP2C19,
ACE2, UGT1A1, IL-1«, ZMAT3, TLR4, MIR924HG, IFNG-AS1, ABCG1, RBFOX1, ABCB11,
TLR5, and ANKS3) that may modulate the response to corticoid and immunomodulator
therapies in COVID-19 patients. Enrichment analyses revealed overrepresentation of genes
involved in the innate immune system, drug ADME, viral infection, and the programmed
cell death pathways associated with the response phenotypes. Conclusions: Our study
provides an initial framework for understanding the genetic determinants of treatment
response in COVID-19 patients, offering insights that could inform precision medicine
approaches for future epidemics.

Keywords: SARS-CoV-2; pharmacogenetics; corticoids; immunomodulators; precision medicine

1. Introduction

Coronaviruses are a subfamily of RNA virus that cause a variety of respiratory dis-
eases, including common cold and severe acute respiratory syndrome (SARS). The Beta ([3)
class of coronaviruses that comprises SARS-CoV-1, MERS-CoV, and SARS-CoV-2 infect the
lower respiratory tract, causing a wide variety of symptoms, including cough, anosmia,
fever, and headache, among others [1], that can degenerate into pneumonia and may affect
the function of other organs, including the liver, heart, kidney, and brain [2]. SARS-CoV-2,
responsible for the COVID-19 pandemic, caused 777 million reported cases and 7 million
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confirmed deaths worldwide, according to recent WHO data. The number of COVID-19
cases and deaths per year have decreased drastically due to vaccination and immunisa-
tion of the population. However, newer COVID-19 variants have significantly increased
infections, and future coronavirus epidemics are highly likely [3,4]. The high mutation
rates of coronaviruses; environmental factors (e.g., temperature, humidity, radiation, and
pollution); and, particularly, host susceptibility to infection (e.g., genetic predisposition)
may contribute to infection susceptibility [5,6].

To date, there is no specific treatment for the immune reaction produced by SARS-
CoV-2 infections [2]. The rapid mutation of coronaviruses may lead to the inefficacy of
treatments in the long term, especially those targeting replicative mechanisms [7]. The
current COVID-19 treatment options are based on therapies used for previous coronavirus
outbreaks (i.e., SARS-CoV-1 and MERS) and include anti-inflammatory compounds such as
glucocorticoids, antivirals, antibiotic, antiparasitic, and /or anti-inflammatory compounds
previously used for other infectious and non-infectious diseases [8]. About 10-20% of
patients do not respond to treatment and develop an aberrant immune system response that
results in a cytokine storm, causing severe symptomatology and even death [9]. Monoclonal
antibodies such as the immunomodulator Tocilizumab are used for the treatment of severely
affected COVID-19 patients suffering from cytokine storms, with varied success [10,11].
Furthermore, one of the leading causes of mortality is the adverse reactions (ADRs) induced
by COVID-19 treatments. Tocilizumab and corticoids may cause immunosuppression and
increased risk of infection when administered at high doses [12]. A recent study showed
a superior incidence (4.75-fold) of ADRs in COVID-19 patients compared to non-COVID
patients, with Tocilizumab associated with the higher rate of ADRs [13]. The reasons
behind treatment failure and adverse reactions are unclear. Identifying the risk factors for
treatment failure may help to better select treatment and /or doses in future epidemics.

Pharmacogenetic studies have revealed genetic variants that may influence the clinical
outcome by altering drug metabolic rates and /or drug targets. Genetic variants in hepatic
cytochrome P450 (CYP) metabolic enzymes, transporter proteins, targeted cytokines, and
virus entry proteins may play an important role in the host response to SARS-CoV-2
infections. For instance, about 85% of the current medications are metabolised by CYP
enzymes, which are known to harbour genetic variants affecting their metabolic rates.
CYPs functional variants have been reported to influence the response to treatments such
as Lopinavir, Ritonavir, and Hydroxychloroquine in several studies [14,15]. CYPs variants
may also play an important role in the bioavailability of most corticoids, currently used as
the first line of treatment for SARS-CoV-2 infections. The enzymes CYP3A4 and CYP2D6 are
the main metabolic pathways of several corticoid compounds, including Dexamethasone,
Prednisone, Hydrocortisone, and Fludrocortisone [16]. However, the influence of known
CYP functional variants on the response to corticoid treatments has been determined mainly
in asthma but not in COVID-19 patients [17]. Solute carrier organic anion transporter family
member 1B1 (SLCO1B1), ATP-binding cassette subfamily C member 1 (ABCB1), and ATP-
binding cassette subfamily B members 1 and 2 (ABCC1 and ABCC2) transporter proteins
also play an important role in the pharmacokinetics of corticoid treatments. Genetic
polymorphisms in SLCO1B1, ABCB1, ABCC1, and ABCC2 have been associated with the
response to the antiretroviral Lopinavir and antibiotics like Azithromycin [18,19]. However,
the influence of these genetic variants on the response to treatment of COVID-19 infections
has not been investigated to date. Proteins linked to host susceptibility to infections
may also be related to the treatment response and sustained inflammation [20]. In our
own studies, we have shown that variants in genes encoding diverse immunoregulatory
interleukins (IL4, IL6, and IL10) are associated with susceptibility to invasive pneumococcal
disease [21]. Genetic variants in IL6, IL10, and C-reactive protein (CRP) genes have also been
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associated with the severity and community-acquired pneumonia [22]. Immunomodulator
treatments directed to inhibit the cytokine storm and, specifically, the IL6 pathway in severe
patients may be affected by these genetic polymorphisms. Several studies have described
associations between genetic polymorphisms within the IL-6 receptor (IL6R) gene and
Tocilizumab response [23]. Understanding the host pharmacogenetic profile can provide
useful information to help fight the virus infection and reduce mortality. However, further
evidence is required before using pharmacogenetic information for the personalisation of
COVID-19 treatments.

In summary, there are currently few predictors of the clinical response to COVID-19
pharmacological treatments. The main aim of our study is the identification of host genetic
biomarkers that predict the clinical outcomes of COVID-19 pharmacological treatments.
This information will help to personalise the treatment of COVID-19 and other coronavirus
infections, improve its efficacy, and reduce patient morbidity and mortality.

2. Materials and Methods
2.1. Patients and Sample Selection

Samples from patients diagnosed with COVID-19 were sourced from the Spanish
Consortium for COVID-19 Research (SCOURGE; https:/ /github.com/CIBERER /Scourge-
COVID19, accessed on 1 April 2022). The samples were obtained between March and De-
cember 2020 in 34 medical centres across 25 Spanish cities. A previous publication contains
a detailed description of the study cohort [6]. Briefly, COVID-19 infection was diagnosed
through PCR testing or clinical assessment. Sample collection and data management were
carried out by biobanks associated with the participating centres following informed con-
sent. The whole project was approved by the Galician Ethical Committee (ref. 2020/197)
on 10 April 2020. Additional approval was obtained by Ethics and Scientific Committees
of the participating centres. All samples and data were processed using standardised
procedures, with data management facilitated through REDCap electronic data capture
tools hosted at the Centro de Investigacion Biomédica en Red (CIBER). For this study, we
selected exclusively the patients treated with corticoids and immunomodulators that are
known to modulate the cytokine storm, the critical factor that leads to deterioration and
mortality in COVID-19 disease.

2.1.1. Clinical Sample

Patients who had received corticoid (n = 2202; 1442 males and 760 females, mean
age = 66 years, SD = £15) or immunomodulator treatments (n = 849; 633 males and
216 females, mean age = 63 years, SD = +12) were included in the study. The combined
sample of patients treated with immunomodulators and/or corticoids group consisted of
n = 2487 (1651 males and 836 females, mean age = 66 years, SD = +14) (see Table 1).

Table 1. Phenotypic distribution of the study cohorts.

Treatment Phenotype n (%)
. 96 (14) did not survive
Survival at 90 days 580 (86) survived
ICU 346 (50) ICU
Immunomodulators 350 (50) No ICU
(IMM) o
Type of Ventilation * 1=59 (9); 2 =286 (41); 3 =351 (50)

647 (99) affected

Radiological affectation 9 (1) unaffected
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Table 1. Cont.
Treatment Phenotype n (%)
. 315 (17) did not survive
Survival at 90 days 1501 (83) survived
ICU 449 (23) ICU
Corticoids 1495 (77) No ICU
(CORT) S
Type of Ventilation 1 =346 (18); 2 = 1034 (53); 3 = 565 (29)
. . . 1744 (94) affected
Radiological affectation 105 (6) unaffected
. 321 (16) did not survive
Survival at 90 days 1662 (84) survived
Immunomodulators IcuU 556 (26) ICU
and/or 1621 (74) No ICU
Corticoids .
(COMB) Type of Ventilation 1 =346 (16); 2 = 1138 (53); 3 = 669 (31)
. . . 1938 (95) affected
Radiological affectation 110 (5) unaffected

* Type of ventilation (1 = no ventilation; 2 = conventional oxygen therapy; 3 = nasal cannulas and (IMV).

2.1.2. Response Phenotype

Treatment response was assessed using the following data available in all participating
centres: survival at 90 days, admission to the intensive care unit (ICU), radiological affec-
tation, and type of ventilation. More detailed or specific response information (i.e., levels
of ferritin; interleukins such as IL-6, IL-1§3, and IL-10; C-reactive protein (CRP); D-dimer;
lactate dehydrogenase (LDH); Troponin; or Prothrombin time (PT)) was not available for
most participants.

Survival at 90 days (yes/no) refers to whether the patients survived up to 90 days

after hospital discharge. Patients who did not survive at 90 days included patients who
passed away in hospital and patients who were discharged but the sequelae of the coro-
navirus were too severe and passed away soon after. Patients who died more than
90 days after discharge were considered to have died due to causes other than the coron-
avirus infection. Admission to the intensive care unit (ICU) (yes/no) was commonly used

for severe patients with chances of survival during what is known as the first wave of
COVID-19 and may have been influenced by the age and severity of the patients. The
radiological affectation (yes/no) refers to the changes or abnormalities that can be observed

in radiographic images (X-ray or CT scan findings) in the lungs of patients infected with
SARS-CoV-2. These changes may include opacities (areas whiter than normal, indicating
fluid accumulation or inflammation in lung tissues); infiltrates (presence of fluid in the lung
spaces, which may indicate inflammation or damage); and consolidations (accumulation
of fluid, inflammatory cells, or scar tissue) that are indicative of the presence and severity
of COVID-19 infection in the lung tissue. In our study, we established the radiological
affectation as a binary variable to distinguish between patients who received treatment that
severely reduced the inflammation and did not develop radiological affectation and pa-
tients that did not improve and developed lung affectation. Radiological affectation values
have been employed in predicting disease states, particularly amidst the unprecedented
circumstances of the pandemic. While the specific dates of the radiological assessments
were not documented, it is presumed that patients underwent treatment upon admission to
the hospital, followed by subsequent imaging evaluations [24]. The type of ventilation is a

categorical variable (1 = no ventilation; 2 = conventional oxygen therapy; 3 = nasal cannulas
and IMV) directly related to the state of the disease. If patients fail to respond adequately to
medication, disease progression ensues, resulting in an increased requirement for oxygen
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therapy. As the disease advances, oxygen therapy may need to be escalated to more inva-
sive measures to prevent hypoxia, a severe and potentially fatal condition characterised by
viral pneumonia and marked decreases in blood oxygen levels. This progression can lead
to acute respiratory distress syndrome (ARDS), organ failure, and, ultimately, death.

Most patients survived more than 90 days after being discharged, with an overall
survival rate of 83.8%. Interestingly, the survival rate was slightly higher among patients
treated with immunomodulators (85.8%) compared to those treated with corticoids (82.5%).
Among patients receiving immunomodulators, approximately half required admission to
the ICU, whereas only 23% of patients receiving corticoids were admitted. Additionally,
half of the patients in the immunomodulator cohort required invasive ventilation, while
50% of patients in the corticoid and combination therapy cohorts required non-invasive
ventilation. Regarding the radiological findings, only 5% of patients in the corticoid and
combination therapy cohorts showed no radiological abnormalities, whereas, in the IMM
cohort, only 1.37% of patients were unaffected radiologically.

2.2. SNP Genotyping

The samples were genotyped using the Axiom Spain Biobank Array (Thermo
Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s instruc-
tions at the Santiago de Compostela Node of the National Genotyping Centre (CeGen-
ISCIIL http:/ /archivo.xenomica.org, accessed on 1 April 2022). This array interrogates
757,836 polymorphisms, including rare variants from exonic regions specifically chosen
from the Spanish population’s genetic profile. Quality control (QC) of the GWAS results
was performed by the Santiago de Compostela Node of the National Genotyping Centre,
as previously described [6]. Briefly, the QC was carried out using the PLINK1.9 package
and the R platform 4.3.1. Variant exclusion criteria: Variants with minor allele frequency
(MAF) < 1%, call rate < 98%, and Hardy—Weinberg equilibrium (HWE) [p < 1 x 10~1°
as recommended [25]] were excluded from the analyses. X chromosome variants were
excluded from the GWAS study and analysed separately in the candidate gene analyses.
Sample exclusion criteria: Individuals with a call rate < 98% or whose heterozygosity rate
deviated >5 standard deviation (SD) from the mean heterozygosity and individuals with
an estimated probability < 20% of pertaining to European ancestry were excluded. In
related individuals, one individual of each pair of second-degree relatives were excluded
(PI_HAT > 0.25). After QC, 588.117 variants and 1948 patients who had received corticoids
and 696 patients with immunomodulator treatments and with available clinical informa-
tion were considered. The combined sample of patients treated with immunomodulators
and/or corticoids consisted of n = 2181.

Variant Imputation

Genetic variants were imputed using TOPMed version 12 reference panel (GRCh38 [26])
on the TOPMed Imputation Server (https://imputation.biodatacatalyst.nhlbi.nih.gov/,
accessed on 3 October 2023). The following post-imputation filtering criteria were applied
for inclusion: coefficient of determination R-square (Rsq > 0.3), HWE p > 1 x 10~°, and
MAF > 1%. This dataset encompassed a total of 15,997,581 genetic markers. Bcftools (ver-
sion 1.18) a software for managing genetic databases, was used for the SNPID annotation.

2.3. Candidate Gene Analysis

We selected polymorphisms within genes implicated in the severity of the disease,
metabolism, and targets of compounds used for the treatment of COVID-19 (see Table 2).
Specifically, the selected genes were:
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Table 2. List of candidate genes related to the primary treatments used for COVID-19.
Type of Drug Drug Main Targets and Metabolic Pathways
Dexamethasone CYP3A4,CYP3A5,CYP2B6, CYP2C19, CYP2CS,
ABCB1, ABCB11, ABCC2
Hvdrocortisone CYP3A4,CYP3A5,CYP11B2,CYP2C8,CYP1Bl1,
4 CYP2B6, CYP2C9,CYP2C19, ABCB1
Corticoids ) CYP3A5, CYP2B6, CYP2C19, CYP2C8, ABCBI,
Prednisone ABCB11, ABCC2
Treatment . CYP3A4,CYP1B1,CYP2B6,CYP2C8, CYP2C19,
related genes Methylprednisolone CYP2C9, ABCB1
Cortisone CYP3A4,CYP3A5
OTHERS IL1R1,IL1A,IL1B,IL2,114,1L6,IL6R, IL10, TNFA,
IFNAR1
Immuno-modulators
Tocilizumab IL6R, CYP3A4, FCGR3A, UGT1A1, FCGR3A
Interferon Interferon: IFNAR1,IFNAR2,CYP1A2, IFITM3, IFNG,
ertero erterons IFNGRI, IFNGR2, IENLR1, IENA16, IRF7
Related Function Genes Involved
Entry point ACE, ACE2, ABO
Infection
related genes TLR10, TLRS, TLR7, TLR5, TLR4, TLR3, TLR2,
Cytokine storm TLR1,IL1R1,IL-1A,IL1B,1L2,IL4,1L6, IL6R,IL10 &
y TNF-a, IFNAR1,IFNAR2, IFITM3, IFNG, IFNGR1,

IFNGR2, IFNLR1, IFNA16, IRF7

- Genes encoding for cytochrome P450 (CYPs) enzymes involved in the metabolism of
corticoids: CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5 [9,14,18,23,27,28].

- Transporter genes related to the bioavailability of drugs: ABCB1, ABCB11, ABCC1,
ABCC13, ABCC2, ABCC4, and UGT1A1 [9,18,23,27,29-32].

- Genes directly related to the viral entry into cells of some coronaviruses: ACE, ACE2,
and ABO [18,23,29].

- Genes related with the response to immunomodulators and interferon: FCGR3A4,
IFNARI, IENG, IFNGR1, IFNGR2, IFNAR2, IFNLR1, IFNA16, IL-1A, IL1B, IL2, IL.4, IL6, IL6R,
IL10, IRF7, and TNFA [9,18,23,27,29,33].

- Genes related with the COVID-19 infection-induced cytokine storm: TLR10, TLRS,
TLR7, TLR5, TLR4, TLR3, TLR2, TLR1, IL1R1, IL-1A, IL1B, IL2, IL4, IL6, IL6R, IL10 & TNF-a,
IFNAR1, IFNAR2, IFITM3, IFNG, IFNGR1, IFNGR2, IFNLR1, IFNA16, and IRF7 [29,33-36].

2.4. Statistical Analyses

The association of genetic variants with the selected phenotypes was investigated
using linear and logistic regression models and the Plink v1.9 package [37]. The models
were adjusted for covariates known to be associated with the outcome of the disease (age
and sex) [6], as well as the first 10 ancestry-specific principal components (PCs). Significance
was determined at p <5 x 1078 for the GWAS results. Bonferroni corrections for multiple
analyses were applied for the candidate gene results, where the significance threshold was
0.05/number of variants included in the analysis for each gene. All the variants with a
p-value lower than the threshold established for each gene were considered significant.
Analyses were performed separately for each treatment and phenotype.

2.5. Pathway Enrichment Analyses

A gene set enrichment analysis was performed using the WEB-based Gene SeT AnaLysis
Toolkit (www.webgestalt.org, accessed on 26 February 2024) to extract Gene Ontology terms
(including cellular component, biological process, and molecular function ontologies).

3. Results

The following sections will describe the results by response phenotypes (survival
at 90 days, admission in ICU, type of ventilation, and radiological affectation) and type
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of study (GWAS or candidate gene studies). Tables 3 and 4 summarise the results from
the GWAS analyses and candidate gene studies, respectively. Figures 1-3 illustrate the
significant results from these analyses.

Table 3. Summary of the significant findings in the GWAS analyses.

Treatment Phenotype Gene SNP Allele 7011/ p-Value
BETA
15144347645, T —0.64 2.68 x 1078
1516915354, T —0.64 2.68 x 1078
15145299149, A —0.64 2.68 x 1078
15142740585, T —0.64 2,68 x 1078
Immunomodulators Type of rs115701266; A —0.64 2.68 x 1078
y
f{’l\}/}% Ventilation ANK3 15116165734 C —0.64 2.68 x 10°%
rs16915359; G —0.64 2.68 x 1078
rs16915361; C —0.64 2.68 x 1078
rs149847098; G —0.64 427 x 1078
rs144806783; G —0.64 427 x 1078
MIR924HG 1s36036468; T 0.21 4.99 x 108
-8
Corticoids cohort Radiological RBFOX1 rs551128984; C 0.24 2.01 x 10
(CORT) affectation 1s743707464 A 0.05 2.33 x 10 8
ZMAT3
15784516715 C 0.05 2.33 x 10 8
1s551128984; C 0.23 3.00 x 1079
RBFOX1 -
Combined cohort Radiological 1572765129, G 0.28 4.75 x 10
(COMB) affectation . -8
ABCGI rs914110892, A 0.14 1.38 x 10
rs1123026205 C 0.14 1.38 x 1078

Gene variant locations: intron variant, regulatory region variant, intergenic variant, and upstream gene variant.
Beta coefficients are reported for categoric variables (type of ventilation), while odds ratios (ORs) are presented
for bimodal variables.

Table 4. Summary of the significant findings in the candidate gene studies.

Treatment Phenotype Gene SNP Allele OR/Beta p-Value
: 1s55866312; T 13.91 439 %1073
Immunomodulators Sggv]l)val at TLR5
cohort ays rs542741410, T 9.82 539 x 103
(IMM) ICU ABCB11 rs3770585; A 1.53 255 x 1074
rs12306899; C 0.65 4.05 x 1075
IFNG-AS1
rs12300716, C 0.65 4.05x107°
15111530790, dupT 1.54 2.86 x 1074
1s6849400; A 1.54 2.86 x 1074
rs11933455; G 1.55 2.56 x 1074
Survival at 90
o e, 15146468588, T 1.54 349 x 104
y TLR1, TLR6
1s376523214, G 1.54 3.49 x 1074
rs111980996, C 1.54 3.49 x 1074
Corticoids cohort rs113668069; G 1.54 3.49 x 107+
(CORT) 15148035117, A 1.54 3.49 x 104
TLR10 rs149895872, C 456 9.05 x 10+
CYP2C19 1512258243, A 2.65 3.19 x 104
ICU
ACE2 rs62578917; A 3.51 3.26 x 1074
rs12377632; C 0.08 3.45x107*
TLR4
Type of 157868859, G —0.09 6.35 x 10~
Ventilation
UGT1A1 1s6742078; T 0.17 512 x 1074
rs3783585; T 0.07 7.83 x 1073
Radiological IL-1a 152071375, T 0.44 5.63 x 104
affectation
s697; T 0.44 5.63 x 1074
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Table 4. Cont.

Treatment Phenotype Gene SNP Allele OR/Beta p-Value
rs123007164 C 0.64 8.18 x 107
rs12306899; C 0.65 118 x 107°
rs10878747, A 0.65 1.78 x 1073
1510878749, T 0.65 251 x 1075
1s7301797; G 0.66 2.54 x 1075

ived s
Survived 90 [FNG-AS1 157306440, G 0.66 254 x 1075
Days

1s2870955, T 0.66 3.60 x 1075
Combined cohort -5

7133171 C 0.66 3.60 x 10

(COMB) b ! x

rs7137158; C 0.66 3.60 x 10-°
rs11177059, T 0.66 4.74 x 1075
TLR10 rs149895872; C 4.07 1.05 x 1073
Ventilation UGT1A1 156742078, T 0.16 6.73 x 1074
152071375, T 0.47 1.13 x 1073
Radiological -1a 5

Affectation rs697; T 0.47 1.13 x 10
1s3783585, T 0.08 6.41 x 1075

Gene variant locations: intronic variant and missense variant. Beta coefficients are reported for the categoric
variables (type of ventilation), while odds ratios (OR) are presented for the bimodal variables.
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Figure 1. Manhattan plot of results for the type of ventilation in the subgroup of patients treated
with immunomodulators. The results of the candidate gene analyses are highlighted in green and the
GWAS results in grey and black. The blue line indicates the threshold p-value < 1 x 107> and the red
line the threshold p-value < 5 x 1078. The corresponding QQ plot is in the top left corner.
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Figure 2. Manhattan plot of the results for radiological affectation in the subgroup of patients treated
with corticoids. The results of the candidate gene analyses are highlighted in green and the GWAS
results in grey and black. The blue line indicates the threshold p-value < 1 x 10~ and the red line
the threshold p-value < 5 x 10~8. The corresponding QQ plot is in the top left corner.
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Figure 3. Manhattan plot of the results for radiological affectation in the total combined sample.
The results of the candidate gene analyses are highlighted in green and the GWAS results in grey
and black. The blue line indicates the threshold p-value < 1 x 10~° and the red line the threshold
p-value <5 x 1078, The corresponding QQ plot is in the top left corner.
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3.1. GWAS Results

GWAS statistical analyses revealed several genetic loci associated with the type of
ventilation in the IMM cohort and the radiological affectation in the COMB and CORT
groups at the genome-wide significance level. No statistically significant association was
observed when analysing ICU stay and survival at 90 days. Figures 1-3 illustrate the
Manhattan plots of the most significant results.

3.1.1. Associations with Type of Ventilation

Numerous variants in the gene ANK3 (rs144347645, rs16915354, rs145299149,
p rs142740585, rs115701266, rs116165734, rs16915359, rs16915361, rs149847098, and
rs144806783) were associated with the type of ventilation in the IMM group
(p <5 x 1078 for all comparisons; see Table 3 and Figure 1).

3.1.2. Associations with Radiological Affectation

Significant associations were found between radiological affectation and variants in the
gene RBFOX1 in the CORT (rs551128984, p = 2.01 x 10~8) and in the COMB (rs551128984,
p =3 x 107? and 172765129, p = 4.75 x 10~8) groups. Variants regulating the expression
of the gene ZMAT3 were also significantly associated with this phenotype in the CORT
group (rs74370746 and rs78451671, p = 2.33 x 1078). A variant in the MIR924HG gene was
associated with radiological affectation in the CORT group (rs36036468, p = 4.99 x 1078).
Two variants in the ABCGI gene were associated with radiological affectation in the COMB
sample (rs914110892 and rs112302620, p = 1.38 x 10~8) (see Table 3 and Figures 2 and 3).

3.1.3. Associations with ICU and Survival at 90 Days

No statistically significant associations were found at the genome-wide level
(p <5 x 107®) for the ICU admission and 90-day survival phenotypes in any of the
comparisons performed in the different groups.

3.2. Candidate Genes Results

Single marker analyses of selected variants in the candidate genes revealed several
significant associations after correcting for multiple analyses (see Table 4).

3.2.1. Associations with Survival at 90 Days

Several genes involved in the immune response (TLR5, IFNG-AS1, TLR1, TLR6, and
TLR10) contained genetic variants associated with survival at 90 days. Associations
were found between survival and the TLR5 variants in the IMM cohort (rs55866312 and
rs542741410, p < 5.39 x 1073). Associations were also found with the IFNG-AST gene
variants in the CORT group (rs12306899 and rs12300716, p = 4.05 x 10~°) and the com-
bined COMB cohort (rs12300716, rs12306899, rs10878747, rs10878749, rs7301797, rs7306440,
152870955, rs7133171, 1s7137158, and rs11177059, p < 4.74 x 10_5). Significant associations
were observed with variants located in an overlapping region shared by the genes TLR1
and TLR6 (rs11933455, rs111530790, rs6849400, rs146468588, rs376523214, rs111980996,
5113668069, and rs148035117, p < 3.5 x 10~%) in patients treated with corticoids. We
identified one significant polymorphism in the TLR10 gene (rs149895872) associated with
90-day survival in the CORT (p = 9.05 x 10~%) and in the COMB (p = 1.05 x 10~2) groups.

3.2.2. Associations with Admission to the Intensive Care Unit (ICU)

Significant associations were found between admission to the ICU and a variant in
the ABCB11 gene in the IMM cohort (rs3770585, p = 2.55 x 10~*). Associations were also
found with variants in the CYP2C19 (rs12258243 p = 3.19 x 10~*) and ACE?2 (rs62578917,
p=3.26 x 10%) genes.
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3.2.3. Associations with the Type of Ventilation

Statistical analyses revealed a significant association with a variant (rs6742078) in
the complex region of UGT1A, a multigenic region that generates nine UGT proteins in
the CORT (p = 5.12 x 10~*) and COMB (p = 6.73 x 10~%) groups. Two associations were
found in variants of the TLR4 gene (rs12377632 and rs7868859, p < 6.35 x 10~%) in the
CORT patients.

3.2.4. Associations with Radiological Affectation

Associations were found between variants in the IL1IA gene (rs3783585, rs2071375,
and rs697) and radiological affectation in the CORT (p = 7.83 x 1072, p =5.63 x 107, and
p = 5.63 x 1074, respectively) and COMB (p = 6.406 x 107>, p = 1.128 x 1073, and
p=1.128 x 1073, respectively) groups (Figures 2 and 3).

3.3. Functional Enrichment Analyses Results

A gene set enrichment analysis was performed for each cohort using the top 5000 genes
from the GWAS results ranked by the lowest unadjusted p-values using the Gene Ontology
databases (Biological Process, Cellular Component, and Molecular Function).

Biological Process (BP): Overrepresentation of genes involved in the regulation of neu-
ron projection development, regulation of transsynaptic signalling, regulation of membrane
potential, and dendrite development was detected in the three cohorts. Other pathways
that appeared significantly enriched were small GTPase-mediated signal transduction and
developmental growth involved in morphogenesis within the IMM cohort, renal system
development, and cell-substrate adhesion in the CORT subgroup and muscle system pro-
cess and sodium ion transport in the COMB group. Genes involved in the regulation
of developmental growth appeared enriched in the IMM and CORT cohorts, while the
genes involved in cell junction assembly appeared significantly enriched in the CORT and
COMB cohorts.

Cellular Component (CC): Genes involved in nervous system and structural compo-
nents like adherent junctions were enriched in all the cohorts.

Molecular Function (MF): Most of the enriched molecular functions were related
to binding domains, such as alcohol, actin, and steroid binding (IMM); calmodulin and
phospholipid binding (CORT); phosphoprotein binding (COMB); and scaffold protein
and PDZ domain binding, in more than one cohort. There is also gene enrichment in
transporter activity, including organic acid transmembrane, metal ion, monoatomic ion,
and gated channel activity, present in all the analysed cohorts. Cyclase and nucleoside-
triphosphatase regulator activities were found enriched in various cohorts. Enrichment
in adhesion and motor activity was observed in the IMM and CORT cohorts, respectively.
Finally, enrichment of glutamate receptor activity was observed in all the cohorts.

4. Discussion

Given the severity of SARS-CoV-2 and the unfortunate deaths resulting from in-
adequate drug responses, identifying predictive factors could tailor treatment in future
coronavirus outbreaks [38]. In this study, we investigated genetic predictors of treatment
effectiveness in a large group of COVID-19 patients. Several polymorphisms in the genes
involved in immune response and previously associated with infection severity were found
to be associated with the treatment response, amongst others.

4.1. Genes Related to Response to Immunomodulators

Several genetic variants in the genes involved in immune response or coding for
transporter proteins were associated with the response to immunomodulators.
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GWAS analyses revealed several ankyrin3 (ANK3) polymorphisms associated with the
type of ventilation in the IMM cohort. ANK3 is a gene mostly related to neuronal develop-
ment [39-41]. A previous study identified the potential role of ANK3 in the PPARx/PPARy
signalling pathway and immune infiltration [39] (see Figure 4). Minor alleles of ANK3
genetic variants were associated with a lower probability of needing invasive ventilation.
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Figure 4. Interactions between the significative results of the GWAS and candidate genes analysis
and the pro-inflammatory molecule Nuclear Factor kappa-B. Created with BioRender.com.

Candidate gene association studies revealed several statistically significant associ-
ations after Bonferroni corrections. An ATP-binding cassette subfamily B member 11
(ABCB11) polymorphism was associated with admission to the ICU. ABCB11 encodes
a protein belonging to the ATP-binding cassette (ABC) transporter superfamily, which
facilitates the movement of various molecules across cellular membranes [42]. The ABCB11
rs3770585-A allele was associated with a higher probability of being admitted to the ICU of
patients treated with immunomodulators. Several genetic polymorphisms in the family
of Toll-like receptors (TLRs) were associated with survival at 90 days. It is well known
the function of TLRs in inflammation [43—46], and TLRs have been suggested as possible
targets for treatments against COVID-19 [47,48]. TLRs regulate cytokine expression and
indirectly trigger the adaptive immune system through the secretion of pro-inflammatory
cytokines such as IL-1, IL-6, and tumour necrosis factor-alpha (TNF-«) [45] (see Figure 4).
Minor alleles of TLR5 variants were associated with a lower probability of survival in
patients treated with immunomodulators and may help to identify patients requiring
alternative treatments.

It is important to note that just a limited number of significant associations were
observed in response to the immunomodulators, probably due to the moderate sample
size of the cohort of patients treated with Tocilizumab or similar molecules. However, the
involvement of the genes associated with IMM treatment with the modulation of the im-
mune response and transport suggests that these could be plausible findings. Nevertheless,
confirmation of these associations in a larger sample of IMM-treated patients is required.
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4.2. Genes Related to the Corticoid Response

GWAS and candidate gene studies showed that most of the genes associated with the
response to corticoids are involved in inflammation and the immune response.

An RNA-binding fox-1 homolog 1 (RBFOX1) polymorphism was associated with
radiological affectation in patients treated with corticoids in the GWAS study. This gene
regulates tissue-specific alternative RNA splicing. A previous review proposed that overex-
pression of RBFOX1 inhibits inflammation and oxidative stress-related factors repressing
(NF-«B) [49] (see Figure 4). Another study analysing the influence of RBFOX1 in SARS-CoV-
2 infection suggested that RBFOX1 may act as an upstream regulator for ACE2 [50]. In our
study, the “C” allele of the rs551128984 variant was associated with a lower probability of
developing radiological affectation, contributing evidence to the involvement of this gene
in SARS-CoV-2 infection and treatment. Other genetic variants not related to inflammation
or the immune response were also observed in the GWAS study to be associated with the
corticoid response. Two zinc finger matrin-type 3 (ZMAT3) polymorphisms were associated
with radiological affectation. This gene is implicated in the regulation of alternative splicing
processes, influencing the stability and translation function of RNA [51]. Minor alleles
of the rs74370746 and rs78451671 variants were associated with a lower probability of
developing radiological affectation. A previous GWAS study comparing symptomatic and
asymptomatic patients of COVID-19 suggested a potential correlation between genetic
variability in ZMAT3 and COVID-19 severity in the Chinese population [52], a finding
that would endorse a possible role in relation to treatment response, although different
risk polymorphisms were identified in both studies. A MIR924 host gene (MIR924HG)
polymorphism was also associated with radiological affectation in corticoid-treated pa-
tients. MIR924HG is a IncRNA that regulates the expression of CELF4, a gene involved in
alternative mRNA splicing [53]. The “T” allele of the rs36036468 variant was associated
with a lower probability of developing radiological affectation. However, the relation
between MIR924HG and the response to corticoids and/or SARS-CoV-2 infections is still to
be discerned.

Several polymorphisms in the TLRs family of genes were associated with survival at
90 days in the candidate gene analyses. As explained before, TLRs regulate the secretion
of pro-inflammatory cytokines [45] (Figure 4). Minor alleles in the TLR1, TLR6, and
TLR10 genetic variants were associated with a lower probability of survival at 90 days
in patients treated with corticoids. The “C” allele in the rs12377632 variant of the TLR4
gene was associated with a decreased likelihood of requiring more invasive ventilation,
whereas the “G” allele of the rs7868859 variant of the same gene was associated with
an increased likelihood of needing more invasive ventilation. Those two variants are in
linkage disequilibrium, where the major allele on one variant is correlated with the minor
allele of the other. Although no previous study has related TLR and response to corticoids,
Dexamethasone inhibits important pathways in the host defence against SARS-CoV-2, such
as TLR7 and IFIH1/MDAS5 [54], exposing TLRs as a possible target for this treatment. Our
results suggest that the TLR1, TLR4, TLR6, and TLR10 variants may influence the outcome
during corticoid treatment in COVID-19 patients.

A polymorphism in the cytochrome P450 family 2 subfamily C member 19 (CYP2C19)
gene was associated with admission to the ICU. CYP2C19 was selected for its role in
the metabolization of many xenobiotics, including anticonvulsive drugs, Clopidogrel,
Omeprazole, Diazepam, some barbiturates, and certain corticoids [55]. The CYP2C19
rs12258243-A allele was associated with a higher probability of corticoid-treated patients
being admitted to the ICU. Several studies have shown the influence of corticoids on
the expression of CYP2C19 and other CYPs [56,57]. The rs12258243 variant is in linkage
disequilibrium with the rs12248560 variant (r? = 0.84) that predicts CYP2C19 ultrarapid
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activity. Our results suggest that the CYP2C19 rs12258243 variant is associated with
corticoid metabolism alterations that contribute to variability in the treatment response.
Another gene related to drug availability may influence the corticoid response: An UDP
glucuronosyltransferase 1A1 (UGT1A1) polymorphism was associated with the type of
ventilation. The main function of UGT1A1 is degrading bilirubin, a hormone that activates
the PPAR« receptor and reduces the inflammation by reducing the production of PCR,
TNF-o, and IL-6 [58] (see Figure 4). The “T” allele of the rs6742078 variant was associated
with a higher probability of needing invasive ventilation. Previous studies have related
UGT1A1 with the response to antivirals [59]. One study has related UGT1A1*6 (rs4148323)
with the response to (CDE-11), a treatment for lymphoma that includes Dexamethasone,
Irinotecan, and other compounds [60]. Thus, these results contribute further evidence of
the relation of UGT1A1 variants with response to corticoid treatment.

A genetic variant in angiotensin-converting enzyme 2 (ACE2) was associated with
admission to the ICU. The ACE2 rs62578917-A allele was linked to a higher probability
of ICU admission of patients treated with corticoids. However, the effect of corticoids
on the expression of ACE2 remains unclear. The ACE2 gene was selected for study due
to the role of its encoded protein in facilitating the entry of the SARS-CoV-2 virus in the
host cells [61]. Regarding the relationship between ACE2 and the response to corticos-
teroids, some researchers have observed reduced ACE2 expression in chronic obstructive
pulmonary disease [62]. However, another study reported increased ACE2 expression in
asthmatic patients using inhaled corticoid therapies [63]. Nevertheless, our findings sug-
gest that the ACE2 rs62578917 variant may influence the response to corticoid treatments in
COVID-19 patients.

Several candidate genes involved in the cytokine storm induced by the infection
were associated with the response to corticoid treatments. Three IL1A polymorphisms
were associated with radiological affectation in patients treated with corticoids. The IL-1
family comprises various pro- and anti-inflammatory proteins, including IL-1c and IL-1f3,
which exert pro-inflammatory effects by binding to active and inactive receptors. IL-1x-
mediated inflammation likely contributes to the pathogenesis of COVID-19, leading to
various pathological alterations through the activation of inflammatory cascades, myeloid
cell sensing, and inflammasome activation [29] (see Figure 4). Minor alleles of IL1A variants
were associated with a lower probability of developing radiological affectation. The effect
of the genetic variants on IL-1x expression or functioning is unknown. However, our
results suggest that IL1A variants merit investigation as possible predictors of response
to corticoid treatments and their effect on inflammation. Two IFNG Antisense RNA 1
(IFNG-AS1) polymorphisms were associated with survival at 90 days. IFNG-AST acts as a
positive regulator of interferon-gamma (IFNYy) secretion [64]. IFNYy plays a crucial role in
the body’s defence against viruses [35] and is one of the cytokines involved in the cytokine
storm [29] (see Figure 4). Our results showed that minor alleles of the IFNG-AS1 genetic
variants were associated with a higher probability of survival at 90 days. Although no
previous study investigated INFG-AS1 polymorphisms in relation to treatment response,
the IFNy levels have been found increased in some patients resistant to corticoids [36].
Our results suggest that IFNG-AS1 variants may also contribute to response to corticoid
treatments in COVID-19 patients.

4.3. Genes Related to Response to Corticoids and/or Immunomodulators

Several genes involved in the immune response and corticoid metabolism were found
associated with the response in the combined sample of patients treated with corticoids
and/or immunomodulators. However, these findings mainly reflect the results obtained
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in the CORT cohort, suggesting that its larger sample size influenced the outcome of
the analyses.

GWAS analyses revealed two RBFOX1 polymorphisms associated with radiological
affectation in the COMB cohort. In our study, minor alleles of RBFOX1 variants were
associated with a lower probability of developing radiological affectation, thus provid-
ing evidence for the role of RBFOX1 in corticoid and the immunomodulator response
in COVID-19 patients. Additionally, two ATP-binding cassette subfamily G member 1
(ABCG1) polymorphisms were associated with radiological affectation in the GWAS study.
ABCGl1 is responsible for transporting a lipidic across cellular membranes of macrophages
and is implicated in regulating cellular lipid homeostasis in other cell types [65]. In our
study, minor alleles of ABCG1 variants were associated with a lower probability of devel-
oping radiological affectation. A study on murine models revealed a connection between
the deficiency of ABCG1 in alveolar macrophage and pulmonary granulomatous inflam-
mation [66]. Another study suggested that ABCG1 expression is downregulated by TLR4,
contributing to inflammation and lipid accumulation in vascular smooth muscle cells,
mitigating the PPARy/LXR« signalling pathway [44] (see Figure 4).

Within the selected candidate genes, several IFNG-AS1 polymorphisms were associ-
ated with survival at 90 days. As explained before, IING-AS1 acts as a positive regulator of
IFNY secretion [64], a key component of the immune system [29] (see Figure 4). Minor alle-
les of the IFNG-AS1 genetic variants were associated with a higher probability of survival
at 90 days. Interestingly, the association was of a higher magnitude than that observed
in the CORT cohort, suggesting that there is a relationship between IFNG-AS1 variants
and the response to COVID-19 treatments and to corticoids in particular. However, the
association of these IFNG-AS1 variants with the response to immunomodulators cannot be
confirmed due to the limited number of participants treated with this medication. Three
IL-1a polymorphisms were also associated with radiological affectation in the COMB co-
hort. Minor alleles of the IL1A genetic variants were associated with a lower probability of
developing radiological affectation. As explained before, IL-1a participates in the immune
response, and it is also related to the cytokine storm [29,34]. It is plausible that, in addition
to the corticoid response, IL-1x influences the response to the immunomodulators used to
reduce the cytokine storm in COVID-19 patients. The results of this study would support
this hypothesis, although no significant association was detected in the subgroup of pa-
tients treated with immunomodulators, probably due to its limited sample size. Finally,
the rs149895872 variant in the TLR10 gene was associated with survival at 90 days in the
COMB sample. TLR10 has been reported to be the only TLR that exhibits anti-inflammatory
properties [43] (see Figure 4). The TLR10 rs149895872-C allele was associated with an
increased mortality risk in treated patients. However, the properties and mechanisms of
action of TLR10 are still not clear. Our results suggest that the TLR10 variant rs149895872
may contribute to the response to corticoid and immunomodulator treatments in COVID-19
patients. However, as in the previous case, the possible association of TLR10 variants with
the response to immunomodulators needs to be investigated in a larger sample.

4.4. Pathway Enrichment Analysis

The gene enrichment analyses of the 5000 most significantly associated genes in the
GWAs studies revealed enrichment mostly in genes involved in neuronal activity in the
biological process and cellular component databases. Previous studies have related COVID-
19 infection with neurological inflammation and, consequently, dysregulation of neural
cell types [67]. We propose that variants in the neurogenesis can create neurons more
susceptible to inflammation. Another study suggested that neurological complications are
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common in COVID-19 patients [68]. These complications can be considered part of the lack
of response of treatments.

However, when analysing molecular functions, overrepresentation of the genes in-
volved in molecular signalling was observed. Interestingly, the most significant cause of
severe clinical complications and lack of response to treatment in COVID-19 is the cytokine
storm, which is essentially a dysregulation of molecular signalling.

4.5. Study Limitations

Our study has several limitations. In addition to the moderate sample size of the
IMM cohort, no detailed clinical data were available on the specific symptoms experienced
by the patients after hospital discharge, except survival after 90 days. Furthermore, no
information on the virus variants present in the recruited patients was available, as the
information was not routinely collected during the first and second waves of COVID-19 in
Spanish hospitals. It would be interesting to investigate the correlation between the virus
characteristics and treatment outcome, which was not possible in our cohorts.

5. Conclusions

Many of the genes we found related to COVID-19 treatment response interact with the
NF-«B factor (RBFOX1, TLR10, TLR2, TLR6, TLR1, TLR5, TLR4, ABCG1, ANK3, UGT1A1,
IFNG-AS1, and IL1A) (see Figure 4). This factor is key in the regulation of the expression
of cytokines that produce the cytokine storm and one of the main targets of corticoids.
Furthermore, the Immunomodulators used for the treatment of COVID-19 are antibodies
that usually target IL-6, IL-6R, and other interleukins that are also components of the
cytokine storm. Our results suggest that genetic variants in the pathway of the pro-
inflammatory NF-«B factor and related to cytokine storms may constitute predictors of the
response to treatments for severe coronavirus infections.

In summary, a number of genetic variants in proteins involved in immune response
and cell transport were found associated with the response to corticoids and IMM treat-
ments. Although several different genetic variants were found associated with the response
to corticoids and with the response to immunomodulators that may help to select the most
adequate treatment, further studies are required to confirm their specificity. If replicated,
these findings may help to personalise treatments in future severe coronavirus infections.

Author Contributions: A.S.-L., N.C. and M.J.A. contributed to the design, data analysis, writing,
and reviewing the manuscript; O.M., M.J.H,, R.C.,,B.A,, CA,RL.-R,ED.-G,RO.-L, M.B.-5, M.C,,
DD,EC,LB-P,BD,AS,AG-R,EG-N,EM,SL-A,PM, EP-A,GGO,SR-R,LS,EG.Z,
M.LdH., CF,J.AR, AR-M., PL. and A.C. contributed to the design and reviewing the manuscript.
S.C.G. collaborators contributed in the recruitment of patients, biological samples analyses, and
clinical data collection and analyses. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Instituto de Salud Carlos III (COV20_00622 to A.C.
and PI20/00876 to C.E,; stop-coronavirus: COV20/00181; BioFRAM project (PMP22/00056)) and
cofounded by the European Union (ERDF) ‘A way of making Europe” and the Fundacién Amancio
Ortega, Banco de Santander (to A.C.); Fundacién Canaria Instituto de Investigacién Sanitaria de
Canarias (PIFIISC23/05 to C.E.); ERA PerMed (JTC_2021; AC21_2/00039 from the Instituto de Salud
Carlos III to C.F.); Xunta de Galicia (Predoctoral Fellowship Programme 2024); and funds from
Next Generation EU as part of the actions of the Recovery Mechanism and Resilience (MRR). The
genotyping service was carried out at CEGEN-PRB3-ISCIII, supported by grant PT17/0019, of the PE
I+D+i 2013—-2016, funded by ISCIII and ERDF.



Biomedicines 2025, 13, 553

18 of 28

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Ethical Committee of Galicia (protocol code 2020/197) on
10 April 2020.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Summary statistics of the data of the main study [6] have been aggre-
gated with those from the COVID-19 Host Genetics Initiative (https://www.covid19hg.org accessed
on 1 April 2022); the results of this study will be shared upon request to the corresponding author.

Acknowledgments: We particularly acknowledge all the patients, Banco Nacional de ADN, Biobanco
del Sistema de Salud de Aragén, Biobanc Fundaci6 Institut d'Investigacié Sanitaria Illes Balears,
Biobanco del Complexo Hospitalario Universitario de Santiago, and Biobanco Vasco, for their
collaboration and providing materials. SCOURGE COHORT GROUP: Javier Abellan'18*, René
Acosta-Isaac?, Jose Maria Aguad03'186'187'189, Carlos Aguilar4, Sergio Aguilera—Albesa5'188, Ab-
dolah Ahmadi Sabbaghﬁ, Jorge Alba’, Sergiu Albud190191  Karla AM. Alcald-Gallardo®, Julia
Alcoba-Florez19, Sergio Alcolea Batres!!, Holmes Rafael Algarin—Lara12'29, Virginia Almadanal3,
Julia Almeidal4192193185 Maria R. Alonso!®, Nuria Alvarez!®, Rodolfo Alvarez-Sala Walther!!, Al-
varo Andreu-Bernabeul®18”, Maria Rosa Antonijoan17, Eunate Arana-Arril8194, Carlos Arandal?5¢,
Celso Arang016'195'187, Carolina Araque20'57, Nathalia K. Arauj021, Izabel M.T. Araujozz, Ana
C. Arcanj023'1%'199, Ana Arnaiz?4197198  Francisco Arnalich Fernandez?, José Ramon Arribas
Lopez25, Maria-Jesus Artiga26, Yubelly Avello-Malaver?’, Ana Margarita Baldién?’, Belén Bal-

28'200'201, Andrea Barranco-Diazzg, Viviana Barrera—Penagosy,

lina Martin®, Raul C. Baptista-Rosas
Moncef Belhassen-Garcia30202, Enrique Bernal®!, David Bernal-Bello®?, Joao F. Bezerra®®, Mar-
cos A.C. Bezerra®*, Natalia Blanca—L(’)peZ35, Rafael Blancas®, Alberto Borobia®’, Elsa Bravo,
Maria Brion322%, Oscar Brochado-Kith418% Ramoén Brugada41'205'204'203, Matilde Bustos®2, Al-
fonso Cabello*3, Juan J. Caceres—Agra44, Enrique J. Calderon°82138 Shirley Camacho*®, Marcela C.
CamposZ3, Cristina Carbonell*’202, Servando Cardona-Huerta%®, Antonio Augusto F. Carioca?®, Car-
los Carpio Segurall, Thassia M.T. Carratto™, José Antonio Carrillo-Avila®!, Maria C.C. Carvalho®?,
Carlos Casasnovas®®12770  Luis Castano!819470.207.206 Carlos F. Castafiol?%¢, Jose E. Castelao™,
Aranzazu Castellano Candalija55, Marfa A. Castillo*¢, Yolanda Cafiadas®®, Francisco C. Ceballos®,
Jessica G. Chaux®, Walter G. Chaves- Santiag058'57, Sylena Chiquillo-G(’)me212'29, Marco A. Cid-
Lopez9, Oscar Cienfuegos—]imenez48, Rosa Conde-Vicente®?, M. Lourdes Cordero-Lorenzana®, Do-
lores Corella®1208  Almudena Corrales®?2%9, Jose L. Cortes-Sanchez*%2! | Tatiana X. Costa®®, Ma-
rina S. Cruz?!, Luisa Cuesta®, Gabriela C.R. Cunha®, Raquel C.S. Dantas-Komatsu?!, M. Teresa
Darnaude®, Alba De Martino—RodriguezW’m, Juan J. De la Cruz Troca®®?1282 Juan Delgado-
Cuesta®, Aranzazu Diaz de Bustamante®®, Covadonga M. Diaz-Caneja'®!%>187, Silvia Diz-de
Almeida’9213, Alice M. Duarte??, Anderson Diaz-Pérez??, Jose Echave-Sustaeta’!, Rocio Eiros”2, César
0. Enciso-Olivera2%7, Gabriela Escudero’?, Pedro Pablo Espaﬁalg, Gladys Estigarribia Sanabria’?4,
Maria Carmen Farifias?#197198 Marianne R. Fernandes’>214, Lidia Fernandez-Caballero’®”, Maria
J. Fernandez-Nestosa’”’, Ramén Fernandez?4215, Silvia Fernandez Ferrero®, Yolanda Fernandez
Martinez®, Carmen Fernéndez—Capitén55 , Ana Fernandez-Cruz’8, Uxia Fernandez-Robelo”, Amanda
Fernédndez-Rodriguez*?18?, Marta Ferndndez-Sampedro?#1981%7, Ruth Fernandez-Sénchez’®”, Tania
Fernandez-Villa®®, Patricia Flores-Pérez®!, Vicente Friaza®%138, Lacides Fuenmayor—HernéndeZ29,
Marta Fuertes Nufiez®, Victoria Fumadé83, Ignacio Gadea®?, Lidia Gagliard119'56, Manuela Gago-
Domingue285'216, Natalia Gallegosé, Cristina Galopp087, Carlos Garcia-Cerradal/18470217 Josefina

76,7

Garcia-Garcia®!, Inés Garcia”¢”, Mercedes Garcial?®, Leticia Garcfal?®®, Maria Carmen Garcia

88,184 Trene Garcia-Garcia®”, Carmen Garcia-Ibarbia?*1981%7 Andrés C. Garcia-Montero®,

Ana Garcfa-Soidan®?, Elisa Garcia—Vézquez31, Aitor Garcia-de-Vicufia'81%4, Emiliano Garza-Frias®8,

Torrejon

Angela Gentile?”, Belén Gil-Fournier®!, Fernan Gonzalez Bernaldo de Quirés??, Manuel Gonzalez-
Sagrad059, Hugo Gonzalo-Benito”3, Beatriz Gonzalez Alvarez®”2!1, Anna Gonzalez-Neiral®, Javier
16,187,195 (Ogcar Gorgojo-Galind094, Florencia Guaragna87, Genilson P. Guege195, Beat-
riz Guillen-Guio?6218, Pablo Guisado-Vasco’!, Luz D. Gutierrez-Castafieda®”"%7, Juan E. Gutiérrez-

Bautista®, Luis Gémez Carrerall, Maria Gémez Garcia®, Angela Goémez Sacristan!®, Javier

Gonzélez-Penas

Goémez-Arrue® 211 Mario Gémez—Duque58'57, Miguel Gérgolas43, Sarah Heili-Frades!®!, Este-


https://www.covid19hg.org

Biomedicines 2025, 13, 553

19 of 28

fania Hernandez!%2, Luis D. Hernandez-Ortegal0321  Cristina Hernandez-Moro®, Guillermo
g

Hernandez-Pérez*’, Rebeca Hernéndez—Vaquer0104, Belen Herraez!®, M. Teresa Herranz3!, Maria

Herreral?°®, Antonio Herrero-Gonzalez!%, Juan P. Horcajada106'220'190'221'189, Natale ImaZ—Ayols,

Maider Intxausti-Urrutibeaskoal®”, Rafael H. Jacomo!®®, Rubén Jara®!, Perez Maria Jazmin®’,

Maria A. ]imenez-Sousa40'189, Angel ]iménezlg'%, Pilar ]iménez%, Ignacio ]iménez—Alfarolog,

Tolanda ]ordanllo/zzz'sz, Rocio Laguna-Goya111'223, Daniel Laorden!!, Marfa Lasa-Lazaro!11223,
Maria Claudia Lattig46/224, Ailen Lauriente®”, Anabel Liger Borjallz, Lucia Llanos!!3, Esther
LopeZ—GarCia68’212'82’225, Leonardo Lorentell4, José E. Lozano!!®, Maria Lozano—EspinosaHz, An-
dre D. Luchessill®, Amparo LépeZ—Bernﬁs47'202, Eduardo LépeZ-Granadosl17'226'70, Miguel A.
Lépez—Ruz118'227'229, Ignacio Mahillo!19228209  Carmen Mar!®, Cristina Marcelo Calvo™, Miguel
Marcos?”292 | Alba Marcos—DelgadouO, Pablo Mariscal-Aguilarn, Marta Martin-Fernandez!?!, Laura
Martin—Pedraza35, Amalia Martinezlzz, Iciar M.'artirlez-Lopezu?"23 , Oscar Martinez-Niet027'224, Pe-
dro Martinez-Paz??, Angel Martinez-Perez!?*, Andrea Martinez-Ramas’®’, Michel F. Martinez-
Resendez*®, Maria M. Martin!?®, Marfa Dolores Martin'20, Vicente Martin!2982 Caridad Martin-
Lépeznz, ]osé—Angel Martin-Oterino%”292, Maria Martin-Vicente*?, Ricardo Martinez1%?, Juan José
Martinez1%77, Silvia Martinez?4198, Eleno Martinez—AquinouS, Oscar Martinez-Gonzalez!??, Andrea
Martinez-Ramas’®’, Violeta Martinez-Robles®, Laura Marzal”®7, Alicia Marin-Candon¥’, Juliana F.
Mazzeu!30231,232. Jeane E.P. Medeiros?!, Kelliane A. Medeiros'31233 Francisco J. Medrano#>82138
Xose M. Meijomel32'234, Natalia Mejuto—Montero]33, Humberto Mendoza Charris®®?2?, Eleuterio
Merayo Macias'®*, Fatima Mercadillo!®®, Arieh R. Mercado-Sesma'%21%, Antonio J J. Molina!2082,
Elena Molina-Roldan!®, Juan José Montoyaloz, Vitor M.S. Moraes®, Patricia Moreira-Escriche!®7,
Xenia Morelos-Arnedo®®??, Victor Moreno Cuerdal184, Alberto Moreno Fernandez®®, Antonio
Moreno-Docén??, Junior Moreno-Escalante??, Rubén Morillal3%23°, Patricia Mufioz Garcial39:209.187
Ana Méndez-Echevarrial®?, Pablo Neira®’, Julian Nevado’086.236 Tgrael Nieto-Ganan, Joana ER.
Nunes?3, Rocio Nufiez- Torres!®, Antonia Obrador-Hevial41237, J. Gonzalo Ocejo—Vinyals24'198, Vir-
ginia Olivar®’, Silviene F. Oliveira!30238232240.231 1 grena Ondo””, Alberto Orfao#192193185 T uis
Ortega142, Eva Ortega—Pain026, Fernando Ortiz-Flores?4198, José A. Oteo”1%2, Harry Pachajoa143'239,
Manuel Pachecol®?, Fredy Javier Pacheco-Miranda?®, Irene Padilla—Conejo6, Sonia Panadero-

144,209

Fajard051, Mara Parelladal®195187 Roberto Pariente-Rodriguezgo, German Peces-Barba , Miguel

S. Pedromingo Kus!4®, Celia Perales®*, Patricia Perez!#0, Gustavo Perez-de-Nanclares!®19¢, Teresa
Perucho!¥, Lisbeth A. Pichardo®, Susana M.T. Pinho!31242241 Mel.lina Pinsach-Abuin*12%, Luz
Adriana Pinz6n®®7, Guillermo Pita'®, Francesc Pla-Juncal#®”, Laura Planas-Serral?’”, Ericka
N. Pompa—Mera149, Gloria L. Porras-Hurtado'?, Aurora Puj01127’70'243, César Pérez1%0, Felipe
Pérez-Garcial®1244 Patricia Pérez-Matute!®?, Alexandra Pérez-Serra*!2%4 M. Elena Pérez-Tomas®!,
Maria Eugenia Quevedo Chévez122%, Maria Angeles Quijada17'245, Inés Quintela??, Diana Ramirez-
Montafio!%3, Soraya Ramiro-Leén?!, Pedro Rascado Sedes!®, Delia Recalde®”?11, Emma Recio-
Fernandez!5218 Salvador Resino®0233241 Adriana P. Ribeiro3!, Carlos S. Rivadeneira-Chamorro®’,
Diana Roa—Agude1027, Montserrat Robelo Pardo!%, Marilyn Johanna Rodriguez57, German Ezequiel
Rodriguez Novo0a®721282.225 Fernando Rodriguez—Artalej068’246, Carlos RodrigueZ—Galleg0154, José
A. Rodriguez—Garcia6, Maria A. RodrigueZ—Hernandez42, Antonio Rodriguez—Nicola598'127, Agusti
Rodriguez-Palmero!'®®, Paula A. Rodriguez-Urrego?, Belén Rodriguez Maya'!, Marena Rodriguez-
Ferrer?®216 Emilio Rodriguez—Ruile4'185, Federico R0j0156, Andrea Romero-Coronado??, Filomeno
Rondén Garcia®, Lidia S. Rosa'®”, Antonio Rosales-Castillo'®2%7: Cladelis Rubio'®®:%¢, Maria Rubio
Olivera!®7, Montserrat Ruiz!?227:248 Francisco Ruiz-Cabello®®, Eva Ruiz-Casares'*”/1% Juan J. Ruiz-
Cubillan?*50251 Javier Ruiz-Hornillos60249.250 paplo Ryan161'57, Hector D. Salamanca?®, Lorena
Salazar-Garcia4®, Giorgina Gabriela Salgueiro Origlia55'56, Maria Sanchez-Carpintero Abad!?, Cristina
Sancho- Sainz!%, Arnoldo Santos!®?, Ney P.C. Santos”>”, Agatha Schliiter'?”, Sonia Segovia148, Fer-
nando Sevil Puras*8®, Marta Sevilla Porras’252, Miguel A. Sicolo1®?, Vivian N. Silbiger“é, Na-
yara S. Silval®3, Fabiola T.C. Silva?3, Cristina Silvan Fuentes’%209253 Jordi Solé-Violanl®*, José
Manuel Sorial?#208 Jose V. Sorli®!, Renata R. Sousal®, Juan Carlos Souto?, Karla S.C. Souza®?,
Vanessa S. Souza®7, John J. Sprockel58, David A. Suarez-Zamora?’, José Javier Sudrez-Rama®?202,
Pedro-Luis Sanchez”?, Antonio J. Sanchez L(’)pe2165, Maria Concepcién Sanchez Prados!1:24, Jorge
Sanchez Redondo!, Clara Sanchez-Pablo’?, Olga Sanchez-Pernaute!®®, Javier Sanchez-Real®, Xi-

ana Taboada-Fraga133'94, Eduardo Tamay0167, Alvaro Tamayo—Velasc0168, Juan Carlos Taracido-



Biomedicines 2025, 13, 553

20 of 28

Fernandez!%®, Nathali A.C. Tavares'®®211 Carlos Telleria®”86236  Jair Antonio Tenorio-Castafio”?,
Alejandro Teper87, Ronald P. Torres Gutiérrez!#®, Juan Torres-Macho!”?, Lilian Torres-Tobar®’, Jestis
Troya161, Miguel Urioste!?®, Juan Valencia-Ramos!712%, Agustin Valido!3%%, Juan Pablo Vargas
Gallo'72, Belén Varonl73, Romero H.T. Vasconcelos!'®®, Tomas Vega174, Santiago Velasco-Quircel”?,
Julia Vidan-Estévez®198, Miriam Vieitez—Santiago24, Carlos Vilches!7?, Lavinia Villalobos®, Felipe
Villar144.258,257 Judit Villar-Garcial”’/7, Cristina Villaverde”®, Pablo Villoslada-Blanco'®?, Ana Virseda-
Berdices*%127 Valentina Vélez-Santamaria®-°, Virginia Victor!?, Zuleima Yéfiez??, Antonio Zapatero-
Gavirial”’8, Ruth Zarate!”?, Sandra Zazo!5¢, Gabriela V. da Silva??, Raimundo de Andrés!®?, Jéssica
N.G. de Araﬁjol63, Carmen de Juan!¥, Julianna Lys de Sousa Alves Neril8!, Carmen de la Horral38,
Ana B. de la Hoz!8, Victor del Campo—Pérez182'259' Manoella do Monte Alves!®, Katiusse A. dos
Santos229, Yady Alvarez-Benitez12202 Felipe Alvarez-Navia®’, Maria fﬁiguezlSz, Ingrid Mendes”?,
Rocio Moreno”9216.213  apnd Esther Sande”0:62.209,246 1Hospital Universitario Mostoles, Medicina
Interna, Madrid, Spain, 2Haemostasis and Thrombosis Unit, Hospital de la Santa Creu i Sant Pau, IIB
Sant Pau, Barcelona, Spain, 3Unit of Infectious Diseases, Hospital Universitario 12 de Octubre, Insti-
tuto de Investigacién Sanitaria Hospital 12 de Octubre (imas12), Madrid, Spain, 4Hospital General
Santa Bérbara de Soria, Soria, Spain, 5Pediatric Neurology Unit, Department of Pediatrics, Navarra
Health Service Hospital, Pamplona, Spain, 6Complejo Asistencial Universitario de Leén, Ledn, Spain,
7Hospita1 Universitario San Pedro, Infectious Diseases Department, Logrofio, Spain, 8Fundacion Insti-
tut Guttmann, Institut Universitari de Neurorehabilitacié adscrit a la UAB, Hospital de Neurorehabil-
itaci6, Barcelona, Spain, “Hospital General de Occidente, Guadalajara, Mexico, Microbiology Unit,
Hospital Universitario N. S. de Candelaria, Santa Cruz de Tenerife, Spain, 11Hospital Universitario La
Paz-IDIPAZ, Servicio de Neumologia, Madrid, Spain, 12Camino Universitario Adelita de Char, Mired
IPS, Barranquilla, Colombia, 13Hospital Universitario Virgen Macarena, Neumologia, Seville, Spain,
14Departamen‘co de Medicina, Universidad de Salamanca, Salamanca, Spain, 1SSpanish National
Cancer Research Centre, Human Genotyping-CEGEN Unit, Madrid, Spain, *Department of Child
and Adolescent Psychiatry, Institute of Psychiatry and Mental Health, Hospital General Universitario
Gregorio Maranén (IiSGM), Madrid, Spain, 17Clinical Pharmacology Service, Hospital de la Santa
Creu i Sant Pau, IIB Sant Pau, Barcelona, Spain, 18Bjocruces Bizkaia Health Research Institute, Gal-
dakao University Hospital, Osakidetza, Bizkaia, Spain, 19Hospital Infanta Elena, Valdemoro, Madrid,
Spain, 20Fundacion Hospital Infantil Universitario de San José, Bogotd, Colombia, 21Universidade
Federal do Rio Grande do Norte, Programa de Pés-graduagao em Ciéncias da Satide, Natal, Brazil,
22Universidade Federal do Rio Grande do Norte, Departamento de Medicina Clinica, Natal, Brazil,
23Depar’camen’to de Genética e Morfologia, Instituto de Ciéncias Biol6gicas, Universidade de Brasilia,
Brasilia, Brazil, 2IDIVAL, Santander, Spain, 25Hospital Universitario La Paz-IDIPAZ, Servicio de
Medicina Interna, Madrid, Spain, 26Spanish National Cancer Research Center, CNIO Biobank, Madrid,
Spain, ’ Fundacién Santa Fe de Bogota, Departamento Patologia y Laboratorios, Bogotd, Colombia,
ZHospital General de Occidente, Zapopan, Jalisco, Mexico, ?’Universidad Simén Bolivar, Facultad
de Ciencias de la Salud, Barranquilla, Colombia, 30Hospital Universitario de Salamanca-IBSAL,
Servicio de Medicina Interna-Unidad de Enfermedades Infecciosas, Salamanca, Spain, 3Instituto
Murciano de Investigacién Biosanitaria (IMIB-Arrixaca), Murcia, Spain, 32Hospi’cal Universitario de
Fuenlabrada, Department of Internal Medicine, Madrid, Spain, 33Escola Tecnica de Satide, Labora-
torio de Vigilancia Molecular Aplicada, Par4, Brazil, 34Federal University of Pernambuco, Genetics
Postgraduate Program, Recife, PE, Brazil, 35 Hospital Universitario Infanta Leonor, Servicio de Alergia,
Madrid, Spain, 36Hospi’cal Universitario del Tajo, Servicio de Medicina Intensiva, Aranjuez, Spain,
37Hospital Universitario La Paz-IDIPAZ, Servicio de Farmacologfa, Madrid, Spain, 38 Alcaldia de
Barranquilla, Secretaria de Salud, Barranquilla, Colombia, 3Instituto de Investigacién Sanitaria de
Santiago (IDIS), Xenética Cardiovascular, Santiago de Compostela, Spain, 40Unidad de Infeccién Viral
e Inmunidad, Centro Nacional de Microbiologia (CNM), Instituto de Salud Carlos III (ISCIII), Madrid,
Spain, 41Cardiovascular Genetics Center, Institut d’Investigaci6 Biomedica Girona (IDIBGI), Girona,
Spain, #1nstitute of Biomedicine of Seville (IBiS), Consejo Superior de Investigaciones Cientificas
(CSIC)- University of Seville- Virgen del Rocio University Hospital, Seville, Spain, 43Division of
Infectious Diseases, Instituto de Investigacién Sanitaria-Fundacién Jiménez Diaz University Hospital
- Universidad Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, #“ntensive Care Unit, Hospital
Universitario Insular de Gran Canaria, Las Palmas de Gran Canaria, Spain, 45Departemento de Medic-



Biomedicines 2025, 13, 553

21 of 28

ina, Hospital Universitario Virgen del Rocio, Universidad de Sevilla, Seville, Spain, 46Universidad de
los Andes, Facultad de Ciencias, Bogota, Colombia, 47Hospital Universitario de Salamanca-IBSAL,
Servicio de Medicina Interna, Salamanca, Spain, 48Tecnologico de Monterrey, Escuela de Medicina y
Ciencias de la Salud and Hospital San Jose TecSalud, Monterrey, Mexico, University of Fortaleza
(UNIFOR), Department of Nutrition. Fortaleza, Brazil, 50Departament0 de Quimica, Faculdade
de Filosofia, Ciéncias e Letras de Ribeirdo Preto, Universidade de Sao Paulo, Brazil, 5! Andalusian
Public Health System Biobank, Granada, Spain, 52Universidade Federal do Rio Grande do Norte,
Programa de P6s-Graduagao em Ciéncias Farmacéuticas, Natal, Brazil, 53Neuromuscular Unit, Neu-
rology Department, Hospital Universitari de Bellvitge, L'Hospitalet de Llobregat (Barcelona), Spain,
540Oncology and Genetics Unit, Instituto de Investigacion Sanitaria Galicia Sur, Xerencia de Xestion
Integrada de Vigo-Servizo Galego de Satde, Vigo, Spain, >Hospital Universitario La Paz, Hospital
Carlos IIT, Madrid, Spain, *®Instituto de Investigacién Sanitaria-Fundacién Jiménez Diaz University
Hospital - Universidad Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, 57Fundacién Univer-
sitaria de Ciencias de la Salud, Bogota, Colombia, 58Hospital de San José, Sociedad de Cirugia de
Bogota, Bogota, Colombia, 59Hospital Universitario Rio Hortega, Valladolid, Spain, 60Gervicio de
Medicina intensiva, Complejo Hospitalario Universitario de A Corufia (CHUAC), Sistema Galego de
Satde (SERGAS), A Coruiia, Spain, 61Valencia University, Preventive Medicine Department, Valencia,
Spain, 62Research Unit, Hospital Universitario N.S. de Candelaria, Santa Cruz de Tenerife, Spain,
63Maternidade Escola Janario Cicco, Natal, Brazil, 64nstitute of Psychiatry and Mental Health, Hospi-
tal General Universitario Gregorio Marafién (IiSGM), Madrid, Spain, 6Sl’rograma de P6s Graduacao
em Ciéncias da Satide, Faculdade de Medicina, Universidade de Brasilia, Brasilia, Brazil, 66Hospital
Universitario Mostoles, Unidad de Genética, Madrid, Spain, 67nstituto Aragonés de Ciencias de
la Salud (IACS), Zaragoza, Spain, 68Department of Preventive Medicine and Public Health, School
of Medicine, Universidad Auténoma de Madrid, Madrid, Spain, 69Hospital Universitario Virgen
del Rocio, Servicio de Medicina Interna, Seville, Spain, 7°Centre for Biomedical Network Research
on Rare Diseases (CIBERER), Instituto de Salud Carlos III, Madrid, Spain, 71 Hospital Universitario
Quironsalud Madrid, Madrid, Spain, 72Hospital Universitario de Salamanca-IBSAL, Servicio de
Cardiologia, Salamanca, Spain, 73Hospital Universitario Puerta de Hierro, Servicio de Medicina In-
terna, Majadahonda, Spain, "4Instituto Regional de Investigacién en Salud-Universidad Nacional de
Caaguazt, Caaguazt, Paraguay, 7> Universidade Federal do Para, Nticleo de Pesquisas em Oncologia,
Belém, Par4, Brazil, 76Department of Genetics & Genomics, Instituto de Investigaciéon Sanitaria-
Fundacion Jiménez Diaz University Hospital - Universidad Auténoma de Madrid (IIS-FJD, UAM),
Madrid, Spain, 77Universidad Nacional de Asuncién, Facultad de Politécnica, Paraguay, 78Unidad de
Enfermedades Infecciosas, Servicio de Medicina Interna, Hospital Universitario Puerta de Hierro,
Instituto de Investigacién Sanitaria Puerta de Hierro - Segovia de Arana, Madrid, Spain, 7Urgencias
Hospitalarias, Complejo Hospitalario Universitario de A Corufia (CHUAC), Sistema Galego de
Satide (SERGAS), A Coruiia, Spain, ¥Grupo de Investigacién en Interacciones Gen-Ambiente y
Salud (GIIGAS) - Instituto de Biomedicina (IBIOMED), Universidad de Leén, Leén, Spain, 81 Hospital
Universitario Nifio Jesus, Pediatrics Department, Madrid, Spain, 82Centre for Biomedical Network
Research on Epidemiology and Public Health (CIBERESP), Instituto de Salud Carlos III, Madrid,
Spain, 83Unitat de Malalties Infeccioses i Importades, Servei de Pediatria, Infectious and Imported
Diseases, Pediatric Unit, Hospital Universitari Sant Joan de Det, Barcelona, Spain, 84Microbiology
Department, Instituto de Investigacién Sanitaria-Fundacién Jiménez Diaz University Hospital - Uni-
versidad Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, 85Fundacién Publica Galega de
Medicina Xenémica, Sistema Galego de Satide (SERGAS) Santiago de Compostela, Spain, 3¢Instituto
de Genética Médica y Molecular (INGEMM), Hospital Universitario La Paz-IDIPAZ, Madrid, Spain,
87Hospital de Nifios Ricardo Gutierrez, Buenos Aires, Argentina, 88Hospital Infanta Elena, Servicio
de Medicina Intensiva, Valdemoro, Madrid, Spain, 89University of Salamanca, Biomedical Research
Institute of Salamanca (IBSAL), Salamanca, Spain, 90Departrnen’c of Immunology, IRYCIS, Hospi-
tal Universitario Ramén y Cajal, Madrid, Spain, ' Hospital Universitario de Getafe, Servicio de
Genética, Madrid, Spain, 92Ministerio de Salud Ciudad de Buenos Aires, Buenos Aires, Argentina,
93Hospital Clinico Universitario de Valladolid, Unidad de Apoyo a la Investigacién, Valladolid, Spain,
94 Universidad de Valladolid, Departamento de Cirugia, Valladolid, Spain, 95Secretaria Municipal de
Saude de Apodi, Natal, Brazil, 96Department of Population Health Sciences, University of Leicester,



Biomedicines 2025, 13, 553

22 of 28

Leicester, United Kingdom, 97Hospital Universitario Centro Dermatolégico Federico Lleras Acosta,
Bogota, Colombia, 98Hospi’ral Universitario Virgen de las Nieves, Servicio de Analisis Clinicos e
Inmunologia, Granada, Spain, 99Centro Nacional de Genotipado (CEGEN), Universidade de Santi-
ago de Compostela, Santiago de Compostela, Spain, 1 Pneumology Department, Hospital General
Universitario Gregorio Marafién (iiSGM), Madrid, Spain, 1011ntermediate Respiratory Care Unit,
Department of Pneumology, Instituto de Investigacién Sanitaria-Fundacién Jiménez Diaz University
Hospital - Universidad Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, 102Clinica Comfamil-
iar Risaralda, Pereira, Colombia, ®®Centro Universitario de Tonald, Universidad de Guadalajara,
Guadalajara, Mexico, 104Unidad de Cuidados Intensivos, Hospital Clinico Universitario de Santiago
(CHUS), Sistema Galego de Satide (SERGAS), Santiago de Compostela, Spain, ®Data Analysis
Department, Instituto de Investigacion Sanitaria-Fundacién Jiménez Diaz University Hospital - Uni-
versidad Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, '%Hospital del Mar, Infectious
Diseases Service, Barcelona, Spain, 107Bjocruces Bizkaia Health Research Institute, Basurto University
Hospital, Osakidetza, Bizkaia, Spain, 10854bin Medicina Diagnéstica, Brazil, 109Op’thalmology Depart-
ment, Instituto de Investigacién Sanitaria-Fundacién Jiménez Diaz University Hospital - Universidad
Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, 110Hospi’cal Sant Joan de Deu, Pediatric Critical
Care Unit, Barcelona, Spain, 111Hospital Universitario 12 de Octubre, Department of Immunology,
Madrid, Spain, 112Hospital General de Segovia, Medicina Intensiva, Segovia, Spain, 13(Clinical Trials
Unit, Instituto de Investigacion Sanitaria-Fundacién Jiménez Diaz University Hospital - Universidad
Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, '#Intensive Care Unit, Hospital Universitario
de Canarias, La Laguna, Spain, 115Djreccion General de Salud Pdblica, Consejerfa de Sanidad, Junta
de Castilla y Leén, Valladolid, Spain, 16 Unijversidade Federal do Rio Grande do Norte, Departa-
mento de Analises Clinicas e Toxicologicas, Natal, Brazil, 117Hospital Universitario La Paz-IDIPAZ,
Servicio de Inmunologia, Madrid, Spain, 118Hospital Universitario Virgen de las Nieves, Servicio
de Enfermedades Infecciosas, Granada, Spain, 19Fyundacién Jiménez Diaz, Epidemiology, Madrid,
Spain, 20Instituto de Biomedicina (IBIOMED), Universidad de Leén, Leén, Spain, 12! Universidad de
Valladolid, Departamento de Medicina, Valladolid, Spain, 122Hospi’cal Universitario Infanta Leonor,
Servicio de Medicina Intensiva, Madrid, Spain, 123Unidad de Genética y Genémica Islas Baleares,
Islas Baleares, Spain, 124Genomics of Complex Diseases Unit, Research Institute of Hospital de la
Santa Creu i Sant Pau, IIB Sant Pau, Barcelona, Spain, 125Tntensive Care Unit, Hospital Universitario
N. S. de Candelaria, Santa Cruz de Tenerife, Spain, 126 preventive Medicine Department, Instituto
de Investigacién Sanitaria-Fundacién Jiménez Diaz University Hospital - Universidad Auténoma
de Madrid (IIS-FJD, UAM), Madrid, Spain, 127Be11vitge Biomedical Research Institute (IDIBELL),
Neurometabolic Diseases Laboratory, L'Hospitalet de Llobregat, Spain, 128Garvicio de Medicina
Interna, Sanatorio Franchin, Buenos Aires, Argentina, 129Hospital Universitario del Tajo, Servicio
de Medicina Intensiva, Toledo, Spain, 130Faculdade de Medicina, Universidade de Brasilia, Brasilia,
Brazil, 131Hospital das For¢as Armadas, Brazil, 132Hospital El Bierzo, Gerencia de Asistencia Sanitaria
del Bierzo (GASBI), Gerencia Regional de Salud (SACYL), Ponferrada, Spain, 133Unidad de Cuidados
Intensivos, Complejo Universitario de A Coruiia (CHUAC), Sistema Galego de Satide (SERGAS), A
Corufia, Spain, 134Hospital El Bierzo, Unidad Cuidados Intensivos, Le6n, Spain, 135Spanish National
Cancer Research Centre, Familial Cancer Clinical Unit, Madrid, Spain, 1361ngtituto de Investigacion
Sanitaria San Carlos (IdISSC), Hospital Clinico San Carlos (HCSC), Madrid, Spain, 1?’7Hospital Uni-
versitario Severo Ochoa, Servicio de Medicina Interna, Madrid, Spain, '3Instituto de Biomedicina de
Sevilla, Seville, Spain, 139Hospi’cal General Universitario Gregorio Marafnén (IiSGM), Madrid, Spain,
140Hospi’cal Universitario La Paz-IDIPAZ, Servicio de Pediatria, Madrid, Spain, 141Unidad de Genética
y Genémica Islas Baleares, Unidad de Diagnoéstico Molecular y Genética Clinica, Hospital Universi-
tario Son Espases, Islas Baleares, Spain, 142 Anatomia Patolégica, Instituto de Investigacién Sanitaria
San Carlos (IdISSC), Hospital Clinico San Carlos (HCSC), Madrid, Spain, 43 Centro de Investigacion
en Anomalias Congénitas y Enfermedades Raras (CIACER), Universidad Icesi, **Department of
Neumology, Instituto de Investigacién Sanitaria-Fundacién Jiménez Diaz University Hospital - Uni-
versidad Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, 145Hospital Nuestra Sefiora de
Sonsoles, Avila, Spain, 1461nditex, A Corufia, Spain, 147GENYCA, Madrid, Spain, 148 Neuromuscular
Diseases Unit, Department of Neurology, Hospital de la Santa Creu i Sant Pau, Universitat Autonoma
de Barcelona, Barcelona, Spain, ngtituto Mexicano del Seguro Social (IMSS), Centro Médico



Biomedicines 2025, 13, 553

23 of 28

Nacional Siglo XXI, Unidad de Investigacién Médica en Enfermedades Infecciosas y Parasitarias,
Mexico City, Mexico, 1501ntensive Care Department, Instituto de Investigacioén Sanitaria-Fundacién
Jiménez Diaz University Hospital - Universidad Auténoma de Madrid (IIS-FJD, UAM), Madrid,
Spain, 151Hospital Universitario Principe de Asturias, Servicio de Microbiologia Clinica, Madrid,
Spain, 1521nfectious Diseases, Microbiota and Metabolism Unit, Center for Biomedical Research of La
Rioja (CIBIR), Logrofio, Spain, %*Departamento de Genetica, Clinica imbanaco, >*Department of
Immunology, Hospital Universitario de Gran Canaria Dr. Negrin, Las Palmas de Gran Canaria, Spain,
155 University Hospital Germans Trias i Pujol, Pediatrics Department, Badalona, Spain, 156Depar’cmen’c
of Pathology, Biobank, Instituto de Investigacién Sanitaria-Fundacién Jiménez Diaz University Hos-
pital - Universidad Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, 157Faculdade de Ciéncias
da Satde, Universidade de Brasilia, Brasilia, Brazil, 158Hospital Universitario Virgen de las Nieves,
Servicio de Medicina Interna, Granada, Spain, 159Fundacién Universitaria de Ciencias de la Salud,
Grupo de Ciencias Basicas en Salud (CBS), Bogotd, Colombia, 160Hospi’cal Infanta Elena, Allergy
Unit, Valdemoro, Madrid, Spain, 161Hospital Universitario Infanta Leonor, Madrid, Spain, 162Casa de
Satide Sao Lucas, Natal, Brazil, 13 Universidade Federal do Rio Grande do Norte, Pés-graduacao em
Biotecnologia - Rede de Biotecnologia do Nordeste (Renorbio), Natal, Brazil, 1641ntensive Care Unit,
Hospital Universitario de Gran Canaria Dr. Negrin, Las Palmas de Gran Canaria, Spain, 165Biobank,
Puerta de Hierro-Segovia de Arana Health Research Institute, Madrid, Spain, ®*Reumathology Ser-
vice, Instituto de Investigacién Sanitaria-Fundacién Jiménez Diaz University Hospital - Universidad
Auténoma de Madrid (IIS-FJD, UAM), Madrid, Spain, 167Hospi’cal Clinico Universitario de Valladolid,
Servicio de Anestesiologia y Reanimacién, Valladolid, Spain, 168Hospi’cal Clinico Universitario de Val-
ladolid, Servicio de Hematologia y Hemoterapia, Valladolid, Spain, 1®*Hospital Universitario Lauro
Wanderley, Brazil, 170Hospital Universitario Infanta Leonor, Servicio de Medicina Interna, Madrid,
Spain, 71University Hospital of Burgos, Burgos, Spain, 1”?Fundacién Santa Fe de Bogota, Instituto
de servicios medicos de Emergencia y trauma, Bogoté, Colombia, 17>Quironprevencién, A Corufia,
Spain, 7#Junta de Castilla y Le6n, Consejeria de Sanidad, Valladolid, Spain, 17>Gerencia Atencién
Primaria de Burgos, Burgos, Spain, ”®Immunogenetics-Histocompatibility group, Servicio de In-
munologfa, Instituto de Investigacién Sanitaria Puerta de Hierro - Segovia de Arana, Madrid, Spain,
177Hospital del Mar, Department of Infectious Diseases, Barcelona, Spain, 178C0nsejeria de Sanidad,
Comunidad de Madrid, Madrid, Spain, 179Centro para el Desarrollo de la Investigacién Cientifica,
Asuncién, Paraguay, 18Internal Medicine Department, Instituto de Investigacién Sanitaria-Fundacion
Jiménez Diaz University Hospital - Universidad Auténoma de Madrid (IIS-FJD, UAM), Madrid,
Spain, 181Universidade Federal do Rio Grande do Norte, Programa de P6s Graduacao em Nutrigao,
Natal, Brazil, 132Preventive Medicine Department, Instituto de Investigacion Sanitaria Galicia Sur,
Xerencia de Xestion Integrada de Vigo-Servizo Galego de Satide, Vigo, Spain, 183Universidade Federal
do Rio Grande do Norte, Departamento de Infectologia, Natal, Brazil, 184 Universidad Francisco de
Vitoria, Madrid, Spain, 185Centre for Biomedical Network Research on Cancer (CIBERONC), Instituto
de Salud Carlos III, Madrid, Spain, 186szmis.h Network for Research in Infectious Diseases (REIPI
RD16/0016/0002), Instituto de Salud Carlos III, Madrid, Spain, 187Gchool of Medicine, Universidad
Complutense, Madrid, Spain, 188 Navarra Health Service, NavarraBioMed Research Group, Pamplona,
Spain, 18 Centro de Investigacién Biomédica en Red de Enfermedades Infecciosas (CIBERINFEC),
Instituto de Salud Carlos III, Madrid, Spain, 90Universitat Autonoma de Barcelona (UAB), Barcelona,
Spain, 1Fundaci6 Institut d’Investigaci6 en Ciencies de la Salut Germans Trias i Pujol, Barcelona,
Spain, 192Centro de Investigacién del Cancer (IBMCC) Universidad de Salamanca - CSIC, Salamanca,
Spain, 193Bjomedical Research Institute of Salamanca (IBSAL) Salamanca, Spain, 194Cruces University
Hospital, Osakidetza, Barakaldo, Bizkaia, Spain, 195Centre for Biomedical Network Research on
Mental Health (CIBERSAM), Instituto de Salud Carlos III, Madrid, Spain, 196Colégio Marista de
Brasilia, Brazil, 197 Universidad de Cantabria, Santander, Spain, 198Hospital U M Valdecilla, Santander,
Spain, 199Associac;;§o Brasileira de Educagao e Cultura, Brazil, 200Centro Universitario de Tonals,
Universidad de Guadalajara, Tonal4, Jalisco, Mexico, 201Centro de Investigacién Multidisciplinario
en Salud, Universidad de Guadalajara, Tonala, Jalisco, Mexico, 202Unjversidad de Salamanca, Sala-
manca, Spain, 203Hospi’cal Josep Trueta, Cardiology Service, Girona, Spain, 204Centre for Biomedical
Network Research on Cardiovascular Diseases (CIBERCV), Instituto de Salud Carlos III, Madrid,
Spain, 205\ edical Science Department, School of Medicine, University of Girona, Girona, Spain,



Biomedicines 2025, 13, 553

24 of 28

206University of Pais Vasco, UPV/EHU, Bizkaia, Spain, 207Centre for Biomedical Network Research
on Diabetes and Metabolic Associated Diseases (CIBERDEM), Instituto de Salud Carlos III, Madrid,
Spain, 2%Centre for Biomedical Network Research on Physiopatology of Obesity and Nutrition
(CIBEROBN), Instituto de Salud Carlos III, Madrid, Spain, 209Centre for Biomedical Network Re-
search on Respiratory Diseases (CIBERES), Instituto de Salud Carlos III, Madrid, Spain, 2100tto von
Guericke University, Departament of Microgravity and Translational Regenerative Medicine, Magde-
burg, Germany, 2 nstituto Investigacion Sanitaria Aragén (IIS-Aragon), Zaragoza, Spain, 21214iPaz
(Instituto de Investigacion Sanitaria Hospital Universitario La Paz), Madrid, Spain, 213Centro Singu-
lar de Investigacién en Medicina Molecular y Enfermedades Crénicas (CIMUS), Universidade de
Santiago de Compostela, Santiago de Compostela, Spain, 2'4Hospital Ophir Loyola, Departamento
de Ensino e Pesquisa, Belém, Par4, Brazil, 215Fundacién Asilo San Jose, Santander, Spain, 216ngtituto
de Investigacion Sanitaria de Santiago (IDIS), Santiago de Compostela, Spain, 21’ Universidad Fran-
cisco de Vitoria, Madrid, Spain, ZI8NTHR Leicester Biomedical Research Centre, Leicester, United
Kingdom, 219Centro de Investigacién Multidisciplinario en Salud, Universidad de Guadalajara,
Guadalajara, Mexico, 2?°Institut Hospital del Mar d’Investigacions Médiques (IMIM), Barcelona,
Spain, 22!CEXS-Universitat Pompeu Fabra, Spanish Network for Research in Infectious Diseases
(REIPI), Barcelona, Spain, 222pediatric Intensive Care Unit, Agrupacién Hospitalaria Clinic-Sant Joan
de Déu, Esplugues de Llobregat, Barcelona, Spain, >*’Instituto de Investigacién Sanitaria Hospital
12 de Octubre (imas12), Transplant Immunology and Immunodeficiencies Group, Madrid, Spain,
224GIGEN Alianza Universidad de los Andes - Fundacién Santa Fe de Bogotd, Bogota, Colombia,
225IMDEA-Food Institute, CEl UAM+CSIC, Madrid, Spain, 2261 a Paz Institute for Health Research
(IdiPAZ), Lymphocyte Pathophysiology in Immunodeficiencies Group, Madrid, Spain, 2" Instituto de
Investigacién Biosanitaria de Granada (ibs GRANADA), Granada, Spain, 228Universidad Auténoma
de Madrid, Department of Medicine, Madrid, Spain, 229Universidad de Granada, Departamento de
Medicina, Granada, Spain, 2**Hospital Universitario Son Espases, Unidad de Diagnéstico Molecu-
lar y Genética Clinica, Islas Baleares, Spain, 231 Programa de Pés-Graduacao em Ciéncias Médicas,
Universidade de Brasilia, Brasilia, Brazil, 232Programa de P6s-Graduagao em Ciéncias da Satde,
Universidade de Brasilia, Brasilia, Brazil, 233Exército Brasileiro, Brazil, 234Grupo INVESTEN, Insti-
tuto de Salud Carlos III, Madrid, Spain, 235 Universidad de Sevilla, Departamento de Enfermeria,
Seville, Spain, 236ERN-ITHACA-European Reference Network, 2 Instituto de Investigacién Sanitaria
Islas Baleares (IdISBa), Islas Baleares, Spain, 2*®Programa de Pés-Graduacao em Biologia Animal,
Universidade de Brasilia, Brasilia, Brazil, 239Depar’camento de Genetica, Fundacién Valle del Lili,
240Programa de Pés-Graduagao Profissional em Ensino de Biologia, Universidade de Brasilia, Brasilia,
Brazil, 2 Universidade de Brasilia, Brasilia, Brazil, 2>Marinha do Brasil, Brazil, 243Catalan Insti-
tution of Research and Advanced Studies (ICREA), Barcelona, Spain, 244 Universidad de Alcald de
Henares, Departamento de Biomedicina y Biotecnologia, Facultad de Medicina y Ciencias de la Salud,
Madrid, Spain, 245Drug Research Centre, Institut d'Investigacié Biomedica Sant Pau, IIB-Sant Pau,
Barcelona, Spain, 246Depar’cmen’t of Clinical Sciences, University Fernando Pessoa Canarias, Las
Palmas de Gran Canaria, Spain, 247g0ciedad de Cirugfa de Bogota, Hospital de San José, Bogotd,
Colombia, 248Universidad de Granada, Departamento Bioquimica, Biologia Molecular e Inmunologia
III, Granada, Spain, 249Complutense University of Madrid, Madrid, Spain, 250Gregorio Maranon
Health Research Institute (IiSGM), Madrid, Spain, 251Faculty of Medicine, Universidad Francisco de
Vitoria, Madrid, Spain, 252Hospital Rio Grande, Rio Grande do Norte, Natal, Brazil, 2>Universidad
Fernando Pessoa Canarias, Las Palmas de Gran Canaria, Spain, 24Universidad Rey Juan Carlos,
Madrid, Spain, 255Universidad de Sevilla, Seville, Spain, 256Universidad de los Andes, Bogota, Colom-
bia, 27 Universitat Autonoma de Barcelona, Department of Medicine, Spain,ZSSIMIM (Hospital del
Mar Medical Research Institute, Institut Hospital del Mar d’Investigacions Mediques), Barcelona,
Spain, and 259Hospital de Doengas Infecciosas Giselda Trigueiro, Rio Grande do Norte, Natal, Brazil.

Conflicts of Interest: The authors declare no conflicts of interest.



Biomedicines 2025, 13, 553 25 of 28

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Molina-Mora, J.A.; Gonzélez, A.; Jiménez-Morgan, S.; Cordero-Laurent, E.; Brenes, H.; Soto-Garita, C.; Sequeira-Soto, J.; Duarte-
Martinez, F. Clinical Profiles at the Time of Diagnosis of SARS-CoV-2 Infection in Costa Rica During the Pre-Vaccination Period
Using a Machine Learning Aroach. Phenomics 2022, 2, 312-322. [CrossRef] [PubMed]

Raghav, PK.; Mann, Z.; Ahluwalia, S.K.; Rajalingam, R. Potential Treatments of COVID-19: Drug Repurposing and Therapeutic
Interventions. J. Pharmacol. Sci. 2023, 152, 1-21. [CrossRef] [PubMed]

COVID-19 Vaccinations Have Saved More than 1.4 Million Lives in the WHO European Region, a New Study Finds. Available
online: https:/ /www.who.int/europe/news-room/16-01-2024-covid-19-vaccinations-have-saved-more-than-1.4-million-lives-
in-the-who-european-region--a-new-study-finds (accessed on 26 February 2024).

Noureddine, EY.; Chakkour, M.; El Roz, A.; Reda, J.; Al Sahily, R.; Assi, A.; Joma, M.; Salami, H.; Hashem, S.J.; Harb, B; et al. The
Emergence of SARS-CoV-2 Variant(s) and Its Impact on the Prevalence of COVID-19 Cases in the Nabatieh Region, Lebanon.
Med. Sci. 2021, 9, 40. [CrossRef]

Gong, Z.; Song, T.; Hu, M.; Che, Q.; Guo, J.; Zhang, H; Li, H.; Wang, Y.; Liu, B.; Shi, N. Natural and Socio-Environmental
Factors in the Transmission of COVID-19: A Comprehensive Analysis of Epidemiology and Mechanisms. BMC Public Health 2024,
24,2196. [CrossRef] [PubMed]

Cruz, R.; Diz-De Almeida, S.; de Heredia, M.L.; Quintela, I.; Ceballos, F.C.; Pita, G.; Lorenzo-Salazar, ].M.; Gonzéalez-Montelongo,
R.; Gago-Dominguez, M.; Porras, M.S.; et al. A Novel Genes and Sex Differences in COVID-19 Severity. Hum. Mol. Genet. 2022,
31, 3789. [CrossRef] [PubMed]

Mo, Y,; Fisher, D. A Review of Treatment Modalities for Middle East Respiratory Syndrome. J. Antimicrob. Chemother. 2016,
71, 3340-3350. [CrossRef]

Chavda, V.P; Vuu, S.; Mishra, T.; Kamaraj, S.; Patel, A.B.; Sharma, N.; Chen, Z.S. Recent Review of COVID-19 Management:
Diagnosis, Treatment and Vaccination. Pharmacol. Rep. 2022, 74, 1120-1148. [CrossRef] [PubMed]

Hu, B.; Huang, S.; Yin, L. The Cytokine Storm and COVID-19. ]. Med. Virol. 2020, 93, 250. [CrossRef] [PubMed]

Valenzuela, O.; Ibanez, S.; Poli, M.C.; Roessler, P.; Aylwin, M.; Roizen, G.; Iruretagoyena, M.; Agar, V.; Donoso, ].; Fierro, M.; et al.
First Report of Tocilizumab Use in a Cohort of Latin American Patients Hospitalized for Severe COVID-19 Pneumonia. Front.
Med. 2020, 7, 596916. [CrossRef] [PubMed]

Fu, B.; Xu, X.; Wei, H. Why Tocilizumab Could Be an Effective Treatment for Severe COVID-19? . Transl. Med. 2020, 18, 164.
[CrossRef] [PubMed]

Kotak, S.; Khatri, M.; Malik, M.; Malik, M.; Hassan, W.; Amjad, A.; Malik, E; Hassan, H.; Ahmed, J.; Zafar, M. Use of Tocilizumab
in COVID-19: A Systematic Review and Meta-Analysis of Current Evidence. Cureus 2020, 12, €10869. [CrossRef] [PubMed]
Biswas, M.; Sawajan, N.; Rungrotmongkol, T.; Sanachai, K.; Ershadian, M.; Sukasem, C. Pharmacogenetics and Precision Medicine
Aroaches for the Improvement of COVID-19 Therapies. Front. Pharmacol. 2022, 13, 835136. [CrossRef] [PubMed]

Yeh, R.E; Gaver, V.E.; Patterson, K.B.; Rezk, N.L.; Baxter-Meheux, F.; Blake, M.].; Eron, ].J.; Klein, C.E.; Rublein, ].C.; Kashuba,
A.D.M. Lopinavir/Ritonavir Induces the Hepatic Activity of Cytochrome P450 Enzymes CYP2C9, CYP2C19, and CYP1A2 But
Inhibits the Hepatic and Intestinal Activity of CYP3A as Measured by a Phenotyping Drug Cocktail in Healthy Volunteers. JAIDS
J. Acquir. Immune Defic. Syndr. 2006, 42, 52-60. [CrossRef] [PubMed]

Rendic, S.; Guengerich, FP. Metabolism and Interactions of Chloroquine and Hydroxychloroquine with Human Cytochrome
P450 Enzymes and Drug Transporters. Curr. Drug Metab. 2020, 21, 1127-1135. [CrossRef]

Tomlinson, E.S.; Maggs, ].L.; Park, B.K,; Back, D.]. Dexamethasone Metabolism in Species Differences. J. Steroid. Biochem. Mol.
Biol. 1997, 62, 345-352. [CrossRef]

Garcia-Menaya, ].M.; Cordobés-Duran, C.; Garcia-Martin, E.; Agtindez, J.A.G. Pharmacogenetic Factors Affecting Asthma
Treatment Response. Potential Implications for Drug Therapy. Front. Pharmacol. 2019, 10, 520. [CrossRef]

Badary, O.A. Pharmacogenomics and COVID-19: Clinical Implications of Human Genome Interactions with Repurposed Drugs.
Pharmacogenomics . 2021, 21, 275-284. [CrossRef]

Fricke-Galindo, I.; Falfan-Valencia, R. Pharmacogenetics Aroach for the Improvement of COVID-19 Treatment. Viruses 2021,
13, 413. [CrossRef]

Pino-Yanes, M.; Corrales, A.; Casula, M.; Blanco, J.; Muriel, A.; Espinosa, E.; Garcia-Bello, M.; Torres, A.; Ferrer, M.; Zavala, E.;
et al. Common Variants of TLR1 Associate with Organ Dysfunction and Sustained Pro-Inflammatory Responses during Sepsis.
PLoS ONE 2010, 5, €13759. [CrossRef]

San Gil, A. Pneumonia Aguda de La Comunitat En1’Adult: Etiologia i Biomarcadors Genetics de 1'Hoste. Ph.D. Thesis, Universitat
Internacional de Catalunya, Barcelona, Spain, 2017.

AL-Eitan, L.N.; Alahmad, S.Z. Pharmacogenomics of Genetic Polymorphism within the Genes Responsible for SARS-CoV-2
Susceptibility and the Drug-Metabolising Genes Used in Treatment. Rev. Med. Virol. 2021, 31, e2194. [CrossRef] [PubMed]
Franczyk, B.; Rysz, J.; Mitoniski, J.; Konecki, T.; Rysz-Gérzyniska, M.; Gluba-Brz6zka, A. Will the Use of Pharmacogenetics Improve
Treatment Efficiency in COVID-19? Pharmaceuticals 2022, 15, 739. [CrossRef]


https://doi.org/10.1007/s43657-022-00058-x
https://www.ncbi.nlm.nih.gov/pubmed/35692458
https://doi.org/10.1016/j.jphs.2023.02.004
https://www.ncbi.nlm.nih.gov/pubmed/37059487
https://www.who.int/europe/news-room/16-01-2024-covid-19-vaccinations-have-saved-more-than-1.4-million-lives-in-the-who-european-region--a-new-study-finds
https://www.who.int/europe/news-room/16-01-2024-covid-19-vaccinations-have-saved-more-than-1.4-million-lives-in-the-who-european-region--a-new-study-finds
https://doi.org/10.3390/medsci9020040
https://doi.org/10.1186/s12889-024-19749-3
https://www.ncbi.nlm.nih.gov/pubmed/39138466
https://doi.org/10.1093/hmg/ddac132
https://www.ncbi.nlm.nih.gov/pubmed/35708486
https://doi.org/10.1093/jac/dkw338
https://doi.org/10.1007/s43440-022-00425-5
https://www.ncbi.nlm.nih.gov/pubmed/36214969
https://doi.org/10.1002/jmv.26232
https://www.ncbi.nlm.nih.gov/pubmed/32592501
https://doi.org/10.3389/fmed.2020.596916
https://www.ncbi.nlm.nih.gov/pubmed/33304913
https://doi.org/10.1186/s12967-020-02339-3
https://www.ncbi.nlm.nih.gov/pubmed/32290839
https://doi.org/10.7759/cureus.10869
https://www.ncbi.nlm.nih.gov/pubmed/33178522
https://doi.org/10.3389/fphar.2022.835136
https://www.ncbi.nlm.nih.gov/pubmed/35250581
https://doi.org/10.1097/01.qai.0000219774.20174.64
https://www.ncbi.nlm.nih.gov/pubmed/16639344
https://doi.org/10.2174/1389200221999201208211537
https://doi.org/10.1016/S0960-0760(97)00038-1
https://doi.org/10.3389/fphar.2019.00520
https://doi.org/10.1038/s41397-021-00209-9
https://doi.org/10.3390/v13030413
https://doi.org/10.1371/journal.pone.0013759
https://doi.org/10.1002/rmv.2194
https://www.ncbi.nlm.nih.gov/pubmed/33205496
https://doi.org/10.3390/ph15060739

Biomedicines 2025, 13, 553 26 of 28

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Fatima, S.; Ratnani, I.; Husain, M.; Surani, S. Radiological Findings in Patients with COVID-19. Cureus 2020, 12, e7651. [CrossRef]
[PubMed]

Graffelman, J.; Moreno, V. The Mid P-Value in Exact Tests for Hardy-Weinberg Equilibrium. Stat. Al. Genet. Mol. Biol. 2013,
12, 433-448. [CrossRef]

Taliun, D.; Harris, D.N.; Kessler, M.D.; Carlson, J.; Szpiech, Z.A.; Torres, R.; Taliun, S.A.G.; Corvelo, A.; Gogarten, S.M.; Kang,
H.M.; et al. Sequencing of 53,831 Diverse Genomes from the NHLBI TOPMed Program. Nature 2021, 590, 290. [CrossRef]
AL-Taie, A,; Biiytik, A.S.; Sardas, S. Considerations into Pharmacogenomics of COVID-19 Pharmacotherapy: Hope, Hype and
Reality. Pulm. Pharmacol. Ther. 2022, 77, 102172. [CrossRef]

Moreira, R.PP; Jorge, A.A.L.; Gomes, L.G.; Kaupert, L.C.; Filho, ].M.; Mendonca, B.B.; Bachega, T.A.S.S. Pharmacogenetics of
Glucocorticoid Replacement Could Optimize the Treatment of Congenital Adrenal Hyperplasia Due to 21-Hydroxylase Deficiency.
Clinics 2011, 66, 1361. [CrossRef] [PubMed]

Montazersaheb, S.; Hosseiniyan Khatibi, S.M.; Hejazi, M.S.; Tarhriz, V.; Farjami, A.; Ghasemian Sorbeni, F.; Farahzadi, R.;
Ghasemnejad, T. COVID-19 Infection: An Overview on Cytokine Storm and Related Interventions. Virol. J. 2022, 19, 92. [CrossRef]
Vohra, M.; Sharma, A.R.; Satyamoorthy, K.; Rai, P.S. Pharmacogenomic Considerations for Repurposing of Dexamethasone as a
Potential Drug against SARS-CoV-2 Infection. Per. Med. 2021, 18, 389-398. [CrossRef]

Lee, ].S.; Wang, ].; Martin, M.; Germer, S.; Kenwright, A.; Benayed, R.; Spleiss, O.; Platt, A.; Pilson, R.; Hemmings, A.; et al.
Genetic Variation in UGT1A1 Typical of Gilbert Syndrome Is Associated with Unconjugated Hyperbilirubinemia in Patients
Receiving Tocilizumab. Pharmacogenet. Genom. 2011, 21, 365-374. [CrossRef]

Fardel, O.; Payen, L.; Courtois, A.; Vernhet, L.; Lecureur, V. Regulation of Biliary Drug Efflux Pump Expression by Hormones and
Xenobiotics. Toxicology 2001, 167, 37-46. [CrossRef] [PubMed]

Jiang, Y.; Rubin, L.; Zhou, Z.; Zhang, H.; Su, Q.; Hou, S.T.; Lazarovici, P.; Zheng, W. Pharmacological Therapies and Drug
Development Targeting SARS-CoV-2 Infection. Cytokine Growth Factor Rev. 2022, 68, 13-24. [CrossRef] [PubMed]

Jarczak, D.; Nierhaus, A. Cytokine Storm—Definition, Causes, and Implications. Int. ]. Mol. Sci. 2022, 23, 11740. [CrossRef]
[PubMed]

Hasanvand, A. COVID-19 and the Role of Cytokines in This Disease. Inflammopharmacology 2022, 789-798. [CrossRef]

Britt, R.D.; Thompson, M.A.; Sasse, S.; Pabelick, C.M.; Gerber, A.N.; Prakash, X.Y.S. Th1l Cytokines TNF-and IFN-Promote
Corticosteroid Resistance in Developing Human Airway Smooth Muscle. Am. J. Physiol. Lung. Cell. Mol. Physiol. 2019, 316, 71-81.
[CrossRef] [PubMed]

Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; De Bakker, P1.W.; Daly, M.].;
et al. PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum. Genet. 2007,
81, 559-575. [CrossRef] [PubMed]

Takahashi, T.; Luzum, J.A.; Nicol, M.R ; Jacobson, P.A. Pharmacogenomics of COVID-19 Therapies. NP] Genom. Med. 2020, 5, 35.
[CrossRef]

Zaidat, O.O.; Erwin Grtiter, B.; Cantonal Hospital, A.; Luis Rafael Moscote-Salazar, S.; Yan, J.; Jiang, W.; Liu, J.; Liao, X.; Zhou, J.;
Li, B.; et al. A Rare Variant of ANKS3 Is Associated With Intracranial Aneurysm. Front. Neurol. 2021, 1, 672570. [CrossRef]

Yang, Y.; Zhu, Z.; Hui, L.; Sun, P. Effects of CACNA1C and ANKS3 on Cognitive Function in Patients with Bipolar Disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2024, 133, 111016. [CrossRef]

Kloth, K.; Lozic, B.; Tagoe, J.; Hoffer, M.].V.; Van der Ven, A.; Thiele, H.; Altmdiller, J.; Kubisch, C.; Au, PY.B.; Denecke, J.;
et al. ANK3 Related Neurodevelopmental Disorders: Expanding the Spectrum of Heterozygous Loss-of-Function Variants.
Neurogenetics 2021, 22, 263. [CrossRef]

Thoeni, C.; Waldherr, R.; Scheuerer, J.; Schmitteckert, S.; Roeth, R.; Niesler, B.; Cutz, E.; Flechtenmacher, C.; Goeert, B.; Schirmacher,
P, et al. Expression Analysis of Atp-Binding Cassette Transporters Abcb11 and Abcb4 in Primary Sclerosing Cholangitis and
Variety of Pediatric and Adult Cholestatic and Noncholestatic Liver Diseases. Can. |. Gastroenterol. Hepatol. 2019, 2019, 1085717.
[CrossRef] [PubMed]

Fore, F; Indriputri, C.; Mamutse, J.; Nugraha, J. TLR10 and Its Unique Anti-Inflammatory Properties and Potential Use as a Target
in Therapeutics. Immune Netw. 2020, 20, e21. [CrossRef] [PubMed]

Cao, X,; Zhang, L.; Chen, C.; Wang, Q.; Guo, L.; Ma, Q.; Deng, P.; Zhu, G.; Li, B.; Pi, Y; et al. The Critical Role of ABCG1 and
PPARy/LXR« Signaling in TLR4 Mediates Inflammatory Responses and Lipid Accumulation in Vascular Smooth Muscle Cells.
Cell. Tissue Res. 2017, 368, 145-157. [CrossRef]

Bank, S.; Skytt Andersen, P; Burisch, ].; Pedersen, N.; Roug, S.; Galsgaard, J.; Ydegaard Turino, S.; Broder Brodersen, J.; Rashid, S.;
Kaiser Rasmussen, B.; et al. Polymorphisms in the Inflammatory Pathway Genes TLR2, TLR4, TLR9, LY96, NFKBIA, NFKB1,
TNFA, TNEFRSF1A, IL6R, IL10, IL23R, PTPN22, and PPARG Are Associated with Susceptibility of Inflammatory Bowel Disease in
a Danish Cohort. PLoS ONE 2014, 9, €98815. [CrossRef]


https://doi.org/10.7759/cureus.7651
https://www.ncbi.nlm.nih.gov/pubmed/32411552
https://doi.org/10.1515/sagmb-2012-0039
https://doi.org/10.1038/s41586-021-03205-y
https://doi.org/10.1016/j.pupt.2022.102172
https://doi.org/10.1590/S1807-59322011000800009
https://www.ncbi.nlm.nih.gov/pubmed/21915484
https://doi.org/10.1186/s12985-022-01814-1
https://doi.org/10.2217/pme-2020-0183
https://doi.org/10.1097/FPC.0b013e32834592fe
https://doi.org/10.1016/S0300-483X(01)00456-5
https://www.ncbi.nlm.nih.gov/pubmed/11557128
https://doi.org/10.1016/j.cytogfr.2022.10.003
https://www.ncbi.nlm.nih.gov/pubmed/36266222
https://doi.org/10.3390/ijms231911740
https://www.ncbi.nlm.nih.gov/pubmed/36233040
https://doi.org/10.1007/s10787-022-00992-2
https://doi.org/10.1152/ajplung.00547.2017
https://www.ncbi.nlm.nih.gov/pubmed/30335498
https://doi.org/10.1086/519795
https://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1038/s41525-020-00143-y
https://doi.org/10.3389/fneur.2021.672570
https://doi.org/10.1016/j.pnpbp.2024.111016
https://doi.org/10.1007/s10048-021-00655-4
https://doi.org/10.1155/2019/1085717
https://www.ncbi.nlm.nih.gov/pubmed/31886153
https://doi.org/10.4110/in.2020.20.e21
https://www.ncbi.nlm.nih.gov/pubmed/32655969
https://doi.org/10.1007/s00441-016-2518-3
https://doi.org/10.1371/journal.pone.0098815

Biomedicines 2025, 13, 553 27 of 28

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Duggan, ].M.; You, D.; Cleaver, ].O.; Larson, D.T.; Garza, R.J.; Guzman Pruneda, F.A.; Tuvim, M.].; Zhang, J.; Dickey, B.E; Evans,
S.E. Synergistic Interactions of TLR2/6 and TLR9 Induce a High Level of Resistance to Lung Infection in Mice. J. Immunol. 2011,
186, 5916-5926. [CrossRef]

Chakraborty, C.; Sharma, A.R.; Bhattacharya, M.; Sharma, G.; Lee, S.S.; Agoramoorthy, G. Consider TLR5 for New Therapeutic
Development against COVID-19. J. Med. Virol. 2020, 2314-2315. [CrossRef] [PubMed]

Kaushik, D.; Bhandari, R.; Kuhad, A. TLR4 as a Therapeutic Target for Respiratory and Neurological Complications of SARS-
CoV-2. Expert Opin. Ther. Tnrgets 2021, 491-508. [CrossRef]

Gao, C.; Ren, S,; Lee, ].H.; Qiu, J.; Chapski, D.J.; Rau, C.D.; Zhou, Y.; Abdellatif, M.; Nakano, A.; Vondriska, T.M.; et al. RBFox1-
Mediated RNA Splicing Regulates Cardiac Hypertrophy and Heart Failure. J. Clin. Investig. 2016, 126, 195-206. [CrossRef]
[PubMed]

Dery, K.J.; Wong, Z.; Wei, M.; Kupiec-Weglinski, ].W. Mechanistic Insights into Alternative Gene Splicing in Oxidative Stress and
Tissue Injury. Antioxid. Redox. Signal. 2023, 41, 890-909. [CrossRef] [PubMed]

Wang, M.; Cheng, L.; Gao, Z.; Li, ].; Ding, Y.; Shi, R.; Xiang, Q.; Chen, X. Investigation of the Shared Molecular Mechanisms and
Hub Genes between Myocardial Infarction and Depression. Front. Cardiovasc. Med. 2023, 10, 1203168. [CrossRef] [PubMed]
Fan, J.; Long, Q.X,; Ren, ].H.; Chen, H.; Li, M.M.; Cheng, Z.; Chen, J.; Zhou, L.; Huang, A.L. Genome-Wide Association Study of
SARS-CoV-2 Infection in Chinese Population. Eur. . Clin. Microbiol. Infect. Dis. 2022, 41, 1155-1163. [CrossRef]

Alors-Pérez, E.; Pedraza-Arevalo, S.; Blazquez-Encinas, R.; Garcia-Vioque, V.; Agraz-Doblas, A.; Yubero-Serrano, E.M.; Sdnchez-
Frias, M.E.; Serrano-Blanch, R.; Galvez-Moreno, M.A.; Gracia-Navarro, E; et al. Altered CELF4 Splicing Factor Enhances
Pancreatic Neuroendocrine Tumors Aggressiveness Influencing MTOR and Everolimus Response. Mol. Ther. Nucleic Acids 2023,
35,102090. [CrossRef]

Engel, J.J.; van der Made, C.I;; Keur, N.; Setiabudiawan, T.; Roring, R.J.; Damoraki, G.; Dijkstra, H.; Lemmers, H.; Ioannou, S.;
Poulakou, G.; et al. Dexamethasone Attenuates Interferon-Related Cytokine Hyperresponsiveness in COVID-19 Patients. Front.
Immunol. 2023, 14, 1233318. [CrossRef]

Botton, M.R.; Whirl-Carrillo, M.; Del Tredici, A.L.; Sangkuhl, K.; Cavallari, L.H.; Agtindez, ].A.G.; Duconge, J.; Lee, M.T.M.;
Woodahl, E.L.; Claudio-Campos, K.; et al. PharmVar GeneFocus: CYP2C19. Clin. Pharmacol. Ther. 2020, 109, 352. [CrossRef]
Matoulkova, P.; Pavek, P; Maly, J.; VI¢ek, J. Cytochrome P450 Enzyme Regulation by Glucocorticoids and Consequences in Terms
of Drug Interaction. Expert Opin. Drug Metab. Toxicol. 2014, 10, 425-435. [CrossRef] [PubMed]

Scott, S.A.; Sangkuhl, K.; Shuldiner, A.R.; Hulot, ].S.; Thorn, C.F; Altman, R.B.; Klein, T.E. PharmGKB Summary: Very Important
Pharmacogene Information for Cytochrome P450, Family 2, Subfamily C, Polypeptide 19. Pharmacogenet. Genom. 2012, 22, 159-165.
[CrossRef] [PubMed]

Creeden, ].E; Gordon, D.M,; Stec, D.E.; Hinds, T.D. Bilirubin as a Metabolic Hormone: The Physiological Relevance of Low Levels.
Am. ]. Physiol. -Endocrinol. Metab. 2021, 320, 191-207. [CrossRef]

Gammal, R.S.; Court, M.H.; Haidar, C.E.; Iwuchukwu, O.E; Gaur, A.H.; Alvarellos, M.; Guillemette, C.; Lennox, J.L.; Whirl-
Carrillo, M.; Brummel, S.S.; et al. Clinical Pharmacogenetics Implementation Consortium (CPIC) Guideline for UGT1A1 and
Atazanavir Prescribing. Clin. Med. Ther. 2016, 99, 363-369. [CrossRef] [PubMed]

Yamasaki, S.; Tanimoto, K.; Kohno, K.; Kadowaki, M.; Takase, K.; Kondo, S.; Kubota, A.; Takeshita, M.; Okamura, S. UGT1A1 *6
Polymorphism Predicts Outcome in Elderly Patients with Relapsed or Refractory Diffuse Large B-Cell Lymphoma Treated with
Carboplatin, Dexamethasone, Etoposide and Irinotecan. Ann. Hematol. 2015, 94, 65-69. [CrossRef] [PubMed]

Scialo, F.; Daniele, A.; Amato, F,; Pastore, L.; Matera, M.G.; Cazzola, M.; Castaldo, G.; Bianco, A. ACE2: The Major Cell Entry
Receptor for SARS-CoV-2. Lung 2020, 867-877. [CrossRef]

Finney, L.J.; Glanville, N.; Farne, H.; Aniscenko, J.; Fenwick, P.; Kemp, S.V.; Trujillo-Torralbo, M.B.; Loo, S.L.; Calderazzo, M.A;
Wedzicha, J.A ; et al. Inhaled Corticosteroids Downregulate the SARS-CoV-2 Receptor ACE2 in COPD through Suression of Type
I Interferon. J. Allergy Clin. Immunol. 2021, 147, 510-519.e5. [CrossRef] [PubMed]

O’Beirne, S.L.; Salit, J.; Kaner, R.].; Crystal, R.G.; Strulovici-Barel, Y. Up-Regulation of ACE2, the SARS-CoV-2 Receptor, in
Asthmatics on Maintenance Inhaled Corticosteroids. Respir. Res. 2021, 22, 200. [CrossRef] [PubMed]

Stein, N.; Berhani, O.; Schmiedel, D.; Duev-Cohen, A.; Seidel, E.; Kol, I.; Tsukerman, P.; Hecht, M.; Reches, A.; Gamliel, M.;
et al. IFNG-AS1 Enhances Interferon Gamma Production in Human Natural Killer Cells. iScience 2019, 11, 466-473. [CrossRef]
[PubMed]

Oram, J.F; Vaughan, A.M. ATP-Binding Cassette Cholesterol Transporters and Cardiovascular Disease. Circ. Res. 2006,
99, 1031-1043. [CrossRef] [PubMed]

McPeek, M.; Malur, A.; Tokarz, D.A.; Lertpiriyapong, K.; Gowdy, KM.; Murray, G.; Wingard, C.J.; Fessler, M.B.; Barna, B.P;
Thomassen, M.]. Alveolar Macrophage ABCG1 Deficiency Promotes Pulmonary Granulomatous Inflammation. Am. J. Respir. Cell
Mol. Biol. 2019, 61, 332-340. [CrossRef] [PubMed]


https://doi.org/10.4049/jimmunol.1002122
https://doi.org/10.1002/jmv.25997
https://www.ncbi.nlm.nih.gov/pubmed/32391920
https://doi.org/10.1080/14728222.2021.1918103
https://doi.org/10.1172/JCI84015
https://www.ncbi.nlm.nih.gov/pubmed/26619120
https://doi.org/10.1089/ars.2023.0437
https://www.ncbi.nlm.nih.gov/pubmed/37776178
https://doi.org/10.3389/fcvm.2023.1203168
https://www.ncbi.nlm.nih.gov/pubmed/37547246
https://doi.org/10.1007/s10096-022-04478-5
https://doi.org/10.1016/j.omtn.2023.102090
https://doi.org/10.3389/fimmu.2023.1233318
https://doi.org/10.1002/cpt.1973
https://doi.org/10.1517/17425255.2014.878703
https://www.ncbi.nlm.nih.gov/pubmed/24451000
https://doi.org/10.1097/FPC.0b013e32834d4962
https://www.ncbi.nlm.nih.gov/pubmed/22027650
https://doi.org/10.1152/ajpendo.00405.2020
https://doi.org/10.1002/cpt.269
https://www.ncbi.nlm.nih.gov/pubmed/26417955
https://doi.org/10.1007/s00277-014-2170-5
https://www.ncbi.nlm.nih.gov/pubmed/25055799
https://doi.org/10.1007/s00408-020-00408-4
https://doi.org/10.1016/j.jaci.2020.09.034
https://www.ncbi.nlm.nih.gov/pubmed/33068560
https://doi.org/10.1186/s12931-021-01782-0
https://www.ncbi.nlm.nih.gov/pubmed/34233672
https://doi.org/10.1016/j.isci.2018.12.034
https://www.ncbi.nlm.nih.gov/pubmed/30661002
https://doi.org/10.1161/01.RES.0000250171.54048.5c
https://www.ncbi.nlm.nih.gov/pubmed/17095732
https://doi.org/10.1165/rcmb.2018-0365OC
https://www.ncbi.nlm.nih.gov/pubmed/30848658

Biomedicines 2025, 13, 553 28 of 28

67. Fernandez-Castafieda, A.; Lu, P; Geraghty, A.C.; Song, E.; Lee, M.H.; Wood, J.; O'Dea, M.R.; Dutton, S.; Shamardani, K,;
Nwangwu, K.; et al. Mild Respiratory COVID Can Cause Multi-Lineage Neural Cell and Myelin Dysregulation. Cell 2022,
185, 2452-2468.e16. [CrossRef]

68. Battaglini, D.; Lopes-Pacheco, M.; Castro-Faria-Neto, H.C.; Pelosi, P.; Rocco, PR.M. Laboratory Biomarkers for Diagnosis and
Prognosis in COVID-19. Front. Immunol. 2022, 13, 857573. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cell.2022.06.008
https://doi.org/10.3389/fimmu.2022.857573
https://www.ncbi.nlm.nih.gov/pubmed/35572561

	Introduction 
	Materials and Methods 
	Patients and Sample Selection 
	Clinical Sample 
	Response Phenotype 

	SNP Genotyping 
	Candidate Gene Analysis 
	Statistical Analyses 
	Pathway Enrichment Analyses 

	Results 
	GWAS Results 
	Associations with Type of Ventilation 
	Associations with Radiological Affectation 
	Associations with ICU and Survival at 90 Days 

	Candidate Genes Results 
	Associations with Survival at 90 Days 
	Associations with Admission to the Intensive Care Unit (ICU) 
	Associations with the Type of Ventilation 
	Associations with Radiological Affectation 

	Functional Enrichment Analyses Results 

	Discussion 
	Genes Related to Response to Immunomodulators 
	Genes Related to the Corticoid Response 
	Genes Related to Response to Corticoids and/or Immunomodulators 
	Pathway Enrichment Analysis 
	Study Limitations 

	Conclusions 
	References

