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Abstract: COVID-19 has caused widespread morbidity and mortality, with its effects ex-
tending to multiple organ systems. Despite known risk factors for severe disease, including
advanced age and underlying comorbidities, patient outcomes can vary significantly. This
variability complicates efforts to predict disease progression and tailor treatment strate-
gies. While diagnostic and therapeutic approaches are still under debate, RNA sequencing
(RNAseq) has emerged as a promising tool to provide deeper insights into the pathophysi-
ology of COVID-19 and guide personalized treatment. A comprehensive literature review
was conducted using PubMed, Scopus, Web of Science, and Google Scholar. We employed
Medical Subject Headings (MeSH) terms and relevant keywords to identify studies that
explored the role of RNAseq in COVID-19 diagnostics, prognostics, and therapeutics.
RNAseq has proven instrumental in identifying molecular biomarkers associated with
disease severity in patients with COVID-19. It allows for the differentiation between asymp-
tomatic and symptomatic individuals and sheds light on the immune response mechanisms
that contribute to disease progression. In critically ill patients, RNAseq has been crucial for
identifying key genes that may predict patient outcomes, guiding therapeutic decisions,
and assessing the long-term effects of the virus. Additionally, RNAseq has helped in
understanding the persistence of viral RNA after recovery, offering new insights into the
management of post-acute sequelae, including long COVID. RNA sequencing significantly
improves COVID-19 management, particularly for critically ill patients, by enhancing diag-
nostic accuracy, personalizing treatment, and predicting therapeutic responses. It refines
patient stratification, improving outcomes, and holds promise for targeted interventions in
both acute and long COVID.

Keywords: COVID-19; RNAseq; transcriptome; host responses; gene; precision medicine;
prognosis
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1. Introduction
Infectious diseases, particularly viral epidemics, have consistently posed significant

threats to global health, as demonstrated by the persistent COVID-19 pandemic. Despite
advancements in drug and vaccine development, the emergence of novel viruses, such as
SARS-CoV-2, underscores the vulnerability of populations worldwide and highlights the
urgent need for rapid and effective diagnostic and therapeutic strategies [1–5].

Coronaviruses (CoV) are members of the subfamily Coronavirinae within the family
Coronaviridae (order Nidovirales). They are structured from an envelope and a single-
stranded, positive-sense RNA molecule with approximately 30,000 nucleotides, measuring
between 60 and 140 nm in diameter and covered in spike-like projections that, when
viewed under an electron microscope, resemble a crown [6–8] (Figure 1). Coronaviruses
(CoVs) are classified into four types: alpha-, beta-, gamma-, and delta-CoVs. Among these,
human coronaviruses (HCoVs) 229E and NL63 belong to alpha-CoVs, while beta-CoVs
include HCoV-HKU1, HCoV-OC43, SARS-CoV-1, MERS-CoV, and SARS-CoV-2 [9–13].
The spike proteins of CoVs play a crucial role in determining the virus’s antigenicity and
pathogenicity, as they are key to its biological and infectious characteristics [14,15].
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HCoV-229E, HCoV-NL63, HCoV-HKU1, and HCoV-OC43 are endemic human coron-
aviruses responsible for 15–30% of common cold cases in adults, typically causing mild
to moderate upper respiratory infections. However, in vulnerable groups like the elderly,
children, and immunocompromised individuals, these viruses can lead to severe condi-
tions such as bronchiolitis, pneumonia, and croup [16–22]. By contrast, beta-coronaviruses
such as MERS-CoV, SARS-CoV-1, and SARS-CoV-2 are associated with severe disease and
high mortality rates [18,23–25]. In late 2019, a pneumonia outbreak with an unexplained
cause appeared in Wuhan, China. Despite containment and quarantine efforts, COVID-19
cases rapidly surged [26]. By August 2024, the World Health Organization reported over
776 million confirmed SARS-CoV-2 cases globally [27].

SARS-CoV-2, the seventh known human coronavirus, was found to share 89% genetic
similarity with bat SARS-CoVZXC21 and 82% with human SARS-CoV. Research revealed
that its spike (S) protein has a strong affinity for the ACE2 receptor, enabling efficient viral
entry into human cells and driving its high infectivity [28–30].

COVID-19 has brought unprecedented global health challenges, revealing insights
into viral pathogenesis, immune responses, and the dynamics of viral mutations during
transmission and spread. These mutations can alter the virus’s transmissibility, virulence,
and impact on disease severity, contributing to the emergence of new variants [31–36].

Non-coding RNAs (ncRNAs), such as long non-coding RNAs (lncRNAs) and mi-
croRNAs (miRNAs), play crucial roles in regulating gene expression and cellular pro-
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cesses. Unlike mRNAs, which code for proteins, ncRNAs influence various biological
processes through their effects on transcription, translation, and post-transcriptional mod-
ifications [37]. In the context of viral infections like COVID-19, ncRNAs are crucial in
modulating immune responses, inflammation, and viral replication. The SARS-CoV-2 virus,
responsible for COVID-19, interacts with the host’s ncRNA machinery to alter immune
responses and contribute to disease severity, with outcomes ranging from asymptomatic
infections to severe acute respiratory distress syndrome (ARDS) and death [38,39].

RNA sequencing (RNAseq) has proven valuable in identifying altered expression of
ncRNAs [38–41] and other transcriptomic components in patients with COVID-19 [42–44].
This technology offers significant potential for early diagnosis, severity prediction, and
personalized therapeutic strategies by analyzing the molecular mechanisms underlying the
disease. Through RNAseq, we gain a deeper understanding of host–pathogen interactions,
offering new opportunities for managing COVID-19.

2. Methodology
Inclusion Criteria: Studies that focus on the application of RNA sequencing in COVID-

19 research, specifically those addressing host immune responses, viral dynamics, and
biomarkers of disease progression.

Exclusion Criteria: Studies that do not use RNA sequencing as the primary method,
those in non-English languages, and non-peer-reviewed articles.

We conducted a comprehensive literature review by searching the following databases:
PubMed, Web of Science, and Scopus. The search strategy employed a combination of
Medical Subject Headings (MeSH) terms and targeted keywords to ensure comprehensive
coverage of the topic. The following keywords were utilized ‘RNA sequencing’, ‘COVID-
19’, ‘transcriptomics’, ‘biomarkers’, and ‘viral-host interactions.

3. Benefits of RNAseq in the Diagnosis of Blood Transcriptome Changes
in Patients with COVID-19

RNAseq offers significant potential in diagnosing blood transcriptome changes in pa-
tients with COVID-19 [45,46]. Despite its high cost, RNAseq provides critical insights into
gene expression changes in host tissues and cells following SARS-CoV-2 infection, helping to
unravel disease mechanisms and host-pathogen interactions [44,47,48]. Transcriptomic analy-
ses of blood samples from patients with COVID-19 have identified differentially expressed
genes linked to immune and inflammatory responses, as well as regulatory networks [49,50].
These findings can aid in discovering diagnostic and prognostic biomarkers and identifying
novel therapeutic targets for personalized treatment as shown in Table 1 [51–54].

For example, severe cases of COVID-19 are characterized by a significant increase in
neutrophil-associated transcripts, including DEFA1, which can rise by as much as 25-fold,
coupled with a marked decrease in T cell-associated transcripts, such as those related to
the T cell receptor, which are reduced by 3 to 5 times [42]. Wargodsky et al. revealed a
link between heightened neutrophil activity, diminished T cell function, and increased
severity of COVID-19. They identified blood DEFA1 RNA levels and neutrophil elastase
activity—key components of neutrophil extracellular traps (NETs)—as potential biomark-
ers reflecting host immune responses following viral infection. The authors concluded
that neutrophil elastase might be useful as a rapid point-of-care assay for the detection
of neutrophil activation [42]. However, the study noted challenges in measuring RNA
biomarkers in clinical settings due to the instability of RNA in the blood and the complex-
ity of RNA purification and quantification. Additionally, transcriptomic studies on lung
and bronchoalveolar lavage fluid samples have highlighted significant B cell activation
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during SARS-CoV-2 infection, further supporting the utility of RNAseq in understanding
COVID-19 immunology [55].

4. RNAseq Analysis in Differentiation Between Different
Disease Courses

Faridl et al. compared RNAseq profiling in nasopharyngeal swabs from asymptomatic
and slightly symptomatic patients with COVID-19 [56]. Nasopharyngeal swabs from
patients with COVID-19, particularly those in the asymptomatic group, showed altered
cilia linked to altered cell cycle, macroautophagy, and epigenetics. By contrast, patients
with mild symptoms showed overexpression of autophagy-regulating genes as well as
alteration in RNA, leading to the dysregulation of RNA processing and translation with
subsequent severe outcomes. Asymptomatic cases exhibited mRNA splicing, while mildly
symptomatic patients exhibited modified RNA transport. Meanwhile, severe symptomatic
instances could be caused by a large disruption in RNA translation, and there was no link
between different virus strains and the severity of the disease [56].

Bass et al. conducted a comparative analysis between mild, moderate, and severe pa-
tients with COVID-19 through the analysis of both multiple sc-RNAseq and bulk RNAseq
data from different organ samples [57]. The authors discovered an increase in innate im-
mune activity, perhaps due to overexpression of inflammatory genes such as IL-2, IL-6, IL-8,
IL-17A, and NF-κB. These alterations may be responsible for the observed organ injury
and are directly proportional to the severity of the case. Additionally, they discovered
that there was considerably low expression of two key genes (PCDH9 and NCAM) in the
tissues of all investigated organ types, which explained the low immune response and
multi-organ failure seen in COVID-19 cases. Therefore, variations in the expression of
many key genes were very helpful in the development of multiple therapeutic approaches.
Furthermore, they investigated viral–host protein mapping and discovered that the inter-
action of viral proteins with host proteins may reduce the activity of eukaryotic initiation
factor 2 (eIF2) and that eIF4-mediated host translation led to enhanced viral translation.
Another transcriptomic analysis of patients with COVID-19 with mild, moderate, and
severe outcomes found a differential gene expression signature between different outcomes
that can be used to predict the clinical course of the disease and hence early intervention
and management [44].

A study investigating viral gene expression patterns in mild and severe COVID-19
cases employed sc-RNAseq and bulk transcriptome analysis [58]. It revealed the presence of
SARS-CoV-2 sequences in eight immune-related cell types, such as NK cells, macrophages,
and T cells. The research showed that ORF10 was highly expressed in severe cases, while
it was almost undetectable in mild cases. This led to a significant increase in the ORF10-
to-nucleocapsid (N) expression ratio in severe cases. Furthermore, fatal cases exhibited
distinct transcription regulatory sequences (TRSs) with a 5’ joint point at position 1073 of
the SARS-CoV-2 genome, suggesting that these TRSs could act as predictive biomarkers [58].
These results indicate that some viral transcripts may be selectively expressed, potentially
contributing to the virus’s increased virulence. If confirmed, this selective expression could
be pivotal in understanding COVID-19’s pathophysiology and could be used to predict
disease progression and mortality.

The ATGs and MAP1LC3C are two significant genes that determine the severity of
COVID-19 cases and may be involved in disease progression. ATG genes’ translated protein
is responsible for the production of autophagosomes and double-membrane vesicles [59–61].
Therefore, SARS-CoV-2 can depend on double-membrane vesicles for genome replication
and protection from pathogen recognition receptors [62–64]. Conversely, a down-regulated
complement system and autophagy genes may help slow the progression of the disease.
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Additionally, some patients with COVID-19 may benefit from the usage of autophagy
inhibitors as an anti-inflammatory. The most well-known is azithromycin, a macrolide
antibiotic that may significantly inhibit autophagosome function [65].

Notably, when evaluating the potential outcomes of SARS-CoV-2 infection, it is impor-
tant to consider coinfection by opportunistic infections. Because opportunistic pathogens
have been shown to upregulate complement-activating genes (C7, C8A, and C9) in mildly
symptomatic patients, this raises the possibility that they are responsible for the severity
of the cases [56,66]. Additionally, a substantially elevated ACE2 gene linked to interferon
could potentially cause a severe inflammatory response in mildly symptomatic patients
when compared to asymptomatic ones [67,68]. Other studies validated the finding of in-
creased ACE2 expression in the nasopharyngeal tissue during transcriptome research [69].
Other genes were down-expressed in COVID-19 cases, such as transmembrane protease
serine 2 (TMPRSS2); however, some investigations verified that there was no association
between this gene expression and COVID-19 severity [70].

5. RNAseq Analysis in the Study of Long-Term Effects of COVID-19
A study on patients with COVID-19 at Jin Yintan Hospital in Wuhan, China, found that

even two years after discharge, those with long-term symptoms experienced a lower quality
of life, reduced physical ability, and increased mental health issues. These findings emphasize
the lasting effects of COVID-19 on patients’ overall well-being [71]. This suggests that there is
an urgent need for mechanistic knowledge of the long-term effects of COVID-19.

In this regard, several studies have analyzed different types of patient samples, in-
cluding whole blood, blood components (such as plasma, monocytes, PBMCs, leukocytes,
and T lymphocytes), nasal swabs, bronchoalveolar lavage, and tissue samples from vari-
ous organs, including the heart, lungs, liver, and kidneys [72,73]. Based on the bulk and
single-cell (sc) RNAseq data analysis, a recent study by Ilieva et al. found that patients with
severe COVID-19 show changes in cell populations, particularly those of leukocytes and
monocytes, which may result in cytokine storms and immune suppression [72]. Another
study by Sommen et al. found that 13 genes were differentially expressed in the context
of post-COVID-19 condition (PCC) and suggested that minor variations in the expression
levels of genes related to innate immunity, such as higher expression of genes involved in
interferon signaling, could indicate persistent, low-grade inflammation in young adults
and adolescents affected by PCC [74]. Ryan et al. conducted a deep immunophenotyping
analysis and found that recovering patients differed significantly from healthy controls
in several innate immune cells (LD neutrophils, NK cells, and CXCR3+ monocytes) and
adaptive immune cells (regulatory T cells, T helper, and T follicular helper) [75]. These
differences were most pronounced at 12- and 16-weeks following infection.

RNA sequencing in COVID-19 survivors has shown notable changes in gene expres-
sion lasting up to six months after infection. These changes could affect recovery and
responses to future infections and potentially worsen existing chronic conditions due to
continued immune system activation. A study by Vaivode et al. used sc-RNAseq to explore
immune dysregulation in patients with long COVID, identifying persistent immune cell
changes months after infection [76]. These alterations, particularly in CD8+ T cells and
neutrophils, suggest chronic immune activation contributing to long COVID symptoms.
However, the limitations include the relatively small sample size and the lack of a clear
understanding of the causal mechanisms behind the observed immune changes, which
may affect the generalizability and long-term applicability of the findings. Additionally,
the cross-sectional nature of the study did not allow for monitoring dynamic changes in
the immune response over time [76].
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Additionally, a study by Sommen et al. [74] investigated PCC in adolescents and young
adults using RNAseq to analyze transcriptomic changes. The study found that specific gene
expression patterns, particularly in immune response pathways, were significantly altered
in individuals with PCC. Key pathways affected included those involved in inflammation,
immune regulation, and cellular stress. The research highlighted differences in gene
expression related to symptoms such as fatigue, cognitive dysfunction, and post-exertional
malaise, providing insights into the biological underpinnings of long COVID in this age
group. However, the study’s limitations include the relatively small sample size and
its observational nature, which does not establish causality. Furthermore, the inclusion
of participants without severe COVID-19 infections may limit the generalizability of the
findings to critically ill populations [74].

Several studies have analyzed RNA sequencing and microarray data from patients
with COVID-19, healthy individuals, and people with conditions like SARS, MERS, and
lupus to investigate the biological mechanisms of SARS-CoV-2. Furthermore, they have
advised conducting a more comprehensive analysis of RNAseq data linked to other OMICS
data (such as proteomics, metabolomics, and genomics). These data should be thoroughly
examined for gene regulatory networks using machine learning methods. Additionally, a
thorough investigation of changes in gene expression may aid in the development of early
diagnostic markers for long COVID [55,77,78].

6. RNAseq in Patients in the ICU with COVID-19
Deep RNA sequencing (RNAseq) could play a valuable role in predicting ICU admis-

sion and mortality in critically ill patients with COVID-19 [43,79,80]. It might help greatly
in determining pathogenic microorganisms (including SARS-CoV-2), gene expression as
well as the host’s response. Sequencing SARS-CoV-2 samples might help substantially in
understanding virus biology during active conditions. Secondary infections could also be
detected and might have a great impact in determining the best-targeted antibiotics as well
as immune-modulating targeted therapy. Moreover, significant differential expression in
some genes such as PD-L1 and PD-L2, especially in critically ill patients with COVID-19.
RNA sequencing analysis of patients in the ICU with COVID-19 showed significant dif-
ferences in immune-regulating genes, such as PD-L1 and PD-L2, in those who died from
the disease. Numerous other immune targets have been identified from these genomic
changes. ITGB2 is an immune cell integrin that exhibits enhanced splicing of the last exon.
Additionally, the authors discovered that the expression of the olfactory gene OR6C4 was
five times higher in patients who died. Furthermore, several proteins, such as HLA-C,
HLA-E, NRP1, and NRP2 were affected by alternative transcription and splicing events.
The entropy (>380,000 events) associated with principal component analysis (PCA) com-
puted from alternative RNA splicing and transcription start/end can predict mortality in
patients in the ICU with COVID-19 [43].

7. Aetiology of Variability of Host Responses on the Viral Pathogenesis
in COVID-19

Patients with COVID-19 showed increased levels of infection-related pro-inflammatory
cytokines, supporting the idea of a “cytokine storm”, a condition seen in SARS-CoV infec-
tions [81–85]. This mechanism leads to the recruitment and hyperactivation of inflammatory
cells in the lungs, which in turn produces acute lung damage in the infected patients [86].
This highlights one potential molecular mechanism of COVID-19; however, other immune
regulators, along with host genetic and epigenetic factors, could also play significant roles
in shaping the disease’s manifestation [87–90]. In some CoV infections, host–pathogen in-
teractions can have a double-edged effect since they may be advantageous to the viruses as
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well as the hosts [91]. A similar host–virus interaction may occur in COVID-19, potentially
leading to more severe disease outcomes [92].

By studying the profile of both patients’ transcriptome in COVID-19 cases as well
as virus genomic criteria isolated from the respective host, by taking nasopharyngeal
samples. The researchers found characteristic and uncommon missense mutations in 3C-
like protease in all patients under investigation. Further analyses showed that activation
of innate immunity, interferon, and cytokine pathways might be responsible for the host
responses. Moreover, in patients with COVID-19, there was a lack of apoptosis, phagosome,
antigen presentation as well as hypoxia response. However, cytokine signaling genes,
such as IL-1A, IL-6, TNF-α, IFN, CCL2, CCL4, CXCL2, and CCR1, were overexpressed,
especially in the lung tissue. Meanwhile, the lung tissue lacked ACE2 upregulation;
however, nasopharyngeal cells expressed high ACE2 and low DPP4. Remarkably, non-
structural viral proteins exhibited the upregulation of integrins such as ITGAV, ITGA2B,
ITGA4, ITGA5, ITGA6, ITGA8, ITGA9, ITGAE, ITGB3, and ITGB7 in the lungs compared
to nasopharyngeal samples; these finding might raise the idea of the invasion potential
way. Moreover, the upregulation of other lung transcription factors such as ATF3, GATA6,
CBP, HDAC2, CEBP, NFAT, and TCF12 was demonstrated to possess a vital role in lung
injury [69].

Recent findings indicate that ncRNAs and miRNAs may play a key role in the diverse
ways hosts respond to COVID-19. For instance, miR-21-5p, which is elevated in severe cases,
contributes to the inflammatory cytokine storm by promoting the production of cytokines
and immune cell infiltration. This amplifies the inflammation observed in severe diseases,
particularly in the lungs, contributing to the ARDS seen in critical cases. Research has
demonstrated that miR-21-5p is crucial in regulating macrophage polarization, promoting a
pro-inflammatory (M1) phenotype while inhibiting the anti-inflammatory (M2) phenotype,
thereby intensifying inflammation [40,93,94].

By contrast, miR-146a, which typically acts as a negative regulator of immune re-
sponses, can help mitigate excessive inflammation. Dysregulation of miR-146a, often found
in severe cases, may hinder this regulation, allowing uncontrolled inflammation, which
contributes to tissue damage and severe outcomes of COVID-19 [39].

Additionally, miR-155, another key player in the immune response, is highly upregu-
lated during COVID-19, especially in patients with comorbidities like chronic lung diseases.
It has been linked to the development of hypercytokinemia (excessive cytokine production),
a hallmark of severe disease. miR-155’s role in inflammatory responses and fibrosis makes
it an important molecule in driving the pathology of severe COVID-19, particularly by
inhibiting protective responses like endotoxin tolerance [38,95].

Another key miRNA, miR-451a, has been associated with inflammatory processes, and
its downregulation in severe cases is linked to worsened outcomes. High levels of miR-451a
correlate with an enhanced antiviral response and decreased lung injury, suggesting its
potential as a therapeutic target [39,96]. Furthermore, miR-323-3p and miR-192-5p have
been identified as prognostic biomarkers for severe outcomes, particularly in patients in
the ICU. Low levels of these miRNAs have been associated with a higher likelihood of
mortality [97].

Similarly, lncRNAs such as NEAT1 and MALAT1 have been linked to interferon
regulation and immune cell activation, exacerbating inflammatory cascades during severe
COVID-19 [98].

In summary, the diversity in host responses to SARS-CoV-2 is shaped by intricate
immune processes, including heightened production of pro-inflammatory cytokines and
the disrupted regulation of immune-related miRNAs and lncRNAs. These ncRNAs con-
tribute to the severity of COVID-19 by modulating immune activation, inflammation, and
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viral clearance. Subsequently, RNAseq has emerged as a powerful tool in identifying
these molecular signatures, aiding in the stratification of patients and the development of
personalized therapeutic approaches.

8. Translating RNAseq Insights into Precision Medicine for
COVID-19 Management

The integration of RNAseq findings into clinical workflows is paramount for bridging
the gap between research and practical application. In precision medicine, RNAseq not
only identifies molecular markers but also provides actionable insights that can inform
patient management strategies, particularly in complex scenarios such as long COVID
and critically ill patients in the ICU. Precision medicine aims to tailor treatment based on
individual genetic, environmental, and lifestyle factors, and RNAseq serves as a cornerstone
technology in this approach for managing patients with COVID-19 [99–101]. By identifying
immune correlates of disease severity, RNAseq enables targeted therapeutic strategies. For
instance, analysis of bronchoalveolar lavage samples has demonstrated that local immune
patterns correlate with disease severity, aiding in tailored interventions [102].

Peripheral blood mononuclear cell (PBMC) analysis using RNAseq has revealed critical
immune dynamics, such as increased circulating follicular helper T cells in mild cases and
clonal expansion of cytotoxic CD8+ T cells in severe cases. Such findings highlight cellular
targets for therapeutic interventions and patient stratification in ICU settings [103].

In addition, RNAseq rapidly identifies pathogens and their resistance profiles, expedit-
ing targeted antimicrobial therapy and reducing reliance on empirical treatments [43,104].
This application is particularly valuable for patients in the ICU for whom timely interven-
tion is crucial.

Significant upregulation of immune checkpoint molecules, such as PD-1, and pro-
inflammatory cytokines, including IL-2, IL-6, IL-8, IL-17A, and NF-κB, have been identified
through RNAseq. These findings highlight the potential for immune-modulating therapies,
particularly in ICU settings where cytokine storms pose a significant challenge [57,105–107].
Importantly, the variability in corticosteroid responses among patients underscores the
need for precision approaches to immunomodulation [108–110].

Immune checkpoint inhibitors, such as anti-PD-L1 therapies, have shown promise
in patients in the ICU with COVID-19, where upregulation of PD-L1 and PD-L2 has been
linked to higher mortality [43,111–113]. By targeting these pathways, RNAseq-guided
therapies could offer significant benefits.

Furthermore, RNAseq has identified viral genes, including the N protein and RNA-
dependent RNA polymerase, as diagnostic and therapeutic targets [43,92]. Viral–host
protein interaction mapping has also revealed mechanisms of viral manipulation of host
translation, providing additional therapeutic avenues [57]

Moreover, RNAseq contributes to the understanding and management of long COVID
by identifying persistent transcriptional signatures associated with immune dysregula-
tion and chronic inflammation. This information can guide personalized rehabilitation
strategies, addressing prolonged symptoms and improving patient outcomes [74,76].

Lastly, RNAseq’s ability to detect co-infections by identifying pathogen RNA enhances
its utility in complex cases, particularly in ICU settings. This capability aligns with the
broader goals of precision medicine by enabling accurate, comprehensive diagnoses to
inform individualized treatment plans [42]. The Roles of RNAseq in the management of
patients with COVID-19 are shown in Table 1.
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Table 1. Roles of RNAseq in the management of patients with COVID-19.

Category Key RNAseq Findings Clinical Applications References

Biomarkers of Disease
Severity

Increased PD-1, IL-6, IL-8,
TNF-α, NF-κB expression,
alterations in immune cell
populations (e.g., CD8+ T
cells, follicular helper T
cells) linked to severe
disease.

− Identifying immune
signatures for
assessing disease
severity and
progression.

− Predicting clinical
outcomes based on
cytokine expression
profiles.

[43,57,103,105,106]

Therapeutic Targets

PD-1, PD-L1, IL-6, TNF-α,
viral proteins like N
protein, RNA-dependent
RNA polymerase for
antiviral therapy and
immune checkpoint
inhibition.

Identifying molecular
targets for immune
modulation and antiviral
therapy.

[43,92,111,112]

Diagnosis of Co-infections

Identification of
pathogen-specific RNA
(e.g., bacterial species,
fungal markers),
co-infections detected by
RNAseq.

Detecting bacterial, viral,
or fungal co-infections
alongside SARS-CoV-2.

[42]

Patient Stratification &
Precision Therapy

Immune profiling (e.g.,
TCR/BCR analysis,
cytokine profiling) for
stratification of patients in
the ICU, predicting
corticosteroid efficacy, and
tailoring
immune-modulating
therapies.

Stratifying patients for
personalized therapies
based on RNAseq profiles.
Enhancing personalized
treatment strategies
through immune profiling
and gene expression data.

[43,104]

Long COVID Management

Persistent immune
activation, dysregulated
cytokines, and T-cell
exhaustion associated with
long-term symptoms.

− Identifying persistent
transcriptional
signatures associated
with immune
dysregulation and
chronic inflammation.

− Personalized
treatment strategies
include immune
modulation and
cytokine-targeting
therapies.

[74,76]

To translate RNAseq findings into clinical workflows, multidisciplinary approaches
combining molecular biology, bioinformatics, and clinical expertise are essential. Devel-
oping user-friendly bioinformatics tools for real-time data interpretation and creating
protocols for integrating RNAseq into electronic medical records would enhance its util-
ity. Additionally, expanding collaborations between research institutions and healthcare
providers will help establish standardized protocols for RNAseq applications, ensuring its
broader adoption in clinical settings.



Diagnostics 2025, 15, 229 10 of 17

9. Barriers and Obstacles in Applying to Clinical Therapy
RNAseq has significantly enhanced our understanding of the molecular and cellular

processes involved in COVID-19 pathology. However, its application in clinical areas
like drug discovery still faces considerable challenges. Key obstacles include inconsis-
tencies in sample collection, limited sample sizes, and variations in analytical methods,
which limit the ability to accurately predict the effectiveness of experimental COVID-19
treatments [114].

Furthermore, ethical restrictions on patient sample collection and the limited availabil-
ity of samples hinder more comprehensive studies, especially when it comes to analyzing
tissues from different organs. Adherence to ethical guidelines such as the Declaration of
Helsinki is critical. These guidelines mandate obtaining informed consent from all partici-
pants, ensuring they fully understand the purpose, procedures, risks, and potential benefits
of the study. Ethical approval for such studies should be obtained through a recognized
institutional review board (IRB) or ethics committee, which ensures that the research design
complies with both national and international ethical standards [115].

Despite the potential of RNAseq to reveal vital biomarkers, most studies rely on
samples like nasal swabs, bronchoalveolar lavage fluid, and PBMCs, often from critically
ill patients, making it difficult to generalize findings across various stages of disease
progression. Recent studies involving autopsy samples have provided significant insights
into the biological impacts of SARS-CoV-2, particularly in the lungs, heart, kidneys, and
liver [116]. However, these findings may not be representative of less severe or moderately
ill patients due to the immunocompromised state of those from whom the autopsy samples
are collected. Moreover, RNA-seq analysis from autopsy tissues often occurs after the
disease has progressed significantly, which may alter cellular compositions and expression
profiles, limiting their relevance to early-stage COVID-19 [117,118].

In addition to autopsy studies, the use of organoid models and animal studies is
gaining traction as alternative methods to explore SARS-CoV-2 infection [116]. However,
the limitations of organoid models, including the lack of immune systems and incomplete
tissue mimicking, challenge the applicability of findings to human conditions. Animal
models, such as rodents and non-human primates, have proven valuable for studying
the immune response and pathophysiology of SARS-CoV-2, yet interspecies variations in
susceptibility to the virus complicate the translation of findings to human cases [119]. As a
result, there is a need to cross-validate data from organoid models with human samples to
ensure clinical relevance.

The third approach involves using animal models to study SARS-CoV-2. This method
allows researchers to control factors like virus dose, exposure time, and delivery. It also
helps track tissue changes over time, from infection to recovery or death. Non-human
primates, like macaques, are valuable due to their genetic similarity to humans, while
rodents, such as hamsters and transgenic mice, are often used for their ease of breeding
and low cost [120]. However, animals generally have lower infection rates compared to
humans. Transcriptome analysis, combined with tracking TCR and BCR clonal expansion,
helps identify immune factors that contribute to infection resistance. This can guide the
development of more effective vaccines and therapeutic antibodies. For example, one study
found transcriptomic patterns and TCR usage linked to a cytotoxic T-cell response to a
specific epitope, which was associated with moderate illness and reduced viral replication
in vitro. This epitope shows potential for future vaccine development. Another study,
Scheid et al. identified potent virus-neutralizing antibodies from memory and activated B
cells, which were linked to neutralizing activity in serum from patients who had recovered
from COVID-19 [121]. scVDJ-seq, a technique derived from sc-RNAseq, facilitates the rapid
identification of neutralizing antibodies against SARS-CoV-2, speeding up therapeutic anti-
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body development. However, generating and testing thousands of recombinant antibodies
to identify the most effective ones is time-consuming and costly. As such, skilled analysis
of sc-RNAseq and scVDJ-seq data is necessary to efficiently select the best neutralizing
antibodies [114].

Moreover, integrating ncRNAs and miRNAs into clinical practice poses challenges,
despite their potential. Variability in RNAseq data due to patient heterogeneity, sam-
pling methods, and disease stages complicates the identification of consistent ncRNA
biomarkers [40]. Another challenge is the delivery of RNA-based therapies. miRNA and
lncRNA-based therapeutics, including RNA mimics and inhibitors, hold promise for mod-
ulating immune responses and viral replication. However, these therapies face hurdles
related to stability, specificity, and effective delivery to target tissues. Advances in nan-
otechnology and RNA delivery systems, including lipid nanoparticles and exosome-based
platforms, are essential to overcoming these barriers [39,40].

Looking forward, the integration of emerging technologies such as long-read sequenc-
ing and single-cell RNAseq may overcome some of the current limitations of RNAseq
in clinical applications. These advancements, combined with artificial intelligence (AI)
and machine learning (ML), offer the potential for faster, more accurate diagnostic capa-
bilities, which could significantly enhance patient stratification and therapeutic decision-
making [52,122,123].

10. Conclusions
RNA sequencing has demonstrated clear advantages in understanding COVID-19’s

molecular mechanisms, particularly in identifying blood transcriptome changes that reflect
disease severity and host responses. This technique is pivotal in diagnosing and differenti-
ating disease courses, especially for critically ill patients. By identifying key genes involved
in inflammation and immune response, RNAseq facilitates precision medicine, helping
clinicians select targeted therapies for patients, including those with severe COVID-19. The
identification of novel therapeutic targets, such as inflammatory genes, RNA-dependent
RNA polymerase, and immune checkpoint pathways, holds promise for future treatment
strategies. Despite the progress, challenges remain in clinical translation due to ethical
concerns, small sample sizes, and the gap between research and drug development. Future
research should focus on overcoming these barriers to ensure that RNAseq’s potential is
fully realized in clinical settings, improving patient outcomes and accelerating the develop-
ment of tailored therapeutic approaches.
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