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Abstract \
Background: Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) virus, presents with varying severity among individuals. Both viral and host factors can influence the severity of acute and
chronic COVID-19, with chronic COVID-19 commonly referred to as long COVID. SARS-CoV-2 infection can be properly diagnosed
by performing real-time reverse transcription polymerase chain reaction analysis of nasal swab samples. Pulse oximetry, chest
X-ray, and complete blood count (CBC) analysis can be used to assess the condition of the patient to ensure that the appropriate
medical care is delivered. This study aimed to develop biosignatures that can be used to distinguish between patients who are
likely to develop severe disease and require hospitalization from patients who can be safely monitored in less intensive settings.
Methods: A retrospective investigation was conducted on 7897 adult patients with virologically confirmed SARS-CoV-2 infec-
tion between January 26, 2020, and November 30, 2023; all patients underwent comprehensive CBC testing at Taipei Veterans
General Hospital. Among them, 1867 patients were independently recruited for a population study involving genome-wide geno-
typing of approximately 424 000 genomic variants. Therefore, the participants were divided into two patient cohorts, one with
genomic data (n = 1867) and one without (n = 6030) for model validation and training, respectively.

Results: We constructed and validated a biosignature model by using a combination of CBC measurements to predict subse-
quent hospitalization events (hazard ratio = 3.38, 95% confidence interval: 3.07-3.73 for the training cohort and 3.03 [2.46-3.73]
for the validation cohort; both p < 10-8). The obtained scores were used to identify the top quartile of patients, who formed the
“very high risk” group with a significantly higher cumulative incidence of hospitalization (log-rank p < 10-8 in both the training and
validation cohorts). The “very high risk” group exhibited a cumulative hospitalization rate of >60%, whereas the rate for the other
patients was approximately 30% over a 1.5-year period, providing a binary classification of patients with distinct hospitalization
risks. To investigate the genetic factors mediating this risk, we conducted a genome-wide association study. Specific regions in
chromosomes 7 and 10 and the mitochondrial chromosome (M), harboring IKAROS family zinc finger 1 (IKZF1), actin binding LIM
protein 1 (ABLIMT), and mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 3 (MT-ND3), exhibited promi-
nent associations with binary risk classification. The identified exonic variants of IKZF1 are linked to several autoimmune diseases.
Notably, people with different genotypes of the leading variants (rs4132601, rs141492519, and Affx-120744614) exhibited varying
cumulative hospitalization rates after infection.

Conclusion: We successfully developed and validated a biosignature model of COVID-19 severe disease in virologically confirmed
patients. The identified genomic variants provide new insights for infectious disease research and medical care.
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1. INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2 virus),
emerged in late 2019 as an unprecedented infectious disease.
To date, a considerable proportion of the global population
has been infected. Although most individuals with COVID-
19 recovered quickly, some experienced severe or fatal out-
comes.! This virus is an enveloped, positive-strand RNA virus
with numerous identified viral proteins, including spike, mem-
brane, nucleocapsid, and envelope proteins.? The virus utilizes
the angiotensin-converting enzyme 2 (ACE2) receptors on
the human cell surface as gateways. After the virus enters the
human cell, it replicates using its own RNA polymerase, pro-
ducing viral particles that are subsequently released into the
extracellular environment.? It can infect various types of human
cells, including immune cells.?

The infection can cause acute and chronic forms of COVID-
19, presenting with diverse clinical manifestations and affect-
ing various parts of the human body."*7 Acute respiratory
distress syndrome (ARDS) and subsequent multiorgan fail-
ure are major causes of mortality, characterized by diffuse
microthrombi in the pulmonary microcirculation that dis-
rupt respiratory function and immune cell-mediated hyper-
coagulability.® Cytokine storms are a major cause of ARDS
and mortality.” The severity and persistence of COVID-19
symptoms are associated with pre-existing conditions such as
cardiovascular disease'®'! and diabetes.* Endothelial disease,
thromboembolic complications (eg, deep vein thrombosis and
pulmonary embolism), and disseminated intravascular coagu-
lation are potentially life-threatening complications associ-
ated with SARS-CoV-2 infections.'>*® Notably, myocarditis,
pulmonary embolism, and stroke pose considerable risks for
heart failure or arrhythmias,'>!*?? and SARS-CoV-2 infection—
induced encephalitis can lead to neurological deficits and even
death.?® The infection can also cause chronic conditions col-
lectively termed long COVID. 72428

Virological real-time reverse transcription polymerase chain
reaction and antigen tests using nasal or throat swab samples
are crucial for diagnosing SARS-CoV-2 infection. In addition,
pulse oximetry, chest X-ray, and hematological complete blood
count (CBC) examinations are often performed to provide valu-
able insights into patient health. CBC is a general evaluation
of health status based on blood cell counts (eg, red blood cells,
white blood cells, and platelets),?” which are often altered by
SARS-CoV-2 infections.! Neutrophilia, thrombocytopenia, and
leukopenia are often observed in SARS-CoV-2 infections.*
Developing a predictive model for COVID-19 outcomes can
enable healthcare providers to identify high-risk patients early
in their illness, thereby facilitating timely interventions to
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reduce disease severity and improve patient outcomes.?' The
present study investigated disease progression by using hospi-
talization for all causes as a surrogate indicator of severe illness.
We focused on patients with confirmed COVID-19 to create a
biosignature model for predicting hospitalization risk. Given the
relationship between CBC and immune response to infection,
we explored the associations between various CBC parameters
and the course of SARS-CoV-2 infection. With the successful
development of the model, we plan to investigate genetic vari-
ants associated with hospitalization risk.

2. METHODS

2.1. Patients

The present retrospective study was approved by the institu-
tional review board of Taipei Veterans General Hospital, Taipei,
Taiwan. We investigated a cohort of 7897 virologically con-
firmed patients, who were diagnosed with SARS-CoV-2 through
the nasal swab real-time reverse transcription polymerase
chain reaction test between January 26, 2020, and November
30, 2023, and underwent comprehensive CBC examinations
at Taipei Veterans General Hospital (Fig. 1A). Among them,
1867 patients were also independently recruited for the Taipei
Precision Medicine Initiative (TPMI) project during their visit to
the hospital. Genome-wide genotype data were obtained from
the TPMI participants by genotyping peripheral blood mono-
nuclear cells using Affymetrix Axiom Genome-Wide TWB array
plates. Therefore, the 7897 participants were divided into two
patient populations, one with genotype data (n = 1867) and one
without (n = 6790) for model validation and training, respec-
tively (Fig. 1A). The clinical information of the patients is listed
in Table 1.

2.2. Data and statistical analysis

This study aims to develop biosignatures to distinguish between
patients likely to develop severe disease and require hospitaliza-
tion and those who can be safely monitored in less intensive
settings. To protect patients’ privacy, we integrated deidenti-
fied blood biochemical test data, hospitalization records, and
genome-wide genotypes (if available for research) by using
computer-generated keys and lookup tables, without includ-
ing any identifiable information such as patient name and chart
numbers. Univariate analysis was performed using the Cox pro-
portional hazards model, and multivariate biosignatures were
generated using the generalized iterative modeling method.??3% A
genome-wide association study (GWAS) was performed on the
basis of the % test of allelic counts.

3. RESULTS

3.1. Predictive biosignature models for post SARS-CoV-2
infection hospitalization events

A univariate analysis was conducted on the associations of
CBCs with the time to postinfection hospitalization events.
The hazard ratios (HRs) with respect to CBC variables in
the patients with training cohort are listed in Fig. 1B. Red
cell distribution width (RDW) had a significant and positive
association (HR: 1.045, confidence interval [CI]: 1.035-1.055)
with time to postinfection hospitalization events, indicating
that a higher RDW value is associated with increased risk.
Furthermore, higher mean corpuscular hemoglobin (MCH;
HR: 1.032, 95% CI: 1.019-1.044), monocyte count (MONO)
(HR: 1.025, 95% CI: 1.015-1.036), mean corpuscular volume
(MCV) (HR: 1.021, 95% CI: 1.016-1.026), band cell count
(BAND) (HR: 1.014, 95% CI: 1.005-1.023), and segmented
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Fig. 1 Construction and validation of a clinical risk model for all-cause hospitalization events in patients diagnosed with SARS-CoV-2 infection through nasal
swab RT-PCR tests. A, Participants were categorized into those with and without available genome-wide genotypes, forming two study cohorts for clinical
model validation and training, respectively. B, Univariate analysis of complete blood count items associated with time to hospitalization events after infection.
C, Longitudinal representation of cumulative incidence of patients in the training cohort, stratified into quartiles based on risk model values during a 1.5-year
follow-up period postinfection. D, Longitudinal representation of patients in the validation cohort, stratified into risk quartiles. E, Longitudinal representation of
patients in the training cohort, stratified into two groups (category 1: very high-risk; category O: others). F, Longitudinal representation of patients in the validation
cohort, stratified into two groups. RT-PCR = real-time reverse transcription polymerase chain reaction; SARS-CoV-2 = severe acute respiratory syndrome

coronavirus 2.

neutrophil count (SEG) (HR: 1.012, 95% CI: 1.010-1.015)
were all associated with increased hospitalization risk. By con-
trast, lymphocyte count (LYMP; HR: 0.982, 95% CI: 0.979-
0.985), hematocrit (HCT) (HR: 0.947, 95% CI: 0.941-0.953),
mean corpuscular hemoglobin concentration (MCHC; HR:
0.921, 95% CI: 0.896-0.948), hemoglobin (HGB; HR: 0.862,
95% CI: 0.847-0.877), platelet count (PLT) (HR: 1.000, 95%
CI: 1.000-1.000), and basophil count (BASO) (HR: 0.796,
95% CI: 0.712-0.890) were all associated with decreased hos-
pitalization risk. These findings suggest that these CBC vari-
ables can be used to generate a biosignature predict subsequent
hospitalization events after infection, given that the combina-
tion of the variables correlated with the incidence of postinfec-
tion hospitalization events in both the training and validation
cohorts. A multivariate biosignature model was subsequently
developed. The biosignature model f(x) of individual variables
x (CBC items in the present study) corresponds to the expo-
nential term in the Cox regression equation:
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b (tlx) = ho () /™), 1)

where h(t/x) is the time (¢)-dependent hazard function for an
individual with given CBC values represented as a tensor x and
h,(t) is the baseline hazard at time ¢. f(x) is defined as

f (x) = MCHC x (—0.1821) + LYMP x (—0.0123)
+HGB x (—0.1515) + MCHC x MCHC x MCH x (0.000060950) .

The HR of f(x) was 3.38 in the training cohort (95% CI:
3.07-3.73, p < 10-%) and 3.03 in the validation cohort (95% CI:
2.46-3.73,p < 107%). f(x) values were used to stratify the patients
into quartiles (ie, very high-risk, high-risk, intermediate-risk,
and low-risk quartiles) on the basis of their cumulative inci-
dence of hospitalization (Fig. 1C). The f(x) function in Equation
(1) was then applied directly to the patients with validation
cohort. Subsequently, the four equal-sized patient strata exhib-
ited distinct cumulative incidences of hospitalization (Fig. 1D).
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The clinical information of participants in this study

Item All participants Training Validation

Patient number 7897 6030 1867

Age,y 57.86 + 20.16 57.94 +20.55 57.60 + 18.86

Sex
Male 3609 (45.7%) 2869 (47.6%) 740 (39.6%)
Female 4287 (54.3%) 3160 (52.4%) 1127 (60.4%)

Complete blood count
Hemoglobin, g/dL 13.16 £ 1.93 1317 £1.96 13.14 +1.84
Platelets, 1000/pL 236.77 £ 81.23 236.52 + 81.16 237.55 + 81.48
Mean corpuscular volume, femtoliters 89.66 + 7.68 89.68 + 7.68 89.59 + 7.66
Hematocrit, % 39.59 + 5.51 39.63 + 5.55 39.45 +5.36
Mean corpuscular haemoglobin, pg/cell 29.76 + 3.08 29.76 + 3.08 29.77 + 3.09
Red cell distribution width, % 13.96 + 2.91 13.90 + 2.68 14,16 + 3.54
Mean corpuscular hemoglobin concentration, g/dL 3314 £1.20 33.13+1.21 3318 £1.17
Eosinophils, % 3.60 + 37.89 311 +£29.45 516 £57.17
Lymphocytes, % 24.34 +11.40 23.85+11.57 25.92 +10.68
Monocytes, % 7.44 +3.08 7.44 +313 7.47 +2.91
Basophils, % 0.55+0.35 0.54+0.34 0.61+0.37
Bandemia, % 014 £237 0.15+255 0.10 £1.65
Segmented neutrophils, % 65.52 +12.91 66.09 + 13.12 63.68 + 12.05

Because the patients in the first strata consistently exhibited a
higher cumulative incidence relative to the other three strata,
we compared this stratum (ie, the very high-risk group) with
the other patients, for binary risk categorization. In the training
cohort, patients in the two categories exhibited distinct cumula-
tive incidences of hospitalization (Fig. 1E, p < 10-#). A significant
difference was also identified in the validation cohort (Fig. 1F, p
<107%).

3.2. Genetic determinants of post SARS-CoV-2 infection
hospitalization risks

To gain genetic insights into hospitalization risks, we performed a
GWAS, a case-control study where the case (n = 465) and control

(n = 1402) patients were defined by binary risk categorization
(Fig. 1F). The data points in the Manhattan plot (Fig. 2A) repre-
sent the strength of association for genomic variants, organized
by genomic location. The P-P plot in Fig. 2B visually presents the
results pertaining to the quality of this analysis, with an infla-
tion factor of 1.024 suggesting good quality. Specific regions in
chromosomes 7 and 10 and the mitochondria (M), encoding
IKAROS family zinc finger 1 (IKZF1), actin binding LIM protein
1 (ABLIMT1), and mitochondrially encoded NADH:ubiquinone
oxidoreductase core subunit 3 (MT-ND3) were revealed to har-
bor genomic variants significantly associated with risk levels (p <
5 x 107%). The identified variants in chromosome 7 resided in the
IKZF1 gene, as detailed in the zoomed-in plot in Figure 2C. The
leading exonic variants, rs4132601 and rs11980379, were both
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Fig. 2 Associations of genome-wide genomic variants with risk categories. A, Manhattan plot showing the significance of association (negative log-transformed
p value in the vertical axis) for individual genetic variants, plotted according to their genomic locations (horizontal axis). Data from different chromosomes are
represented in different colors. B, P-P plot comparing the observed p values from the GWAS (vertical axis) with the expected p values (horizontal axis) under
the null hypothesis of no association, providing a visual assessment of analysis quality. For this analysis, the inflation factor was 1.024. C, Zoomed-in plot of
chromosomes 7 (50271425-50571425). D, Zoomed-in plot of chromosome 10 (114423792-114904664). E, Zoomed-in plot of mitochondria genome (M),
manifesting as a strong signal of association. ABLIM1 = actin binding LIM protein 1; GWAS = genome-wide association study; IKZF1 = IKAROS family zinc finger
1; MT-ND3 = mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 3.
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The identified genomic variants associated with post SARS-CoV-2 infection hospitalization

Genomic variant Chr Position Gene OR OR 95% Cllow OR 95% Cl high Minor allele Major allele MAF case group MAF control group
rs11978267 7 50398606  IKZF1 160  1.31 1.96 G A 0.182 0.122
rs11980379 7 50402283 IKZF1 1.68 1.37 2.05 C T 0.181 0.116
rs4132601 7 50402906  IKZF1 168 137 2.05 G T 0.181 0.116
rs6964969 7 50405553  IKZF1 166  1.36 2.04 G A 0.180 0.116
rs10272724 7 50409515  IKZF1 160  1.31 1.97 C T 0.178 0.119
rs141492519 10 114628407 ABLIM1  3.30 1.96 5.55 T C 0.032 0.010
Affx-120744614 M 10211 MT-ND3  18.36  4.10 8217 T C 0.013 0.001
18374778622 M 15712 MT-ND3 1520 3.32 69.49 G A 0.011 0.001

ABLIM1 = actin binding LIM protein 1; Chr = chromosome; Cl = confidence interval; IKZF1 = IKAROS family zinc finger 1; MAF = minor allele frequencies; MT-ND3 = mitochondrially encoded
NADH:ubiquinone oxidoreductase core subunit 3; OR = odds ratio; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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Fig. 3 Genotype-specific cumulative incidence of postinfection hospitalization. A, Cumulative incidence of postinfection hospitalization of patients, stratified by
genotypes of rs4132601 on chromosome 7. B, Cumulative incidence of hospitalization of patients, stratified by genotype rs141492519 on chromosome 10. C,
Cumulative incidence of hospitalization of patients stratified by genotype Affx-120744614 on mitochondrial genome.

located in the 3’-untranslated region (3’-UTR) of the IKZF1 gene
(Fig. 2C). The minor allele “G” of the leading variant rs4132601
(T/G) conferred an odds ratio of 1.68 (95% CI: 1.37-2.05) for the
very high-risk group. The genotypes of this variant did not devi-
ate significantly from the Hardy-Weinberg equilibrium in both the
case and control groups (p = 0.610 and 0.730, respectively). We
identified five nearby variants in linkage disequilibrium, all reach-
ing statistical significance (p < 5 x 10-%; Table 2). Chromosome 10
harbored ABLIM1, where the leading variant rs141492519 was
located in the intronic region (Fig. 2D). The minor allele “T” of
the leading variant rs141492519 (C/T) conferred an odds ratio of
3.30 (95% CI: 1.96-5.55) to the very-high-risk group. Similarly,
no significant deviation from the Hardy-Weinberg equilibrium
was identified in both the case and control groups (p = 0.081 and
0.931, respectively). The mitochondrial genome harbored MT-
ND3 and the leading variants Affx-120744614 and rs374778622
(Fig. 2E). The minor allele frequencies (MAF) and relevant infor-
mation of the leading variants are summarized in Table 2.

We then investigated the cumulative incidence of all-cause
hospitalization among the patients, stratified by the genotypes
of the leading variants rs4132601, rs141492519, and Affx-
120744614. For the rs4132601 on chromosome 7, the data
indicated higher hospitalization rates in patients with the GG
(homozygous minor allele) genotype than in those with the GT
and TT genotypes (Fig. 3A). For the rs141492519 on chromo-
some 10, the cumulative incidences of hospitalization exhibited
discernible genotype-related differences (Fig. 3B), with the TT
(homozygous minor allele) genotype exhibiting higher risks. For
the Affx-120744614 on the mitochondrial genome, differences
in hospitalization rates were identified between patients with
C and T alleles (Fig. 3C). These findings suggest that germline
variants influence the risk of severe disease outcomes in patients
with COVID-19.

4. DISCUSSION

When COVID-19 initially emerged in Taiwan, nearly all affected
patients were hospitalized, regardless of the severity of their
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symptoms. This universal hospitalization strategy was born out
of an abundance of caution, which can be attributed to the lim-
ited clinical understanding of COVID-19 severity and progres-
sion at that time. Although the goal was to monitor and manage
potential complications, this strategy led to the hospitalization
of numerous patients who might have required only observa-
tion. The present study examines this context, highlighting the
need for more refined risk stratification tools that can help dis-
tinguish between patients likely to develop severe disease and
require hospitalization and those who can be safely monitored
in less intensive settings.

The present study developed and validated a biosignature
model on the basis of CBC values and genetic factors of virologi-
cally confirmed patients to predict the risk of severe COVID-19
progression. The model was validated in a large cohort, allow-
ing for the early identification of patients at elevated risk of
severe outcomes.

CBC is closely related to the physiological and immunologi-
cal conditions of patients, which may affect disease outcomes.
Anemia, which has various causes, is a medical indication iden-
tifiable through CBC, specifically low HGB and HCT levels. An
increase in the number of white blood cells, particularly neu-
trophils, can indicate inflammation in the body. In addition,
abnormalities in red blood cells, white blood cells, and PLTs can
indicate bone marrow disorders such as leukemia, lymphoma,
and myelodysplastic syndrome. An increase in HCT levels can
indicate dehydration. Abnormalities in white blood cell counts
can be suggestive of autoimmune disorders, including lupus and
rheumatoid arthritis. Abnormal PLTs can indicate platelet dis-
orders such as thrombocytopenia, which may be related to liver
fibrosis or thrombocytosis.

The proposed model incorporates MCHC, LYMP, HGB,
and an interaction term that combines MCHC and MCH,
enabling the effective identification of “very high risk”
patients, namely those with a significantly higher risk of
hospitalization. The incorporation of MCH and MCHC sug-
gests the importance of HGB levels and concentrations in red
blood cells for the efficient transport of oxygen under the
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pathogenic influence of the virus. MCH has been identified as
an independent predictor of a higher risk of long-term major
adverse cardiovascular events.** In patients with heart failure
with preserved ejection fraction, low MCHC was indepen-
dently associated with worse clinical outcomes, such as any-
cause hospitalization, in those with renal dysfunction.’’ In
addition, viral infection may trigger an active host immune
response, such as lymphocytosis, resulting in high LYMPs. In
this context, lymphocytopenia may develop before and dur-
ing the progression into severe disease. By identifying patients
at higher risk of severe outcomes, the model can inform clini-
cal decisions and enhance patient care.

A GWAS was conducted to identify genetic variants signifi-
cantly associated with the risks of severe diseases. The genes in
these associated genomic regions—IKZF1 on chromosome 7,
ABLIMT1 on chromosome 10, and MT-ND3 in mitochondrial
DNA—play key roles in viral-host interactions in the context
of COVID-19 progression. The IKZF1 gene, located on chro-
mosome 7 at 7p12.2, encodes the Ikaros protein, a zinc finger
transcription factor that is crucial for the development and
function of lymphoid cells such as B cells.*® The Ikaros protein
also plays a pivotal role in the differentiation of several T helper
cells (eg, T helper 1 [Th1], Th2, Th17, T follicular [Tfh], and T
regulatory [Treg] cells) and the regulation of various immune
responses.”” IKZF1 plays a crucial role in regulating cytokine
expression and immune cell differentiation, and its proper func-
tion is essential for maintaining a balanced immune response.
The leading exonic variants rs4132601, rs6964969, and their
nearby variants in IKZF1 have been implicated in B-cell defi-
ciency,* autoimmune disorders such as Sjogren’s syndrome,>
systemic lupus erythematosus (SLE),** SLE nephritis,*! and
acute lymphoblastic leukemia,** all of which are associated
with the dysregulation of immune pathways. One other exonic
variant of IKZF1 has been implicated in impairing the humoral
immune response to SARS-CoV-2 vaccination, highlighting
its potential role in modulating vaccine efficacy and adaptive
immunity.* The present study is the first to suggest IKZF1 as
a potential contributor to aberrant immune response relevant
to the severity and progression of COVID-19. The exonic vari-
ants in the 3-UTR may affect the host’s ability to mount a
precise and effective immune response against SARS-CoV-2,
or inducing immune overactivation that can cause cytokine
storms and severe COVID-19 outcomes. The ABLIM1 on
chromosome 10 influences cytoskeletal organization and cel-
lular signaling. Its potential role in viral infections may stem
from its recently discovered function as a ubiquitin E3 ligase,
which specifically targets IxBa for degradation, thereby acti-
vating the NF-kB/CCL-20 signaling pathway, a key player in
the body’s response to infection and inflammation.**¢ Finally,
the MT-ND3 gene, part of the mitochondrial genome, encodes
a subunit of the NADH dehydrogenase (complex I), which is
involved in the mitochondrial respiratory chain. Variants in
MT-ND3 can affect cellular energy metabolism and oxida-
tive stress responses, which are crucial in the context of viral
infections where mitochondrial function is often disrupted.*’
Understanding the interplay between these genetic factors and
viral pathogenesis can provide deeper insights into individual
susceptibilities to severe disease and inform personalized ther-
apeutic strategies. The results in Fig. 3 suggest that these vari-
ants can facilitate the stratification of patients to reflect their
different levels of hospitalization risk. These genetic insights
can lead to more targeted and effective interventions, ulti-
mately improving patient care and management.

The findings of present study can help refine hospitalization
decisions, reducing unnecessary admissions, and focusing on
the patients most likely to benefit from hospitalization or even
intensive care. Overall, integrating genetic and hematological
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indicators into predictive models for COVID-19 severity pro-
vides new insights into host—pathogen interactions and enhances
the precision of clinical triage and resource allocation in manag-
ing infectious diseases.

In conclusion, we developed and successfully validated a
biosignature for postinfection severe events in patients with
virologically confirmed COVID-19. The identified genomic
variants provide novel insights into both viral pathogenesis and
patient care for SARS-CoV-2 infection. The results underscore
the complex nature of integrating clinical and genetic data in the
context of emerging infectious diseases such as COVID-19. This
comprehensive model enhances our understanding of disease
mechanisms and supports the development of targeted interven-
tions for improving patient outcomes.
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