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Abstract: SARS-CoV-2 is a coronavirus family member that appeared in China in December 2019
and caused the disease called COVID-19, which was declared a pandemic in 2020 by the World
Health Organization. In recent months, great efforts have been made in the field of basic and clinical
research to understand the biology and infection processes of SARS-CoV-2. In particular, transcrip-
tome analysis has contributed to generating new knowledge of the viral sequences and intracellular
signaling pathways that regulate the infection and pathogenesis of SARS-CoV-2, generating new
information about its biology. Furthermore, transcriptomics approaches including spatial transcrip-
tomics, single-cell transcriptomics and direct RNA sequencing have been used for clinical applications
in monitoring, detection, diagnosis, and treatment to generate new clinical predictive models for
SARS-CoV-2. Consequently, RNA-based therapeutics and their relationship with SARS-CoV-2 have
emerged as promising strategies to battle the SARS-CoV-2 pandemic with the assistance of novel
approaches such as CRISPR-CAS, ASOs, and siRNA systems. Lastly, we discuss the importance
of precision public health in the management of patients infected with SARS-CoV-2 and establish
that the fusion of transcriptomics, RNA-based therapeutics, and precision public health will allow
a linkage for developing health systems that facilitate the acquisition of relevant clinical strategies
for rapid decision making to assist in the management and treatment of the SARS-CoV-2-infected
population to combat this global public health problem.

Keywords: SARS-CoV-2; transcriptomics; RNA therapeutics; precision medicine; precision public health

1. Introduction

The genome of SARS-CoV-2 consists of a single-stranded positive-sense RNA with
a sequenced genome of approximately 29.9 Kb in size [1]. In a comprehensive study con-
ducted by Kim and collaborators, a high-resolution map of the SARS-CoV-2 transcriptome
was analyzed using the “Sequencing-By-Synthesis (SBS)” and direct RNA sequencing (DRS)
approaches, which showed that it produces RNAs encoding unknown ORFs and at least 41
potential RNA modification sites [2]. Currently, transcriptomics has become an important
tool in the study of SARS-CoV-2 in order to generate new insights into the viral genome to
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identify new therapeutic targets. An example of this is the Global Initiative on Sharing All
Influenza Data (GISAID) platform, which has submitted 12.2 million SARS-CoV-2 genomes
and where public information has been supported to develop tools for genomic analy-
sis [3], development of vaccines [4], and diagnostic tests for epidemiological surveillance of
SARS-CoV-2 [5], which serves to monitor the emergence of new viral variants and helps to
comprehend how viruses evolve and spread in pandemics.

On the other hand, RNA therapeutics have gained much attention with the develop-
ment of new vaccines based on RNA molecules. This field began in 1978 and has taken a
radical turn, and now there is a bridge between the use of precision medicine and RNA-
based therapies [6], where transcriptomics and knowledge of the SARS-CoV-2 viral genome
play important roles in the development of new targeted drugs and therapies that are
important tools for developing precision medicine (PM) in this field.

Herein, we provide an overview of the impact of transcriptomics studies and how this
technology has influenced the generation of new knowledge regarding SARS-CoV-2. In
addition, we provide the state of the art of RNA-based therapeutics with a focus on the
relationship to SARS-CoV-2. Furthermore, we describe possible strategies for the develop-
ment of new vaccines and treatments that can be applied in infected patients. Moreover,
the importance of precision public health (PPH) in the management of patients infected
with SARS-CoV-2 and its relationship to the information generated by transcriptomics is
discussed. Hence, using transcriptomics, RNA-based therapeutics, and population health
registry data serve to establish a merger between technologies to create synergism that al-
lows for the development of advanced systems focused on PPH that facilitate identification
of relevant clinical strategies for rapid decision making and support tailored management
of patients infected with SARS-CoV-2.

2. The Use of Transcriptomics as a Tool for Understanding SARS-CoV-2 Biology

As a concept, the transcriptome is defined as the complete set of transcripts in a cell and
their quantity for a specific developmental stage, particular cell, or tissue type [7]. This term
is also used to describe all transcripts synthesized under particular physiological conditions
such as SARS-CoV-2 infection, in which the viral transcriptome is mixed with the host
organism’s transcriptome, since its transcriptional machinery allows replication of SARS-
CoV-2 viral particles [8,9]. In particular, SARS-CoV-2 studies relating to transcriptome
analysis have two primary research areas: study of the viral sequences of SARS-CoV-2 and
analysis of the intracellular signaling pathways that regulate infection and pathogenesis
of COVID-19 [10].

Analysis of the SARS-CoV-2 transcriptome has allowed the identification of new
sequences and their genetic variations. However, the functions of these sequences are cur-
rently unknown, so it has not been possible to establish their importance in the process of viral
infection with SARS-CoV-2 [11]. Moreover, since the beginning of the pandemic, new variants
of SARS-CoV-2 such as the Alpha (B.1.1.7) [12], Beta (B.1.351) [13], Delta (B.1.617.2) [14], and
Omicron variants [15] have been reported, among others [16–21], which have been consid-
ered of clinical importance because they are related to pathological characteristics such as
transmissibility immune evasion and severity of the respiratory disease [22]. Therefore, their
detection and analysis have been relevant to clinical and sociopolitical decision making to
control disease transmission and the associated mortality (Figure 1A). One workflow that
has allowed the identification of these new variants is COVIDSeq, which was developed by
Bhoyar and collaborators. It is based on the Illumina platform consisting of multiplex PCR and
barcode-based sequencing analysis, which allowed the identification of 1143 unique variants
of SARS-CoV-2 with high sensitivity and specificity (~97%) [23]. These results showed that
the analysis of SARS-CoV-2 variants using transcriptomics is a useful diagnostic tool in the
epidemiological monitoring of SARS-CoV-2.
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  Figure 1. Research applications of SARS-CoV-2 viral infection using transcriptome analysis. Analysis

of the transcriptome of viral infection by SARS-CoV-2 has focused primarily on three areas: (A) the
investigation of the biological nature and taxonomy of the virus. The study of taxonomy has focused
primarily on the characterization of the SARS-CoV-2 genome and the mutations it presents, which has
led to the identification of new variants of the virus. (B) Analysis of differentially expressed genes
in patients with COVID-19 infection. Analysis of the transcriptome of patients who are hosts of this
virus has allowed the identification of differentially expressed genes that deregulate the intracellular
signaling pathways involved in infection and viral pathogenesis, as well as their relationship with the
presence of variants of the virus, which, together with the characterization of variants, has allowed the
identification of new therapeutic targets, as well as new molecular diagnostic biomarkers, which may be
useful in the prognosis of patients with severe disease and differential diagnosis of the variants of the
virus, as well as the distinction of respiratory pathologies of different etiologies. (C) The development of
new methodologies for transcriptome analysis. To optimize research in these areas, new experimental
strategies have been developed that allow for obtaining more information about viral pathogenesis such
as spatial transcriptomics, as well as new bioinformatics strategies such as the development of new
workflows that optimize the detection of variants during sequencing, as well as the joint analysis of the
host transcriptome and the virus by Dual-Seq, which optimizes resources for the study of SARS-CoV-2.

2.1. Viral Variants and Quasispecies for SARS-CoV-2

SARS-CoV-2 genome characterization enabled the identification of viral particles
within the host that can develop stable variations of the viral genome defined by a spectrum
of mutations, which were defined as quasispecies, whose development depends on the
processes of viral replication and host interaction [24]. The selection of quasispecies acts
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on the set of viral particles, which confers viral adaptability and stability, allowing greater
transmissibility between hosts, as well as improving the mechanisms of immune response
evasion [25]. Chaudry and collaborators described SARS-CoV-2 quasispecies production in
different cell lines by serial passages, showing that in Vero E6 cells, mutation of the FURIN
cleavage site in protein S, which is related to the priming or activation of SARS-CoV-2
spike proteins, makes SARS-CoV-2 competent for membrane fusion and infection [26,27].
However, serial passages in the Calu-3 and Caco-2 cell lines showed that some quasispecies
only obtained variations in protein E. These results indicated that SARS-CoV-2 infection can
differentially generate stable quasispecies among infected cell lines, conveying adaptability
for viral replication and active infection [26], which was demonstrated by Al Khatib and
collaborators, who sequenced the transcriptome of nasopharyngeal samples from patients
with moderate disease and severe disease infected with SARS-CoV-2 to evaluate whether
changes in the viral genotype were associated with COVID-19 severity. This study allowed
the identification of 236 SARS-CoV-2 quasispecies, which suggested that variability in the
viral genotype is associated with severe respiratory disease. Particularly, the intrahost
analysis of these viral variants demonstrated the association of the mutations in protein
S and ORF1ab with severe disease development in patients [28], corroborating that the
development of intrahost quasispecies is a mechanism of adaptability of SARS-CoV-2.

2.2. Metabolic Pathways Defined by Transcriptome Analysis in SARS-CoV-2 Infection

Transcriptomic analysis of SARS-CoV-2-infected individuals has identified intracellu-
lar signaling pathways associated with the infection process [29] and host pathogenesis [30]
through differential gene expression analysis approaches (Figure 1B) involving the identifi-
cation of genes actively transcribed in response to viral infection compared to an uninfected
individual [31], which has made possible the development and repurposing of drugs for
use in therapies with increased likelihood of success for the treatment of COVID-19 [32].
For example, the drug repositioning analysis by Krishnamoorthy and collaborators iden-
tified intracellular signaling pathways such as neuroactive ligand–receptor interactions
that are deregulated in infection with SARS-CoV-2 virus in the Calu-3 epithelial cell line,
while a Cogena drug repositioning analysis identified target proteins in this signaling
pathway for valproic acid, positioning it as an alternative treatment for COVID-19 [33].
Likewise, Salgado-Albarrán and collaborators suggested that epidrugs are alternatives for
the treatment of COVID-19 after identifying differentially expressed epigenes in respira-
tory disease caused by SARS-CoV-2 such as BRD4, which is a chromatin reader protein
involved in the immune response [32,34] that is a target of the epidrug fedratinib [32].
In addition, an analysis of the transcriptome of the A549 and HepG2 epithelial cell lines
treated with exosomes extracted from the plasma of patients with COVID-19 revealed that
SARS-CoV-2 infection causes upregulation of the NOTCH signaling pathway related to
hyperinflammation in COVID-19 patients [35]. In this case, analysis of the transcriptomes
of patients with COVID-19 has allowed for the identification of new intracellular signaling
pathways involved in the development of severe respiratory disease in the host, which has
applications in the prognosis of patients with an active viral infection.

However, there are still gaps in identifying new therapeutic targets, since it is not
clear which genes could be actionable targets for drugs in COVID-19 treatment due to
the clinical sample being considered homogenous. A novel approach that can address
these variables is spatial transcriptomics, which analyzes the transcriptome related to
specific locations in tissues as single cells, capture points, or delimited areas within a
tissue [36], as was demonstrated in COVID-19 spatial transcriptomic studies by Margaroli
and collaborators of lung tissue autopsies of patients with alveolar damage caused by
SARS-CoV-2. In this study, they described a gene expression profile that included genes
related to vasculopathy such as MSRB2, genes related to alveolar epithelial phenotype and
type II pneumocytic metaplasia such as FGFR3, genes related to epithelial-mesenchymal
transition such as CDH1, and genes associated with differential macrophage activation
such as MS4A4A [37], which have already been identified as novel findings in the research
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of COVID-19 pathogenesis [38]. Therefore, new experimental approaches such as spatial
transcriptomics have made it possible to broaden the understanding of the process of
infection by SARS-CoV-2, in addition to the mechanisms associated with its pathogenicity.

2.3. New RNA-Seq Pipelines for SARS-CoV-2 Research

New RNA-sequencing (RNA-seq) bioinformatics strategies have been developed
to improve the processing of transcriptome sequencing results in order to identify new
associations between the host and SARS-CoV-2, such as the Dual RNA-Seq Analysis
Pipeline (dRAP), which allows for the simultaneous identification of differentially expressed
genes in the host and pathogen genes while optimizing processing of the sample of patients
infected with COVID-19 [10], indicating the cost–benefit of this methodology (Figure 1C).
Additionally, a tool that was developed by Liu and collaborators, CoV-Seq, allows for the
analysis of new SARS-CoV-2 variants in user-friendly interfaces, making it accessible to
users not specialized in programming [3].

Significantly, the development of public databases and platforms dedicated to the col-
lection and analysis of sequencing results of the transcriptome associated with SARS-CoV-2
allows access to the raw data by researchers around the world who are not required to
be experts in programming [39]. For example, the RECoVERY [40] platform allows the
user to analyze public sequencing data or their own massive sequencing data, and the
SARSCOVIDB [41] and COVID-19 CG [42] platforms provide the user with molecular infor-
mation from public RNA-seq data about genes that are differentially expressed in patients
with SARS-CoV-2 infection, as well as the analysis of variations and their association with
clinical variables. Above all, these new research platforms provide updated resources for
the analysis and identification of novel information regarding SARS-CoV-2 research.

3. Single-Cell Transcriptomics in SARS-CoV-2 Research

In recent months, single-cell RNA sequencing (scRNAseq) has been harnessed to
further our biological understanding of COVID-19 infection in response to the current global
pandemic. The scRNAseq method reveals complex and rare cell populations, uncovers
regulatory relationships between genes, and tracks the trajectories of distinct cell lineages
in development [43]. These procedures began with single-cell qPCR, performed for the first
time on a small number of genes. This was followed by a jump to ~1000 cells that could be
analyzed in large-scale studies using integrated fluidic circuits [44,45]. The most common
approach is to use microscopic droplets to isolate many cells and then sequence the libraries
relatively shallowly. To identify which cell a given transcript came from, the use of cellular
barcodes has increased throughput even further to hundreds of thousands of cells, with the
latest developments in spatial methods integrating the spatial location of transcriptomic
information within tissue sections [46]. This high-throughput, low-depth paradigm is
typical for experiments using the popular 10X Genomics Chromium platform [47,48]. This
platform is currently able to detect 500–1500 genes per primary cell [49]. Thus, scRNAseq
has provided information on the coordinated response to SARS-CoV2 viral infections at
the single-cell level, making this technology an important tool for the identification of new
biomarkers for the diagnosis and prognosis of SARS-CoV-2 infections.

3.1. Pipelines for scRNAseq Data Analysis

The rapid development of novel single-cell technologies, most notably multiomics
methods that can profile more than one aspect of a cell and methods that provide spatial in-
formation, will require novel computational methods to take full advantage of the data [46].
An scRNAseq experiment generates a larger volume of high-dimensional raw data and
identifies fewer transcripts than bulk RNA-seq [50]. The steps of a typical scRNAseq
analysis include preprocessing (quality control, normalization, data correction, feature
selection, and dimensionality reduction) and cell- and gene-level downstream analysis [51].
Some of the software used includes Cell Ranger, which is a set of analysis pipelines that
process Chromium single-cell data to align reads, generate feature barcode matrices, and
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perform clustering and other secondary analyses [52]. Seurat is an R package designed
for QC, analysis, and exploration of scRNAseq data [53] (Table 1). Seurat aims to enable
users to identify and interpret sources of heterogeneity from single-cell transcriptomic
measurements and to integrate diverse types of single-cell data [54]. However, scRNAseq
generates multiple errors when various cells are labeled with the same barcode. Scrublet is
a method for predicting the effects of multiples (two or more cells are captured within the
same reaction, generating a hybrid transcriptome) in analyses and identifying problematic
multiplets [55]. Droplet-based scRNAseq methods produce counts of unique molecular
identifiers (UMIs) for genes in thousands of cells [56]. The observed counts arise from a
mixture of mRNAs produced by the captured cell and those present due to background
contamination [45]. SoupX aims to remove cell-free mRNA molecules from each cell to
recover the true molecular abundance of each gene in each cell [57]. These methods are
crucial to defining cell states and types from data, revealing marker genes and identifying
developmental trajectories that relate cells to each other [44], and due to our incomplete
knowledge of the biology and pathogenesis of SARS-CoV-2, such bioinformatics tools have
great potential for clinical application.

3.2. Application of scRNAseq in SARS-CoV-2 Research

The scRNAseq method is powerful at dissecting immune responses and has been
applied in COVID-19 studies [67]. To date, most studies on COVID-19 have focused on
understanding SARS-CoV-2 infection at the tissue and organ levels [68]. However, viral in-
fection and the response to it are events that initiate at the single-cell level, and various cell
types (e.g., lung epithelial or gastrointestinal), even those that do not express the molecular
machinery needed for effective infection, may play key roles in viral pathology [67]. The
variable host immune response to infection can result in a range of clinical outcomes span-
ning from an asymptomatic state to severe illness, organ failure, and death [69]. Unlocking
the identity of the specific cells involved in infection can clarify transmission patterns,
pathogenesis, and risk differences between individuals and will be key to developing
effective therapeutic approaches [68].

Recently, a consortium was formed to characterize the immune properties of COVID-19
that consisted of researchers from 39 institutes from different regions of China [67] and the
Single Cell Consortium for COVID-19. They generated an scRNAseq dataset and created a
comprehensive immune landscape of 1.46 million cells. This project enabled us to identify
that different peripheral immune subtype changes are associated with distinct clinical
features, including age, sex, severity, and disease stages of COVID-19 [67]. In addition,
a portal has been created (https://toppcell.cchmc.org, accessed on 13 September 2022)
for single-cell data from COVID-19 patients from eight public datasets, which enables the
querying of candidate molecules and pathways in each of these processes [70]. Several
studies have been performed using scRNAseq in which it was determined that in patients
with COVID-19, epithelial cells exhibit increased expression of the SARS-CoV-2 entry re-
ceptor ACE2, which correlated with interferon signals by immune cells. However, critical
cases exhibited stronger interactions between epithelial and immune cells, as indicated by
ligand receptor expression profiles and activated immune cells, including inflammatory
macrophages expressing CCL2, CCL3, CCL20, CXCL1, CXCL3, CXCL10, IL8, IL1B, and
TNF [71]. Moreover, the analysis of ACE2 with viral entry-associated protease TMPRSS2
and infection-associated genes (e.g., ANDEP, DPP4) in healthy human individuals across
a range of tissues provided insights into potential sites of viral transmission [68,72]. In
addition, an scRNAseq study revealed cell-type-specific associations of age, sex, and smok-
ing with overexpression of ACE2, TMPRSS2, and CTSL. The expression of entry factors
increased with age and in males, including in airway secretory cells and alveolar type
2 cells [73]. Likewise, they explored the dynamics of the adaptive immune response in
asymptomatic close contacts and COVID-19-infected patients and reported that direct
asymptomatic contacts exhibited decreased CD4+ naive T cells with a concomitant increase
in CD4+ memory and CD8+ TEMRA cells along with expanded clonotypes compared

https://toppcell.cchmc.org
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to infected patients. Noticeable proportions of class-switching memory B cells were also
observed. Overall, these findings provided insight into the nature of protection in asymp-
tomatic contacts [74]. This type of study provides a valuable resource that is exploitable for
translational studies and is a template for future integrative analysis of single-cell datasets
from individuals with COVID-19 worldwide (Figure 2).

Table 1. Overview of software used for scRNAseq data analysis.

Software Category Reference *

TopHat2 v2.1.1 Read mapping
https://ccb.jhu.edu/software/tophat/index.shtml
Cole Trapnell, Lior Pachter and Steven Salzberg at the University of
Maryland, UC Berkeley, USA [58]

STAR v2.7.10a Read mapping https://github.com/alexdobin/STAR
Alexander Dobin, Cold Spring Harbor Laboratory, NY, USA [59]

HISAT2 v2.2.2 Read mapping
http://daehwankimlab.github.io/hisat2/
Kim, D., Langmead, B. & Salzberg, S. Baltimore, Maryland,
USA [60]

Cufflinks v0.17.3 Expression
quantification

http://cole-trapnell-lab.github.io/cufflinks/
Cole Trapnell, et al. University of Maryland, College Park,
Maryland, USA [61]

RSEM v1.1.17 Expression
quantification

https://github.com/deweylab/RSEM
Bo Li and Colin N Dewey. University of Wisconsin-Madison,
Madison, WI, USA [62]

StringTie v2.1.0 Expression
quantification

https://ccb.jhu.edu/software/stringtie/
MIT License Johns Hopkins University, Baltimore, Maryland,
USA [63]

Cell Ranger v3.1.0

Align reads, generate
feature-barcode matrices,
perform clustering and other
secondary analyses

https://github.com/10XGenomics/cellranger
© 2022 10x Genomics. California USA [52]

Seurat v4.0
Filter based on RNA, number of
detect genes, and number of
total UMIs,

https://satijalab.org/seurat/
Hao, et al., Center for Genomics and Systems Biology, New York
University, New York, USA [64]

Scrublet v0.2.1 Single-cell remover of doublets https://github.com/swolock/scrublet
Samuel Wolock, MIT [55]

SoupX v1.2.2 estimation and removal of cell
free mRNA contamination

https://github.com/constantAmateur/SoupX
Matthew Young. Wellcome Trust Sanger Institute, Cellular Genetics,
Wellcome Genome Campus, Hinxton, CB10 1SA, UK [57]

Waterfall Dimensionality reduction
https://doi.org/10.1016/j.stem.2015.07.013
Jaehoon Shin et al. Johns Hopkins University School of Medicine,
Baltimore, MD 21205, USA [65]

TSCAN v1.0 Dimensionality reduction
https://github.com/zji90/TSCAN
Zhicheng Ji, Hongkai Ji. Johns Hopkins Bloomberg School of Public
Health, Baltimore, MD, USA [66]

* Recent program versions were considered. 13 September 2022 was taken as the latest date to access.

https://ccb.jhu.edu/software/tophat/index.shtml
https://github.com/alexdobin/STAR
http://daehwankimlab.github.io/hisat2/
http://cole-trapnell-lab.github.io/cufflinks/
https://github.com/deweylab/RSEM
https://ccb.jhu.edu/software/stringtie/
https://github.com/10XGenomics/cellranger
https://satijalab.org/seurat/
https://github.com/swolock/scrublet
https://github.com/constantAmateur/SoupX
https://doi.org/10.1016/j.stem.2015.07.013
https://github.com/zji90/TSCAN
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Figure 2. Single-cell RNA-seq applications for COVID-19 clinical research. (A) A typical scRNAseq
workflow consists of sampling followed by single-cell sorting and library preparation, which involve the
ligation of adapters and sample indices, allowing for the pooling and sequencing of multiple libraries
on a next-generation short read sequencer and the subsequent cell type identification by transcriptomic
analysis. This approach has multiple applications in COVID-19 clinical research, such as: (B) the
characterization of new cell-type-specific interactions, particularly among epithelial and immune cells,
mediated by ACE2 receptor and pro-inflammatory elements such as CCL2, CXCL1, IL1B, and TNF, which
together are involved in viral transmission and could allow the identification of novel potential sites for
viral transmission; (C) the identification of cell-type-specific expression profiles associated with clinical
features of interest, such as the characterization of cell subpopulations by their expression of ACE2,
TMPRSS2, and CTSL, which together have been associated with clinical variables such as age, sex, and
severity of disease in COVID-19 patients, allowing for the identification of prognostic clinical biomarkers;
and (D) finally, scRNA transcriptomics in COVID-19 allows for the identification of biomarkers for
differential diagnostic and prognostic tests using the characterization of transcriptomic changes in CD4+
and CD8+ cell subtypes, which mediate the host adaptative immune response, regulate viral infection
and pathogenic processes, and are associated with disease stages and COVID-19 severity.

As spatial transcriptomic technologies reach single-cell resolution, they hold a great
deal of promise for the study of cells in tissues with a complex morphology [44,75]. The con-
tinuous innovation of scRNAseq technologies and concomitant advances in bioinformatics
approaches will greatly facilitate biological and clinical research [73]. In fact, scRNAseq
provides new insight into intra- and intercellular communications and network interactions
and is a new emerging area that can facilitate the discovery of disease-specific biomarkers
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and target-based precision therapies [76] (Table 2). Lastly, scRNAseq is revolutionizing
our fundamental understanding of biology, and this technique has opened new frontiers
of research that go beyond descriptive studies of cellular states. These studies will help
us to understand the role of immune cells in COVID-19 pathology and their response to
potential treatment regimens.

Table 2. Clinical studies related to COVID-19 and scRNAseq.

Study Status Interventions Outcome
Measures

Enrolled
Patients Locations Identifier

COVID-2019
Vaccine Immune

Response Based on
Single Cell

Multi-Omics

Recruiting
Biological:

recent
vaccination

Changes in
classification of

human peripheral
blood mononuclear cells

50 China NCT04871932

Virological and
Immunological
Monitoring in

Patients (Suspected
of/Confirmed

With) COVID-19

Active, not
recruiting

Procedure:
blood draw
Procedure:

bronchoalveo-
lar lavage
Procedure:

SARS-CoV-2
swabs

Identification of
cytokines and
chemokines

associated with
COVID-19 severity

and outcome
Identification of

cellular subsets that
can predict

COVID-19 severity
and outcome
SARS-CoV-2
sequencing

109 Belgium NCT04904692

COVID-19 in
Baselland:

Investigation and
Validation of
Serological

Diagnostic Assays
and Epidemiological

Study of
SARS-CoV-2

Specific Antibody
Responses
COVID-19

Recruiting

Diagnostic test:
blood draw

Diagnostic test:
fingertip tests

for POC assays
Diagnostic test:
saliva collection
Diagnostic test:

collection of
swabs

Qualitative method
validation (yes/no)

Quantitative
method validation

(antibody
concentrations)

Immune cell
repertoire

sequencing
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4. Next-Generation Sequencing Platforms for SARS-CoV-2 Genome Research

RNA-seq can be leveraged to study many aspects of RNA biology such as expression,
splicing, gene fusion detection, and structure [77]. Currently, innovations in RNA-seq,
such as direct RNA-seq [78], detection of long reads [79], spatialomics [80], and the de-
velopment of new computational tools (TALON for transcriptome quantification [81] or
FLAIR for transcriptome assembly [82]) for data analysis have contributed to a complete
understanding of the biology of the transcriptome in biomedical research.

Managing the COVID-19 pandemic has required genomic surveillance using second- and
third-generation sequencing (STGS), which provides a practical and accurate way to identify
new SARS-CoV-2 variants and prevent their spread. The STGS promoted the characterization
of variants of interest (VOIs) and variants of concern (VOCs) to prioritize monitoring and
viral research and to inform the ongoing response to the COVID-19 pandemic [83,84].

Globally, systems have been established to detect potential VOIs or VOCs and SARS-
CoV-2 genomes have been deposited in worldwide platforms of genomic surveillance; for
example, GISAID has encouraged and facilitated the sharing of COVID-19 data. Currently,
12.2 million full-genome SARS-CoV-2 sequences have been deposited in GISAID, and more
than 100,000 new sequences are added every day using STGS platforms. The Illumina
platform generated 75% of these sequences, Oxford Nanopore generated 23%, IonTorrent
generated 1%, and Pacific Bioscience generated 1% [85]. The Illumina platform, which uses
short reads (36–151 bp), has several advantages over other platforms, such as the ability to
sequence the largest number of samples per run (up to 3072 in NovaSeq6000 with coverage
of 300–600×), and its bioinformatic analysis flow is well established [86]. On the other
hand, the Oxford Nanopore platform has the advantage of sequencing longer reads of up to
20 kb and can sequence viral RNA directly. IonTorrent and Pacific Bioscience are the least
used platforms, perhaps due to their high startup cost and price per sequenced genome
(Table S1). The selection of a sequencing platform depends on the number of samples to
be sequenced and on the monetary resources available, so SARS-CoV-2 sequencing must
be performed with due consideration of the resources and capacities available in each
laboratory [85,87]. In a few years, we will be able to use fourth-generation sequencing, also
called in situ sequencing, which exploits second-generation NGS chemistry to read nucleic
acid composition directly in fixed cells and tissues. This type of sequencing can be targeted
when a specific primer is used to retrotranscribe a mRNA target or nontargeted when it
uses random hexamers to reverse-transcribe mRNA. This approach opens a prospect for
transcriptomic analysis of host-tissue interaction during SARS-CoV-2 viral infection [88].

Direct RNA Sequencing

Most RNA-seq data have been obtained indirectly because current transcriptome
analysis methods require RNA to be converted into cDNA prior to sequencing and the
cDNA synthesis step introduces multiple biases and artifacts that interfere with its charac-
terization in the quantification of the transcripts [89]. In SARS-CoV-2, sequencing requires
an additional PCR step with 25–30 amplification cycles, which could introduce mutations
derived from technical procedures [90]. In contrast, direct RNA-seq (DRS) is a powerful
tool that allows for the characterization of the transcriptional landscape of viruses with
complex genomes such as SARS-CoV-2 [91]. When reading the RNA genome directly, the
complete sequence is obtained using long reads that do not require an assembly step or
obtaining the precise identity of the nucleotide bases since it is not required to synthesize
cDNA or perform PCR [92,93]. DRS is performed efficiently using the third-generation
platforms Oxford Nanopore and PacBio [94]. Furthermore, the future of RNA-seq in-
volves approaches such as parallel analysis of RNA structure (PARS) and the translatome.
PARS helps to study the architecture and structure of viral RNA, allows for the iden-
tification of interactions with proteins, and focuses on SARS-CoV-2, which has helped
to identify molecular mechanisms involved in spreading such as the interaction of the
receptor binding domain with ACE2 receptors [95]. The translatome has shown great
utility in determining RNA interassociation. With this approach, we can study beyond the
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expression level, and we can establish interactions between the virus and host, which can
have clinical applications such as the design of small molecule inhibitors targeting viral
replication pathways [96,97].

Since the world’s first COVID-19 case, STGS has been used to identify SARS-CoV-
2. Currently, STGS continues to provide important information to public health officials
and drug developers regarding vaccines because it has allowed: (1) monitoring of the
transmission routes of the virus worldwide, (2) detection of mutations to prevent the spread
of new types of variants, (3) identification of viral mutations that can cause false negatives in
molecular diagnostic tests by RT–qPCR, and (4) detection of viral mutations that can impact
the efficacy of vaccines and other treatments such as monoclonal antibodies [97]. The
sequencing of SARS-CoV-2 genomes is performed in various settings, from less developed
to more developed countries. Analysis of SARS-CoV-2 genomes has been shown to have
and will continue to have an enormous potential to guide public health efforts around
COVID-19 and should continue. This pandemic once again taught us that viral genomic
surveillance is beneficial to public health.

5. The Landscape of Nucleic Acid-Based Therapies in SARS-CoV-2

Concerning nucleic acid-based therapy, RNA therapy has shown promising results
in treating several human malignances [98–100], including viral diseases [101]. There are
different approaches to targeting RNA in the human body: antisense oligonucleotides
(ASOs) [102], microRNAs (miRNAs) [103], small interfering RNAs (siRNAs) [104], RNA
vaccines [105,106], and CRISPR/Cas systems [101], among others. Nevertheless, due to
poor RNA stability inside the body [107], inefficient delivery to the target site, and low
bioavailability [108,109], RNA delivery remains one of the biggest challenges in RNA
therapy [104,110]. Despite this obstacle, some therapies targeting RNA have been recently
approved by the U.S. Food and Drug Administration (FDA); for example, spinal mus-
cular atrophy (SMA) and hereditary transthyretin amyloidosis (hATTR) are two genetic
diseases treated using an ASO (Nusinersen) [111–113] and an siRNA (Patisiran) [114–116],
respectively. In addition to genetic diseases, RNA therapy can be applied to human
infectious agents [117–119].

Due to the COVID-19 pandemic, interest in RNA therapy focused on viral diseases
has grown. COVID-19 is caused by SARS-CoV-2, an RNA virus [120]. Its genome encodes
several proteins, one of which is crucial to infection: the spike (S) glycoprotein, which is
the major inducer of the host immune response [121] and has become an important target
for vaccine development and therapy [122,123]. It binds to host receptors [124], promoting
fusion between the viral envelope and host cell membrane [125]. RNA-based vaccines
targeting the S glycoprotein have been a powerful tool for reducing the risk of infection [121].
Both FDA-approved RNA vaccines by Pfizer/BioNTech and Moderna contain mRNA
to express the S glycoprotein [126] for immunization. The Pfizer/BioNTech [127] and
Moderna [128] vaccines have been confirmed to induce the production of anti-S IgG
antibodies with neutralizing activity against SARS-CoV-2 and to reduce the risk of infection
and the development of acute symptoms. Sequelae and side effects in patients after SARS-
CoV-2 infection are broad [129] and include fatigue [130], metabolic disorders [131,132],
kidney injury [133], cardiovascular disease [134], and neuropsychiatric disorders [135,136],
among others [137]; thus, to reduce further development of sequelae after infection, it is
important to identify efficient and specific therapies.

5.1. Small Interfering RNAs

These noncoding double-stranded transcripts are ~20 nucleotides long and mediate
the specific suppression of transcripts [138,139] by binding to the RNA-induced silencing
complex (RISC) [140]. The single-stranded siRNA guides RISC to its target RNA, leading
to gene silencing [141]. In the pandemic caused by SARS-CoV in 2003, siRNAs effectively
reduced viral replication in infected cells [142–144] and in in vivo models [145]. Regarding
SARS-CoV-2, in a study in which primary human tracheal cells (hpTCs) expressing the S
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glycoprotein were treated with siRNAs [146], a significant reduction in this protein was
reported, cell viability and proliferation remained unchanged, and modified siRNAs with
cholesterol moieties were used for cells to directly uptake siRNA from the medium, a
useful approach for future therapeutic applications in which some delivery methodologies
may cause toxic effects [107,147]. In the search for lower-toxicity delivery systems, a lipid
nanoparticle was used to deliver siRNAs targeting RNA-dependent RNA polymerase
(RdRp), helicase (Hel), and the 5′ untranslated region (5′-UTR) in the SARS-CoV-2 genome
using a K18-hACE2 mouse model [148], and a 90% reduction in viral replication was
observed. COVID-19-associated symptoms were lower in treated mice, which also exhibited
higher overall survival, demonstrating that siRNAs are a useful therapy against SARS-
CoV-2. In this study, the siRNA delivery was made through a formulation described
previously [149] in which the polyethylene glycol (PEG)2000–C16 ceramide conjugate was
prepared using the hydration of freeze-dried matrix (HFDM) method to form liposomes;
furthermore, intravenous delivery of this conjugate proved successful delivery of siRNA
in the lung epithelium and achieved gene silencing in these cells [150]. Nevertheless, the
precise transfection mechanism into the cells remains to be described. Using another in vivo
model, an siRNA targeting the RdRp gene that significantly reduced viral replication and
lung inflammation in Syrian hamsters was reported [151]. This siRNA administration
was performed by inhalation, a tool that could be a promising way to deliver drugs
for respiratory diseases; in this case, a cationic dendrimeric peptide (KK-46) proved to
be successful in the intracellular delivery of siRNA with very low toxicity. Therapeutic
siRNAs have a confirmed efficacy against SARS-CoV-2; nevertheless, clinical studies are
needed to support siRNA therapy as safe and efficient for COVID-19 in humans.

5.2. MicroRNAs (miRNAs)

In contrast to siRNAs, miRNAs are single-stranded RNAs with a length of 19–25 nu-
cleotides [152] that can regulate not only one target, but may have different targets [153,154];
nevertheless, both noncoding RNAs share a similar mechanism of action through their
association with RISC and Dicer for post-transcriptional inhibition of mRNA [155,156].
Such miRNAs have shown to play key roles during human diseases such as cancer [157,158]
and in infectious diseases [159,160]. In SARS-CoV-2 infection, expression of more than
70 miRNAs were deregulated in peripheral blood [161], suggesting the importance of these
noncoding RNAs in the infectious process. They have also been proposed as potential
biomarkers of the severity of COVID-19 [162,163], as well as for therapeutic approaches to
SARS-CoV-2 infection [164,165].

5.3. Antisense Oligonucleotides

ASO-based therapy has been successfully used for human viral diseases [166,167];
in general, ASOs are single-stranded DNA sequences of ~20 nucleotides in length that
bind to complementary RNA via Watson–Crick base pairing [168–170]. ASOs can mod-
ify RNA functions through mechanisms that depend on their chemical structure and
modifications [170,171]. ASOs can interfere with mRNA translation [172,173] and splic-
ing [174] but can also recruit RNase H1 and H2 to induce RNA degradation [81,175].
Several ASO-based therapies depend on these mechanisms to maintain low levels of the
target sequence [176–178]. Therapies against human viruses such as hepatitis B [179,180],
Ebola [181], influenza A [182], and West Nile virus [183], among others, are being developed
and have demonstrated high specificity and efficacy, suggesting a promising landscape for
ASO-based therapies.

Regarding SARS-CoV-2, in a study in which ASOs were designed using in silico
tools to disrupt the interactions between SARS-CoV-2 5′-RNAs and host proteins needed
to regulate the viral infection cycle [184], in vitro experiments on the human cell line
Huh7.5.1 reported an ~50% decrease in the SARS-CoV-2 RNA yield in treated cells. They
also designed ASOs that targeted structurally conserved regions of SARS-CoV-2 RNA
(ORF1 and N) that reduced the viral infection ratio by 50% in the human cell line Caco-2,
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which was derived from human colon carcinoma. Cells were transfected with ASOs using
lipofectamine; the transfection mechanism was the formation of cationic liposomes that
enabled the internalization of anionic ASOs. Then, in contact with the cell membrane,
liposomes created endosomes to enter the cell [185]. The innovative in silico tool they
proposed for ASO design succeeded in targeting different regions of the viral genome and
reduced the viral yield and infection.

Peptide nucleic acids (PNAs) are another type of ASO that consist of a polypeptide
backbone with nucleic acid bases attached as side chains and are used as DNA/RNA
analogs to inhibit transcription and translation [186]. In a study conducted by Ahn and
collaborators [187] using programmed −1 ribosomal frameshifting (−1 PRF) in the SARS-
CoV genome, a region controlling the synthesis of viral replicase proteins [188] was targeted
using PNAs in HEK293 cells; inhibition of viral replication was observed compared to the
control, suggesting that -1 PRF is an important target for SARS-CoV treatment. Cells were
transfected using FuGENE, a cationic polymer that creates complexes with anionic ASOs.
The complexes could create endosomes in the cell membrane to penetrate the cell [185,189].
Even though ASOs have been demonstrated to be efficient and specific in targeting SARS-
CoV-2 in vitro and in vivo, further experiments are needed to confirm their potential use
as therapeutic agents in humans against SARS-CoV-2.

5.4. CRISPR-Cas

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated proteins (Cas) systems are an adaptive immune system in prokaryotes [190–192]
that was first described in the late 1980s and early 1990s [193]. Currently, the therapeutic
gene-editing applications of this technology are a promising tool to treat several human
malignances [194–196] and viral diseases [197,198]. Among CRISPR-Cas effectors, two re-
cently discovered effectors are specific to targeting single-stranded RNA (ssRNA), type VI-A
(Cas13a) and type VI-B (Cas13b) [199], which were the first discovered among CRISPR-Cas
systems that specifically targeted RNA [175,200,201]. One of the RNA viruses previously
targeted by CRISPR-Cas13 is HIV-1. Yin and collaborators [119] observed a strong inhibi-
tion of HIV infection in human HEK293T cells, reduced viral RNA and protein levels, and
reduced viral DNA integration after infection with mature HIV-1 viral particles compared
to control treatment.

Regarding SARS-CoV-2, Abbott and collaborators [202] reported a CRISPR-Cas13-
based strategy called prophylactic antiviral CRISPR in human cells (PAC-MAN), which
revealed a group of 6 crRNAs able to target 91% of all sequenced coronaviruses and a group
of 22 crRNAs that could target 100% of the sequenced coronaviruses. In experiments on the
human lung epithelial A549 cell line using reporters of synthetic fragments of SARS-CoV-2
RdRP or nucleocapsid (N) genes fused to GFP, pools of four of the predicted crRNAs were
used to target these constructs, resulting in a 70% reduction in the reporter gene expression.
The use of a pool of crRNAs could be helpful in the case of a live infection in which mutation
or the presence of viral variants could escape from a single crRNA. In contrast to this virus-
free model, in a study conducted by Fareh and collaborators [203], CRISPR-Cas13b was
used to target the mRNA encoding the N protein in replication-competent particles of
SARS-CoV-2 using the Calu-3 cell line derived from human lung adenocarcinoma. After
viral infection, the silencing efficiency, as measured by a tissue culture infectious dose that
inhibited 50% of the virus growth in an infectivity assay (TCID50), showed that replication
was significantly lower compared to the control, even at the longest time measured (48 h).
Similar results were observed in Vero cells, a nonhuman mammalian cell line in which pools
of four different crRNAs were used to target several regions of the SARS-CoV-2 genome;
80–90% viral suppression was achieved with all tested crRNAs, as well as suppression of
the SARS-CoV-2 variant D614G and B.1.1.7, known as the UK variant. In this study, the
cell line expressing Cas13d was transduced by lentiviral infection with the pooled crRNAs.
The lentiviral transduction mechanism was based on the viral infection of the cells by the
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virion; the virion could enter the cell by endocytosis or by binding to specific receptors,
then the nucleic acid contained inside the virion was released inside the cell [204,205].

In another study using a replication-competent SARS-CoV-2 virus [206], CRISPR-
Cas13a crRNAs were designed to target RdRp and N genes in the Vero E6 cell line. A
combination of two crRNAs targeting the N gene reduced 72% of cell death in infected
cells, while the mRNA of RdRp and N genes exhibited a reduction of 93.7% and 94.1%
in copy number, respectively. After successful in vitro assays, in vivo experiments were
performed on Syrian hamsters using a crRNA targeting the N gene. Administration of
mRNA encoding Cas13a and crRNA formulated with poly-beta amino ester, which was
suitable for delivery through inhalation, was performed using a cone nebulizer; 20 h later,
hamsters were infected with SARS-CoV-2. Six days later, a 57% decrease in the viral N
mRNA copy number was observed compared to the control, suggesting CRISPR-Cas13a as
a potential antiviral therapy against SARS-CoV-2. The in vivo delivery of mRNA-encoding
CRISPR-Cas13a and crRNAs was performed using hyperbranched poly (beta amino esters)
(hPBAEs); these compounds create polyplexes with the anionic RNAs that allow endosome
formation in the cell membrane to penetrate the cell [207].

CRISPR-Cas13 systems have been demonstrated to be efficient for SARS-CoV-2 RNA
knockdown not only in in vitro virus-free models, but also when using replication-competent
viral particles in human cell lines and in vivo models (Figure 3). The approach to using
CRISPR-Cas13 goes beyond therapy against COVID-19; due to its specificity and flexible
design against different genomic targets, it could be used to treat different human viral
diseases and represents a powerful weapon against future pandemics.

 

3 

 
  Figure 3. Approaches to nucleic acid-based therapy against SARS-CoV-2. (A) Scheme of viral infection

with SARS-CoV-2. After viral binding to cell receptors, the viral particle is internalized and then releases
viral RNA to the cytoplasm, where viral components are synthesized. At this point, free viral RNA in the
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cytoplasm can be targeted. (B) One of the strategies for targeting viral RNA inside the cell is the
use of siRNAs; these small molecules (~20 nt) regulate RNA degradation through their interaction
with the RISC complex. The activated RISC complex binds to its target, resulting in RNA cleavage
and degradation; the use of siRNAs targeting SARS-CoV-2 has been successful in vitro and in vivo.
(C) Another approach to targeting this virus is the use of ASOs; these molecules mediate RNA
cleavage by recruiting RNAse H and interfere with replication, transcription, and transduction,
resulting in decreased viral RNA and protein levels. ASOs have been successfully used to target
SARS-CoV-2 in vitro. (D) The use of genome-editing tools has increased the possibilities for SARS-
CoV-2 treatment, while the use of CRISPR-Cas13 has been successful in targeting this virus in vitro
and in vivo, resulting in a reduction in viral RNA and protein, a decrease in viral infection, and a
decrease in COVID-19-associated symptoms. (E) For the successful targeting of viral RNA, the use of
an efficient delivery method that guarantee the proper release of the therapeutic nucleic acid to the
cell is important. For the internalization of negatively charged nucleic acids into the cell, the use of
cationic compounds and lipid-based delivery methods have been successfully used for this particular
therapy via intravenous or inhalation delivery.

6. Precision Medicine and Precision Public Health in SARS-CoV-2

As a concept, PM refers to a deep understanding of the disease with the aim of estab-
lishing improved targeted diagnostic and therapeutic interventions [208]. PM is based on
the integration of patient information including lifestyle, environmental exposure, serum
biomarkers, imaging studies, and gene analysis, which allows for the best selection of treat-
ment [209]. PM is increasingly recognized as synonymous with a patient-centered approach
that is driven by technology [209,210]. The development and sophistication of molecular
biology techniques enable the establishment and utility of PM [209,211]. With the emergence
of genomics methodologies, other similar approaches have emerged such as transcriptomics,
epigenetics, proteomics, metabolomics, and other omics [211,212]. These approaches provide
an enlarged resolution of each clinical context from different points of view. On the other hand,
PPH is essentially similar to PM; however, PPH interventions are directed at the population
rather than individuals [212–214]. Many definitions have been proposed to describe PPH
since the term was first coined in 2011. PPH can be understood as “a novel approach that uses
big data science technology to improve population health and reduce health disparities”. PPH
seeks to provide the right intervention to the right population at the right time [212]. Recently,
the concept of PPH and its scope have re-emerged due to the SARS-CoV-2 pandemic [213].
In this context, its applications range from modernizing public health surveillance to the
early identification and tracking of new outbreaks and rapid genomic characterization and
population susceptibilities [214].

PPH’s objective is to identify the earliest indicators of disease and to characterize the
pathogen or etiological factor and transmission kinetics [215] to facilitate identification of more
effective targeted drugs and lifestyle interventions [212,213,216]. PPH must be able to be applied
globally but faces the challenge of health disparities in terms of access and quality of health
care, influencing politics and economics, which are directly related to health care [213,217,218].
In particular, the COVID-19 pandemic provides a fertile field for the evolution of PPH, an
opportunity to highlight its importance and bring together new tools and technologies to
complement traditional medical and public health approaches. PPH has already provided
valuable fruits of its application in the COVID-19 pandemic; i.e., Sharon Greene and colleagues
observed how the COVID-19 pandemic spread across New York City; they were able to map
outbreaks as they unfolded across individual neighborhoods almost in real time [216]. This gave
the team the opportunity to redistribute testing and protective supplies such as masks and gloves
to the right places [216]. Additionally, it is remarkable that the identification of the population
susceptible to severe forms of disease can be achieved not only via the clinical profile, but also
via the molecular characterization and genotyping of the different inflammatory responses. The
identification of these susceptibilities has provided a guideline to establish different treatment
strategies [219]. Another example is the identification of SARS-CoV-2 variants with clinical
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relevance; i.e., the Omicron outbreak [215]. Rapid characterizations of new outbreaks at the
geographic and genomic levels [220] have made it possible to better allocate resources [221,222]
as well as to prepare health care providers and facilities for the expected increase in the number
of cases [222]. Therefore, the development of vaccines is a breakthrough in the fight against
SARS-CoV-2 [223,224]. Various candidate vaccines including inactivated viral vaccines, live
attenuated vaccines, nucleic acid vaccines, viral-vectored vaccines, and protein or peptide
subunit vaccines are being rapidly developed, tested, and granted approval for emergency
use [225]. Currently, nasal-spray vaccines are now the new hope of many research groups that
are working on new kinds of inoculation. Rather than relying on injections, these use sprays
or drops administered through the nose or mouth that aim to improve protection against the
SARS-CoV-2 virus [226]. There are important theoretical advantages attributed to mucosal
vaccines compared to conventional injected vaccines. The mucosal site of inoculation favors
the activation of immune cells in the nasal mucosa and respiratory tract, thus allowing the
establishment of a more rapid and effective immune response, which could provide better
protection against asymptomatic or mild infections [226]. This represents an important strategy
to mitigate the SARS-CoV-2 pandemic.

The success of these interventions depends on integrative collaboration among the
private health sector, public health institutions, primary care providers, governments, and
communities [213]. PPH is now shaping the way humans interact with each other, and its
precepts are guiding our lives through the pandemic [212,217,227]. Figure 4 shows how
the PPH approach has served as a platform for designing and targeting these interventions
summarized in eight key points, from the detection of the first cases of an unknown
respiratory disease, to the integration of the clinical picture and identification of risk
factors [228] to molecular characterization and the development of accessible diagnostic
tests to develop effective drugs [229]. Similarly, artificial-intelligence-based models have
enabled the targeted search and identification of therapeutic targets and the ability to
redirect drugs approved for humans. Such is the case of baricitinib, which has shown a
significant benefit in patients with high oxygen requirements [230].

This approach has accelerated the transition from the practice of conventional medicine
to precision public health-based medicine. A little more than two years after the pandemic,
it seems that telemedicine is here to stay, not as a luxury but as a necessity to ensure
access to health care for everyone. Likewise, the safety and development of messenger
RNA-based vaccines have laid the groundwork to prevent not only COVID-19, but also
other diseases that impact humanity [238]. The development of SARS-CoV2 vaccines has
indirectly favored the development of immunotherapy by characterizing T-cell, B-cell, and
myeloid-cell responses. The implication of this knowledge has vast implications, especially
in cancer treatment. Currently, this type of strategy can be applied in future SARS-CoV-2
outbreaks to prevent pandemics [225]. Additionally, artificial intelligence (AI) is changing
drug development, and the best targets will now be unveiled [239]. Despite current and
emerging challenges, there is no better time to turn public health into PPH than now.
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Figure 4. Precision public health and precision medicine in the SARS-CoV-2 era. Conceptual framework
showing the integrated relevance of PPH and PM in response to the emergence of the COVID-19 pandemic.
(A) Respiratory illness outbreak. Cases of a new respiratory illness began to increase. (B) Molecular
diagnosis. Access to accurate tests allowed the confirmation of cases, and RT–qPCR is the gold standard
(sensitivity 93% and specificity 100%) [231,232]. (C) Epidemiological surveillance. Clinical and population
data are integrated by the epidemiological surveillance centers of the region. (D) Measures to mitigate
infections. Social distancing and mask use are implemented to reduce contagions. (E) Clinical and
pathological features. Eventually, with the increase in the number of cases, it is possible to build a clinical
and epidemiological profile, identifying risk factors and prognostic tools [233]. (F) Deep pathogenic and
immunological characterization. In an approach driven by technological development, it was possible to
perform a molecular characterization of the viral agent and to establish its infectious nature, as well as
the susceptibilities of populations in cellular, transcriptomic, genomic, and epigenomic approaches [228].
(G) Machine learning (ML)- and deep learning (DL)-based models for identifying new molecular targets.
The complementary method to conventional health care has been implemented based on AI such as ML
and DL to identify patterns of susceptibility and potential targets for drug development and vaccine
development [234]. (H) Vaccine development and new and repurposed drugs for SARS-CoV-2 infection.
Ultimately, with the advent of vaccines [235] and new drugs [236,237] useful against COVID-19, they open
the door to evaluating their efficacy on an ongoing basis with the goal of targeting the right intervention to
the right population at the right time.
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7. Conclusions

Transcriptomics analysis during the SARS-CoV-2 pandemic has allowed for the study
of the molecular mechanisms that are associated with the infection process and pathogenesis
of acute respiratory disease due to COVID-19 because it allows us to identify genes whose
expression is deregulated in response to the infection process using highly specific studies
such as those provided by new spatial transcriptomics technologies. Furthermore, analysis
of the transcripts produced by SARS-CoV-2 allows us to understand the composition of
its genome and its ability to adapt by generating variants that allow it to increase its
transmissibility between hosts, which can also increase its pathogenicity and the generation
of variants associated with the development of severe respiratory diseases. Likewise, rapid
advances in single-cell sequencing technologies have opened a new era for biomedical
research to identify new biomarkers and drug targets, greatly promoting the development
of more effective means for disease diagnosis, molecular subtyping, and medical treatment.
On the other hand, pandemics are large-scale outbreaks of infectious diseases in which
global morbidity and mortality can increase considerably, resulting in significant effects
on individual countries, the global economy, and politics. The epidemiological record
recently suggested that pandemics have increased over the past century due to increased
continental and intercontinental travel as well as movement of persons. Consequently,
the likelihood of future outbreaks is increasing, driving the need to find better and faster
strategies to treat viral diseases, such as nucleic acid-based therapy, which, due to its high
target specificity, is a promising target therapy to overcome future infectious diseases such
as SARS-CoV-2.

Notably, current medicine has a series of commitments in terms of humanity that
have been accentuated by the global crisis caused by SARS-CoV-2. Human decisions
play a crucial role in the diagnosis and treatment of an emerging clinical entity, but they
have limitations with respect to optimizing and distributing resources and vaccination.
This is an opportune moment for the term PPH to be revitalized given a massive analysis
(transcriptomics, epidemiological, clinical, biochemical, genomics, genetics, and proteomics,
among others) to generate predictive algorithms within the reach of anyone using digital
platforms that facilitate individualizing life-and-death decisions. Lastly, there is a need to
create synergies among omics sciences and RNA-based therapies to enable the development
of advanced PPH-focused systems that facilitate the elicitation of relevant clinical strategies
for rapid decision making and support the personalized management of SARS-CoV-2-
infected patients in case a new wave of this virus should emerge.
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et al. SARS-CoV-2 Quasispecies Mediate Rapid Virus Evolution and Adaptation. J. Virol. 2020, 96, 5. [CrossRef]
27. Fuentes-Prior, P. Priming of SARS-CoV-2 S Protein by Several Membrane-Bound Serine Proteinases Could Explain Enhanced

Viral Infectivity and Systemic COVID-19 Infection. J. Biol. Chem. 2021, 296, 100135. [CrossRef] [PubMed]
28. Al Khatib, H.A.; Benslimane, F.M.; Elbashir, I.E.; Coyle, P.V.; Al Maslamani, M.A.; Al-Khal, A.; Al Thani, A.A.; Yassine, H.M.

Within-Host Diversity of SARS-CoV-2 in COVID-19 Patients With Variable Disease Severities. Front. Cell. Infect. Microbiol. 2020,
10, 575613. [CrossRef]

29. Li, C.; Chen, J.; Lv, S.; Li, J.; Li, L.; Hu, X. Whole-Transcriptome RNA Sequencing Reveals Significant Differentially Expressed
MRNAs, MiRNAs, and LncRNAs and Related Regulating Biological Pathways in the Peripheral Blood of COVID-19 Patients.
Mediat. Inflamm. 2021, 2021, e6635925. [CrossRef]

30. Kumar, N.; Mishra, B.; Mehmood, A.; Athar, M.; Mukhtar, M.S. Integrative Network Biology Framework Elucidates Molecular
Mechanisms of SARS-CoV-2 Pathogenesis. iScience 2020, 23, 101526. [CrossRef]

31. Christensen, E.E.; Jørgensen, M.J.; Nore, K.G.; Dahl, T.B.; Yang, K.; Ranheim, T.; Huse, C.; Lind, A.; Nur, S.; Stiksrud, B.; et al.
Critical COVID-19 Is Associated with Distinct Leukocyte Phenotypes and Transcriptome Patterns. J. Intern. Med. 2021, 290,
677–692. [CrossRef] [PubMed]

32. Salgado-Albarrán, M.; Navarro-Delgado, E.I.; Del Moral-Morales, A.; Alcaraz, N.; Baumbach, J.; González-Barrios, R.; Soto-Reyes,
E. Comparative Transcriptome Analysis Reveals Key Epigenetic Targets in SARS-CoV-2 Infection. NPJ Syst. Biol. Appl. 2021, 7, 21.
[CrossRef] [PubMed]

33. Krishnamoorthy, P.; Raj, A.S.; Roy, S.; Kumar, N.S.; Kumar, H. Comparative Transcriptome Analysis of SARS-CoV, MERS-CoV,
and SARS-CoV-2 to Identify Potential Pathways for Drug Repurposing. Comput. Biol. Med. 2021, 128, 104123. [CrossRef]

34. Lara-Ureña, N.; García-Domínguez, M. Relevance of BET Family Proteins in SARS-CoV-2 Infection. Biomolecules 2021, 11, 1126.
[CrossRef] [PubMed]

35. Lam, S.M.; Zhang, C.; Wang, Z.; Ni, Z.; Zhang, S.; Yang, S.; Huang, X.; Mo, L.; Li, J.; Lee, B.; et al. A Multi-Omics Investigation of
the Composition and Function of Extracellular Vesicles along the Temporal Trajectory of COVID-19. Nat. Metab. 2021, 3, 909–922.
[CrossRef]

36. Longo, S.K.; Guo, M.G.; Ji, A.L.; Khavari, P.A. Integrating Single-Cell and Spatial Transcriptomics to Elucidate Intercellular Tissue
Dynamics. Nat. Rev. Genet. 2021, 22, 627–644. [CrossRef]

37. Margaroli, C.; Benson, P.; Sharma, N.S.; Madison, M.C.; Robison, S.W.; Arora, N.; Ton, K.; Liang, Y.; Zhang, L.; Patel, R.P.; et al.
Spatial Mapping of SARS-CoV-2 and H1N1 Lung Injury Identifies Differential Transcriptional Signatures. Cell Rep. Med. 2021,
2, 100242. [CrossRef]

38. Desai, N.; Neyaz, A.; Szabolcs, A.; Shih, A.R.; Chen, J.H.; Thapar, V.; Nieman, L.T.; Solovyov, A.; Mehta, A.; Lieb, D.J.; et al.
Temporal and Spatial Heterogeneity of Host Response to SARS-CoV-2 Pulmonary Infection. Nat. Commun. 2020, 11, 6319.
[CrossRef]

39. Conesa, A.; Beck, S. Making Multi-Omics Data Accessible to Researchers. Sci. Data 2019, 6, 251. [CrossRef]
40. Sabato, L.D.; Vaccari, G.; Knijn, A.; Ianiro, G.; Bartolo, I.D.; Morabito, S. SARS-CoV-2 RECoVERY: A Multi-Platform Open-Source

Bioinformatic Pipeline for the Automatic Construction and Analysis of SARS-CoV-2 Genomes from NGS Sequencing Data.
bioRxiv 2021, 425365. [CrossRef]

41. da Rosa, R.L.; Yang, T.S.; Tureta, E.F.; de Oliveira, L.R.S.; Moraes, A.N.S.; Tatara, J.M.; Costa, R.P.; Borges, J.S.; Alves, C.I.; Berger,
M.; et al. SARSCOVIDB—A New Platform for the Analysis of the Molecular Impact of SARS-CoV-2 Viral Infection. ACS Omega
2021, 6, 3238–3243. [CrossRef] [PubMed]

http://doi.org/10.1016/S2666-5247(21)00068-9
http://doi.org/10.1101/2021.02.23.21252259
http://doi.org/10.1016/j.chom.2021.02.003
http://doi.org/10.1016/j.cell.2021.03.013
http://www.ncbi.nlm.nih.gov/pubmed/33743213
http://doi.org/10.1016/j.cell.2020.06.043
http://www.ncbi.nlm.nih.gov/pubmed/32697968
http://doi.org/10.1371/journal.pone.0247115
http://doi.org/10.1371/journal.pgen.1008271
http://doi.org/10.1016/0169-5347(92)90145-2
http://doi.org/10.1101/2020.08.10.241414
http://doi.org/10.1074/jbc.REV120.015980
http://www.ncbi.nlm.nih.gov/pubmed/33268377
http://doi.org/10.3389/fcimb.2020.575613
http://doi.org/10.1155/2021/6635925
http://doi.org/10.1016/j.isci.2020.101526
http://doi.org/10.1111/joim.13310
http://www.ncbi.nlm.nih.gov/pubmed/34080738
http://doi.org/10.1038/s41540-021-00181-x
http://www.ncbi.nlm.nih.gov/pubmed/34031419
http://doi.org/10.1016/j.compbiomed.2020.104123
http://doi.org/10.3390/biom11081126
http://www.ncbi.nlm.nih.gov/pubmed/34439792
http://doi.org/10.1038/s42255-021-00425-4
http://doi.org/10.1038/s41576-021-00370-8
http://doi.org/10.1016/j.xcrm.2021.100242
http://doi.org/10.1038/s41467-020-20139-7
http://doi.org/10.1038/s41597-019-0258-4
http://doi.org/10.1101/2021.01.16.425365
http://doi.org/10.1021/acsomega.0c05701
http://www.ncbi.nlm.nih.gov/pubmed/33553941


Int. J. Mol. Sci. 2022, 23, 11058 21 of 29

42. Chen, A.T.; Altschuler, K.; Zhan, S.H.; Chan, Y.A.; Deverman, B.E. COVID-19 CG Enables SARS-CoV-2 Mutation and Lineage
Tracking by Locations and Dates of Interest. eLife 2021, 10, e63409. [CrossRef] [PubMed]

43. Hwang, B.; Lee, J.H.; Bang, D. Single-Cell RNA Sequencing Technologies and Bioinformatics Pipelines. Exp. Mol. Med. 2018,
50, 1–14. [CrossRef] [PubMed]

44. Aldridge, S.; Teichmann, S.A. Single Cell Transcriptomics Comes of Age. Nat. Commun. 2020, 11, 4307. [CrossRef] [PubMed]
45. Svensson, V.; Vento-Tormo, R.; Teichmann, S.A. Exponential Scaling of Single-Cell RNA-Seq in the Past Decade. Nat. Protoc. 2018,

13, 599–604. [CrossRef]
46. Andrews, T.S.; Kiselev, V.Y.; McCarthy, D.; Hemberg, M. Tutorial: Guidelines for the Computational Analysis of Single-Cell RNA

Sequencing Data. Nat. Protoc. 2021, 16, 1–9. [CrossRef]
47. Gao, C.; Zhang, M.; Chen, L. The Comparison of Two Single-Cell Sequencing Platforms: BD Rhapsody and 10x Genomics

Chromium. Curr. Genom. 2020, 21, 602–609. [CrossRef]
48. See, P.; Lum, J.; Chen, J.; Ginhoux, F. A Single-Cell Sequencing Guide for Immunologists. Front. Immunol. 2018, 9, 2425. [CrossRef]
49. Zheng, G.X.Y.; Terry, J.M.; Belgrader, P.; Ryvkin, P.; Bent, Z.W.; Wilson, R.; Ziraldo, S.B.; Wheeler, T.D.; McDermott, G.P.; Zhu, J.;

et al. Massively Parallel Digital Transcriptional Profiling of Single Cells. Nat. Commun. 2017, 8, 14049. [CrossRef]
50. Singh, M.; Bansal, V.; Feschotte, C. A Single-Cell RNA Expression Map of Human Coronavirus Entry Factors. Cell Rep. 2020,

32, 108175. [CrossRef]
51. Luecken, M.D.; Theis, F.J. Current Best Practices in Single-cell RNA-seq Analysis: A Tutorial. Mol. Syst. Biol. 2019, 15, e8746.

[CrossRef] [PubMed]
52. 10X Genomics Getting Started with Single Cell Gene Expression 2021. Available online: https://support.10xgenomics.com/

single-cell-gene-expression/software/pipelines/latest/installation (accessed on 31 July 2022).
53. Zhang, J.-Y.; Wang, X.-M.; Xing, X.; Xu, Z.; Zhang, C.; Song, J.-W.; Fan, X.; Xia, P.; Fu, J.-L.; Wang, S.-Y.; et al. Single-Cell Landscape

of Immunological Responses in Patients with COVID-19. Nat. Immunol. 2020, 21, 1107–1118. [CrossRef] [PubMed]
54. Stuart, T.; Butler, A.; Hoffman, P.; Hafemeister, C.; Papalexi, E.; Mauck, W.M.; Hao, Y.; Stoeckius, M.; Smibert, P.; Satija, R.

Comprehensive Integration of Single-Cell Data. Cell 2019, 177, 1888–1902.e21. [CrossRef] [PubMed]
55. Wolock, S.L.; Lopez, R.; Klein, A.M. Scrublet: Computational Identification of Cell Doublets in Single-Cell Transcriptomic Data.

Cell Syst. 2019, 8, 281–291.e9. [CrossRef] [PubMed]
56. Zeming, K.K.; Thakor, N.V.; Zhang, Y.; Chen, C.-H. Real-Time Modulated Nanoparticle Separation with an Ultra-Large Dynamic

Range. Lab Chip 2016, 16, 75–85. [CrossRef]
57. Young, M.D.; Behjati, S. SoupX Removes Ambient RNA Contamination from Droplet-Based Single-Cell RNA Sequencing Data.

GigaScience 2020, 9, giaa151. [CrossRef]
58. Kim, D.; Pertea, G.; Trapnell, C.; Pimentel, H.; Kelley, R.; Salzberg, S.L. TopHat2: Accurate Alignment of Transcriptomes in the

Presence of Insertions, Deletions and Gene Fusions. Genome Biol. 2013, 14, R36. [CrossRef]
59. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast

Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]
60. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and

HISAT-Genotype. Nat. Biotechnol. 2019, 37, 907–915. [CrossRef]
61. Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.; Pachter, L. Differential

Gene and Transcript Expression Analysis of RNA-Seq Experiments with TopHat and Cufflinks. Nat. Protoc. 2012, 7, 562–578.
[CrossRef]

62. Li, B.; Dewey, C.N. RSEM: Accurate Transcript Quantification from RNA-Seq Data with or without a Reference Genome. BMC
Bioinform. 2011, 12, 323. [CrossRef] [PubMed]

63. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.-C.; Mendell, J.T.; Salzberg, S.L. StringTie Enables Improved Reconstruction
of a Transcriptome from RNA-Seq Reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef] [PubMed]

64. Butler, A.; Hoffman, P.; Smibert, P.; Papalexi, E.; Satija, R. Integrating Single-Cell Transcriptomic Data across Different Conditions,
Technologies, and Species. Nat. Biotechnol. 2018, 36, 411–420. [CrossRef] [PubMed]

65. Shin, J.; Berg, D.A.; Zhu, Y.; Shin, J.Y.; Song, J.; Bonaguidi, M.A.; Enikolopov, G.; Nauen, D.W.; Christian, K.M.; Ming, G.; et al.
Single-Cell RNA-Seq with Waterfall Reveals Molecular Cascades Underlying Adult Neurogenesis. Cell Stem Cell 2015, 17, 360–372.
[CrossRef]

66. Ji, Z.; Ji, H. TSCAN: Pseudo-Time Reconstruction and Evaluation in Single-Cell RNA-Seq Analysis. Nucleic Acids Res. 2016,
44, e117. [CrossRef]

67. Ren, X.; Wen, W.; Fan, X.; Hou, W.; Su, B.; Cai, P.; Li, J.; Liu, Y.; Tang, F.; Zhang, F.; et al. COVID-19 Immune Features Revealed by
a Large-Scale Single-Cell Transcriptome Atlas. Cell 2021, 184, 1895–1913.e19. [CrossRef]

68. Teichmann, S.; Regev, A. The Network Effect: Studying COVID-19 Pathology with the Human Cell Atlas. Nat. Rev. Mol. Cell Biol.
2020, 21, 415–416. [CrossRef]

69. Delorey, T.M.; Ziegler, C.G.K.; Heimberg, G.; Normand, R.; Yang, Y.; Segerstolpe, A.; Abbondanza, D.; Fleming, S.J.; Subramanian,
A.; Montoro, D.T.; et al. A Single-Cell and Spatial Atlas of Autopsy Tissues Reveals Pathology and Cellular Targets of SARS-CoV-2.
bioRxiv 2021. [CrossRef]

http://doi.org/10.7554/eLife.63409
http://www.ncbi.nlm.nih.gov/pubmed/33620031
http://doi.org/10.1038/s12276-018-0071-8
http://www.ncbi.nlm.nih.gov/pubmed/30089861
http://doi.org/10.1038/s41467-020-18158-5
http://www.ncbi.nlm.nih.gov/pubmed/32855414
http://doi.org/10.1038/nprot.2017.149
http://doi.org/10.1038/s41596-020-00409-w
http://doi.org/10.2174/1389202921999200625220812
http://doi.org/10.3389/fimmu.2018.02425
http://doi.org/10.1038/ncomms14049
http://doi.org/10.1016/j.celrep.2020.108175
http://doi.org/10.15252/msb.20188746
http://www.ncbi.nlm.nih.gov/pubmed/31217225
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/installation
http://doi.org/10.1038/s41590-020-0762-x
http://www.ncbi.nlm.nih.gov/pubmed/32788748
http://doi.org/10.1016/j.cell.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31178118
http://doi.org/10.1016/j.cels.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30954476
http://doi.org/10.1039/C5LC01051A
http://doi.org/10.1093/gigascience/giaa151
http://doi.org/10.1186/gb-2013-14-4-r36
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1038/s41587-019-0201-4
http://doi.org/10.1038/nprot.2012.016
http://doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
http://doi.org/10.1038/nbt.3122
http://www.ncbi.nlm.nih.gov/pubmed/25690850
http://doi.org/10.1038/nbt.4096
http://www.ncbi.nlm.nih.gov/pubmed/29608179
http://doi.org/10.1016/j.stem.2015.07.013
http://doi.org/10.1093/nar/gkw430
http://doi.org/10.1016/j.cell.2021.01.053
http://doi.org/10.1038/s41580-020-0267-3
http://doi.org/10.1101/2021.02.25.430130


Int. J. Mol. Sci. 2022, 23, 11058 22 of 29

70. Jin, K.; Bardes, E.E.; Mitelpunkt, A.; Wang, J.Y.; Bhatnagar, S.; Sengupta, S.; Krummel, D.P.; Rothenberg, M.E.; Aronow, B.J. An
Interactive Single Cell Web Portal Identifies Gene and Cell Networks in COVID-19 Host Responses. iScience 2021, 24, 103115.
[CrossRef]

71. Chua, R.L.; Lukassen, S.; Trump, S.; Hennig, B.P.; Wendisch, D.; Pott, F.; Debnath, O.; Thürmann, L.; Kurth, F.; Völker, M.T.;
et al. COVID-19 Severity Correlates with Airway Epithelium–Immune Cell Interactions Identified by Single-Cell Analysis. Nat.
Biotechnol. 2020, 38, 970–979. [CrossRef]

72. Sungnak, W. SARS-CoV-2 Entry Factors Are Highly Expressed in Nasal Epithelial Cells Together with Innate Immune Genes. Nat.
Med. 2020, 26, 14. [CrossRef] [PubMed]

73. The NHLBI LungMap Consortium; The Human Cell Atlas Lung Biological Network; Muus, C.; Luecken, M.D.; Eraslan, G.;
Sikkema, L.; Waghray, A.; Heimberg, G.; Kobayashi, Y.; Vaishnav, E.D.; et al. Single-Cell Meta-Analysis of SARS-CoV-2 Entry
Genes across Tissues and Demographics. Nat. Med. 2021, 27, 546–559. [CrossRef] [PubMed]

74. Sen, K.; Datta, S.; Ghosh, A.; Jha, A.; Ahad, A.; Chatterjee, S.; Suranjika, S.; Sengupta, S.; Bhattacharya, G.; Shriwas, O.; et al.
Single-Cell Immunogenomic Approach Identified SARS-CoV-2 Protective Immune Signatures in Asymptomatic Direct Contacts
of COVID-19 Cases. Front. Immunol. 2021, 12, 733539. [CrossRef] [PubMed]

75. Fuchs, O. Single-Cell Transcriptomics: Technology and Applications. In Single-Cell Omics; Elsevier: Amsterdam, The Netherlands,
2019; pp. 231–251. ISBN 978-0-12-814919-5.

76. Zhang, J.; Wang, W.; Huang, J.; Wang, X.; Zeng, Y. How Far Is Single-cell Sequencing from Clinical Application? Clin. Transl. Med.
2020, 10, e117. [CrossRef] [PubMed]

77. Ozsolak, F.; Milos, P.M. RNA Sequencing: Advances, Challenges and Opportunities. Nat. Rev. Genet. 2011, 12, 87–98. [CrossRef]
[PubMed]

78. Garalde, D.R.; Snell, E.A.; Jachimowicz, D.; Sipos, B.; Lloyd, J.H.; Bruce, M.; Pantic, N.; Admassu, T.; James, P.; Warland, A.; et al.
Highly Parallel Direct RNA Sequencing on an Array of Nanopores. Nat. Methods 2018, 15, 201–206. [CrossRef]

79. Weirather, J.L.; de Cesare, M.; Wang, Y.; Piazza, P.; Sebastiano, V.; Wang, X.-J.; Buck, D.; Au, K.F. Comprehensive Comparison of
Pacific Biosciences and Oxford Nanopore Technologies and Their Applications to Transcriptome Analysis. F1000Research 2017,
6, 100. [CrossRef]

80. Moor, A.E.; Itzkovitz, S. Spatial Transcriptomics: Paving the Way for Tissue-Level Systems Biology. Curr. Opin. Biotechnol. 2017,
46, 126–133. [CrossRef]

81. Tang, A.D.; Soulette, C.M.; van Baren, M.J.; Hart, K.; Hrabeta-Robinson, E.; Wu, C.J.; Brooks, A.N. Full-Length Transcript
Characterization of SF3B1 Mutation in Chronic Lymphocytic Leukemia Reveals Downregulation of Retained Introns. Nat.
Commun. 2020, 11, 1438. [CrossRef]

82. Wyman, D.; Balderrama-Gutierrez, G.; Reese, F.; Jiang, S.; Rahmanian, S.; Forner, S.; Matheos, D.; Zeng, W.; Williams, B.; Trout,
D.; et al. A Technology-Agnostic Long-Read Analysis Pipeline for Transcriptome Discovery and Quantification. bioRxiv 2020.
[CrossRef]

83. World Health Organization COVID-19 Weekly Epidemiological Update 2021. Available online: https://apps.who.int/iris/
handle/10665/351137 (accessed on 31 July 2022).

84. Centers for Disease Control and Prevention SARS-CoV-2 Variant Classifications and Definitions 2021. Available online: https:
//www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html (accessed on 31 July 2022).

85. Shu, Y.; McCauley, J. GISAID: Global Initiative on Sharing All Influenza Data—From Vision to Reality. Euro Surveill. 2017,
22, 30494. [CrossRef]

86. Pillay, S.; Giandhari, J.; Tegally, H.; Wilkinson, E.; Chimukangara, B.; Lessells, R.; Moosa, Y.; Mattison, S.; Gazy, I.; Fish, M.; et al.
Whole Genome Sequencing of SARS-CoV-2: Adapting Illumina Protocols for Quick and Accurate Outbreak Investigation during
a Pandemic. Genes 2020, 11, 949. [CrossRef] [PubMed]

87. Elbe, S.; Buckland-Merrett, G. Data, Disease and Diplomacy: GISAID’s Innovative Contribution to Global Health: Data, Disease
and Diplomacy. Glob. Chall. 2017, 1, 33–46. [CrossRef] [PubMed]

88. Mignardi, M.; Nilsson, M. Fourth-Generation Sequencing in the Cell and the Clinic. Genome Med. 2014, 6, 31. [CrossRef]
89. Cocquet, J.; Chong, A.; Zhang, G.; Veitia, R.A. Reverse Transcriptase Template Switching and False Alternative Transcripts.

Genomics 2006, 88, 127–131. [CrossRef] [PubMed]
90. Tyson, J.R.; James, P.; Stoddart, D.; Sparks, N.; Wickenhagen, A.; Hall, G.; Choi, J.H.; Lapointe, H.; Kamelian, K.; Smith, A.D.;

et al. Improvements to the ARTIC Multiplex PCR Method for SARS-CoV-2 Genome Sequencing Using Nanopore. bioRxiv 2020.
[CrossRef]

91. Campos, J.H.C.; Maricato, J.T.; Braconi, C.T.; Antoneli, F.; Janini, L.M.R.; Briones, M.R.S. Direct RNA Sequencing Reveals
SARS-CoV-2 M6A Sites and Possible Differential DRACH Motif Methylation among Variants. Viruses 2021, 13, 2108. [CrossRef]

92. Vacca, D.; Fiannaca, A.; Tramuto, F.; Cancila, V.; La Paglia, L.; Mazzucco, W.; Gulino, A.; La Rosa, M.; Maida, C.M.; Morello, G.;
et al. Direct RNA Nanopore Sequencing of SARS-CoV-2 Extracted from Critical Material from Swabs. Life. 2022, 12, 69. [CrossRef]

93. Viehweger, A.; Krautwurst, S.; Lamkiewicz, K.; Madhugiri, R.; Ziebuhr, J.; Hölzer, M.; Marz, M. Direct RNA Nanopore Sequencing
of Full-Length Coronavirus Genomes Provides Novel Insights into Structural Variants and Enables Modification Analysis. Genome
Res. 2019, 29, 1545–1554. [CrossRef]

94. Athanasopoulou, K.; Boti, M.A.; Adamopoulos, P.G.; Skourou, P.C.; Scorilas, A. Third-Generation Sequencing: The Spearhead
towards the Radical Transformation of Modern Genomics. Life 2021, 12, 30. [CrossRef]

http://doi.org/10.1016/j.isci.2021.103115
http://doi.org/10.1038/s41587-020-0602-4
http://doi.org/10.1038/s41591-020-0868-6
http://www.ncbi.nlm.nih.gov/pubmed/32327758
http://doi.org/10.1038/s41591-020-01227-z
http://www.ncbi.nlm.nih.gov/pubmed/33654293
http://doi.org/10.3389/fimmu.2021.733539
http://www.ncbi.nlm.nih.gov/pubmed/34899693
http://doi.org/10.1186/1479-5876-10-117
http://www.ncbi.nlm.nih.gov/pubmed/32623809
http://doi.org/10.1038/nrg2934
http://www.ncbi.nlm.nih.gov/pubmed/21191423
http://doi.org/10.1038/nmeth.4577
http://doi.org/10.12688/f1000research.10571.2
http://doi.org/10.1016/j.copbio.2017.02.004
http://doi.org/10.1038/s41467-020-15171-6
http://doi.org/10.1101/672931
https://apps.who.int/iris/handle/10665/351137
https://apps.who.int/iris/handle/10665/351137
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
http://doi.org/10.2807/1560-7917.ES.2017.22.13.30494
http://doi.org/10.3390/genes11080949
http://www.ncbi.nlm.nih.gov/pubmed/32824573
http://doi.org/10.1002/gch2.1018
http://www.ncbi.nlm.nih.gov/pubmed/31565258
http://doi.org/10.1186/gm548
http://doi.org/10.1016/j.ygeno.2005.12.013
http://www.ncbi.nlm.nih.gov/pubmed/16457984
http://doi.org/10.1101/2020.09.04.283077
http://doi.org/10.3390/v13112108
http://doi.org/10.3390/life12010069
http://doi.org/10.1101/gr.247064.118
http://doi.org/10.3390/life12010030


Int. J. Mol. Sci. 2022, 23, 11058 23 of 29

95. Vandelli, A.; Monti, M.; Milanetti, E.; Armaos, A.; Rupert, J.; Zacco, E.; Bechara, E.; Delli Ponti, R.; Tartaglia, G.G. Structural
Analysis of SARS-CoV-2 Genome and Predictions of the Human Interactome. Nucleic Acids Res. 2020, 48, 11270–11283. [CrossRef]
[PubMed]

96. Bojkova, D.; Klann, K.; Koch, B.; Widera, M.; Krause, D.; Ciesek, S.; Cinatl, J.; Münch, C. Proteomics of SARS-CoV-2-infected host
cells reveals therapy targets. Nature 2020, 586, 469–472. [CrossRef] [PubMed]

97. World Health Organization Genomic Sequencing of SARS-CoV-2 A Guide to Implementation for Maximum Impact on Public
Health 8 January 2021. Available online: https://www.who.int/publications/i/item/9789240018440 (accessed on 31 July 2022).

98. Husso, T.; Ylä-Herttuala, S.; Turunen, M.P. A New Gene Therapy Approach for Cardiovascular Disease by Non-Coding RNAs
Acting in the Nucleus. Mol. Ther. Nucleic Acids 2014, 3, e197. [CrossRef] [PubMed]

99. Zhang, S.; Chen, L.; Zhang, Y.; Fang, D. Alleviation of Neurological Disease by RNA Editing. Methods 2021, 194, 94–99. [CrossRef]
[PubMed]

100. Slack, F.J.; Chinnaiyan, A.M. The Role of Non-Coding RNAs in Oncology. Cell 2019, 179, 1033–1055. [CrossRef] [PubMed]
101. Lin, X.; Liu, Y.; Chemparathy, A.; Pande, T.; La Russa, M.; Qi, L.S. A Comprehensive Analysis and Resource to Use CRISPR-Cas13

for Broad-Spectrum Targeting of RNA Viruses. Cell Rep. Med. 2021, 2, 100245. [CrossRef] [PubMed]
102. Klim, J.R.; Vance, C.; Scotter, E.L. Antisense Oligonucleotide Therapies for Amyotrophic Lateral Sclerosis: Existing and Emerging

Targets. Int. J. Biochem. Cell Biol. 2019, 110, 149–153. [CrossRef]
103. Abu-Baker, A.; Kharma, N.; Perreault, J.; Grant, A.; Shekarabi, M.; Maios, C.; Dona, M.; Neri, C.; Dion, P.A.; Parker, A.; et al.

RNA-Based Therapy Utilizing Oculopharyngeal Muscular Dystrophy Transcript Knockdown and Replacement. Mol. Ther. Nucleic
Acids 2019, 15, 12–25. [CrossRef]

104. Ledford, H. Gene-Silencing Technology Gets First Drug Approval after 20-Year Wait. Nature 2018, 560, 291–292. [CrossRef]
[PubMed]

105. van de Berg, D.; Kis, Z.; Behmer, C.F.; Samnuan, K.; Blakney, A.K.; Kontoravdi, C.; Shattock, R.; Shah, N. Quality by Design
Modelling to Support Rapid RNA Vaccine Production against Emerging Infectious Diseases. NPJ Vaccines 2021, 6, 65. [CrossRef]
[PubMed]

106. Sahin, U.; Oehm, P.; Derhovanessian, E.; Jabulowsky, R.A.; Vormehr, M.; Gold, M.; Maurus, D.; Schwarck-Kokarakis, D.; Kuhn,
A.N.; Omokoko, T.; et al. An RNA Vaccine Drives Immunity in Checkpoint-Inhibitor-Treated Melanoma. Nature 2020, 585,
107–112. [CrossRef] [PubMed]

107. Dowdy, S.F. Overcoming Cellular Barriers for RNA Therapeutics. Nat. Biotechnol. 2017, 35, 8. [CrossRef] [PubMed]
108. Francisco, V.; Rebelo, C.; Rodrigues, A.F.; Blersch, J.; Fernandes, H.; Ferreira, L. A High-Throughput Screening Platform to

Identify Nanocarriers for Efficient Delivery of RNA-Based Therapies. Methods 2020, 190, 13–25. [CrossRef] [PubMed]
109. Juliano, R.L.; Ming, X.; Carver, K.; Laing, B. Cellular Uptake and Intracellular Trafficking of Oligonucleotides: Implications for

Oligonucleotide Pharmacology. Nucleic Acid Ther. 2014, 24, 101–113. [CrossRef] [PubMed]
110. Chow, M.Y.T.; Qiu, Y.; Lam, J.K.W. Inhaled RNA Therapy: From Promise to Reality. Trends Pharmacol. Sci. 2020, 41, 715–729.

[CrossRef] [PubMed]
111. Finkel, R.S.; Mercuri, E.; Darras, B.T.; Connolly, A.M.; Kuntz, N.L.; Kirschner, J.; Chiriboga, C.A.; Saito, K.; Servais, L.; Tizzano,

E.; et al. Nusinersen versus Sham Control in Infantile-Onset Spinal Muscular Atrophy. N. Engl. J. Med. 2017, 377, 1723–1732.
[CrossRef]

112. Neil, E.E.; Bisaccia, E.K. Nusinersen: A Novel Antisense Oligonucleotide for the Treatment of Spinal Muscular Atrophy. J. Pediatr.
Pharmacol. Ther. 2019, 24, 194–203. [CrossRef]

113. De Wel, B.; Goosens, V.; Sobota, A.; Van Camp, E.; Geukens, E.; Van Kerschaver, G.; Jagut, M.; Claes, K.; Claeys, K.G. Nusinersen
Treatment Significantly Improves Hand Grip Strength, Hand Motor Function and MRC Sum Scores in Adult Patients with Spinal
Muscular Atrophy Types 3 and 4. J. Neurol. 2021, 268, 923–935. [CrossRef]

114. Adams, D.; Polydefkis, M.; González-Duarte, A.; Wixner, J.; Kristen, A.V.; Schmidt, H.H.; Berk, J.L.; Losada López, I.A.;
Dispenzieri, A.; Quan, D.; et al. Long-Term Safety and Efficacy of Patisiran for Hereditary Transthyretin-Mediated Amyloidosis
with Polyneuropathy: 12-Month Results of an Open-Label Extension Study. Lancet Neurol. 2021, 20, 49–59. [CrossRef]

115. Adams, D.; Gonzalez-Duarte, A.; O’Riordan, W.D.; Yang, C.-C.; Ueda, M.; Kristen, A.V.; Tournev, I.; Schmidt, H.H.; Coelho, T.;
Berk, J.L.; et al. Patisiran, an RNAi Therapeutic, for Hereditary Transthyretin Amyloidosis. N. Engl. J. Med. 2018, 379, 11–21.
[CrossRef]

116. Coelho, T.; Adams, D.; Silva, A.; Lozeron, P.; Hawkins, P.N.; Mant, T.; Perez, J.; Chiesa, J.; Warrington, S.; Tranter, E.; et al. Safety
and Efficacy of RNAi Therapy for Transthyretin Amyloidosis. N. Engl. J. Med. 2013, 369, 819–829. [CrossRef] [PubMed]

117. Niktab, I.; Haghparast, M.; Beigi, M.-H.; Megraw, T.L.; Kiani, A.; Ghaedi, K. Design of Advanced SiRNA Therapeutics for the
Treatment of COVID-19. Meta Gene 2021, 29, 100910. [CrossRef] [PubMed]

118. Steinbach, J.M.; Weller, C.E.; Booth, C.J.; Saltzman, W.M. Polymer Nanoparticles Encapsulating SiRNA for Treatment of HSV-2
Genital Infection. J. Control. Release 2012, 162, 102–110. [CrossRef] [PubMed]

119. Yin, L.; Zhao, F.; Sun, H.; Wang, Z.; Huang, Y.; Zhu, W.; Xu, F.; Mei, S.; Liu, X.; Zhang, D.; et al. CRISPR-Cas13a Inhibits HIV-1
Infection. Mol. Ther. Nucleic Acids 2020, 21, 147–155. [CrossRef]

120. Cao, C.; Cai, Z.; Xiao, X.; Rao, J.; Chen, J.; Hu, N.; Yang, M.; Xing, X.; Wang, Y.; Li, M.; et al. The Architecture of the SARS-CoV-2
RNA Genome inside Virion. Nat. Commun. 2021, 12, 3917. [CrossRef]

http://doi.org/10.1093/nar/gkaa864
http://www.ncbi.nlm.nih.gov/pubmed/33068416
http://doi.org/10.1038/s41586-020-2332-7
http://www.ncbi.nlm.nih.gov/pubmed/32408336
https://www.who.int/publications/i/item/9789240018440
http://doi.org/10.1038/mtna.2014.48
http://www.ncbi.nlm.nih.gov/pubmed/25405466
http://doi.org/10.1016/j.ymeth.2021.04.023
http://www.ncbi.nlm.nih.gov/pubmed/33933604
http://doi.org/10.1016/j.cell.2019.10.017
http://www.ncbi.nlm.nih.gov/pubmed/31730848
http://doi.org/10.1016/j.xcrm.2021.100245
http://www.ncbi.nlm.nih.gov/pubmed/33778788
http://doi.org/10.1016/j.biocel.2019.03.009
http://doi.org/10.1016/j.omtn.2019.02.003
http://doi.org/10.1038/d41586-018-05867-7
http://www.ncbi.nlm.nih.gov/pubmed/30108348
http://doi.org/10.1038/s41541-021-00322-7
http://www.ncbi.nlm.nih.gov/pubmed/33927197
http://doi.org/10.1038/s41586-020-2537-9
http://www.ncbi.nlm.nih.gov/pubmed/32728218
http://doi.org/10.1038/nbt.3802
http://www.ncbi.nlm.nih.gov/pubmed/28244992
http://doi.org/10.1016/j.ymeth.2020.12.002
http://www.ncbi.nlm.nih.gov/pubmed/33359052
http://doi.org/10.1089/nat.2013.0463
http://www.ncbi.nlm.nih.gov/pubmed/24383421
http://doi.org/10.1016/j.tips.2020.08.002
http://www.ncbi.nlm.nih.gov/pubmed/32893004
http://doi.org/10.1056/NEJMoa1702752
http://doi.org/10.5863/1551-6776-24.3.194
http://doi.org/10.1007/s00415-020-10223-9
http://doi.org/10.1016/S1474-4422(20)30368-9
http://doi.org/10.1056/NEJMoa1716153
http://doi.org/10.1056/NEJMoa1208760
http://www.ncbi.nlm.nih.gov/pubmed/23984729
http://doi.org/10.1016/j.mgene.2021.100910
http://www.ncbi.nlm.nih.gov/pubmed/33996501
http://doi.org/10.1016/j.jconrel.2012.06.008
http://www.ncbi.nlm.nih.gov/pubmed/22705461
http://doi.org/10.1016/j.omtn.2020.05.030
http://doi.org/10.1038/s41467-021-22785-x


Int. J. Mol. Sci. 2022, 23, 11058 24 of 29

121. Liu, C.; Zhou, Q.; Li, Y.; Garner, L.V.; Watkins, S.P.; Carter, L.J.; Smoot, J.; Gregg, A.C.; Daniels, A.D.; Jervey, S.; et al. Research and
Development on Therapeutic Agents and Vaccines for COVID-19 and Related Human Coronavirus Diseases. ACS Cent. Sci. 2020,
6, 315–331. [CrossRef]

122. Du, L.; He, Y.; Zhou, Y.; Liu, S.; Zheng, B.-J.; Jiang, S. The Spike Protein of SARS-CoV—A Target for Vaccine and Therapeutic
Development. Nat. Rev. Microbiol. 2009, 7, 226–236. [CrossRef]

123. Liu, Y.; Soh, W.T.; Kishikawa, J.; Hirose, M.; Nakayama, E.E.; Li, S.; Sasai, M.; Suzuki, T.; Tada, A.; Arakawa, A.; et al. An
Infectivity-Enhancing Site on the SARS-CoV-2 Spike Protein Targeted by Antibodies. Cell 2021, 184, 3452–3466.e18. [CrossRef]

124. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271–280.e8. [CrossRef]

125. Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell Entry Mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117, 11727–11734. [CrossRef]

126. Kim, J.H.; Marks, F.; Clemens, J.D. Looking beyond COVID-19 Vaccine Phase 3 Trials. Nat. Med. 2021, 27, 205–211. [CrossRef]
[PubMed]

127. Jalkanen, P.; Kolehmainen, P.; Häkkinen, H.K.; Huttunen, M.; Tähtinen, P.A.; Lundberg, R.; Maljanen, S.; Reinholm, A.; Tauriainen,
S.; Pakkanen, S.H.; et al. COVID-19 MRNA Vaccine Induced Antibody Responses against Three SARS-CoV-2 Variants. Nat.
Commun. 2021, 12, 3991. [CrossRef] [PubMed]

128. McDonald, I.; Murray, S.M.; Reynolds, C.J.; Altmann, D.M.; Boyton, R.J. Comparative Systematic Review and Meta-Analysis of
Reactogenicity, Immunogenicity and Efficacy of Vaccines against SARS-CoV-2. NPJ Vaccines 2021, 6, 74. [CrossRef] [PubMed]

129. Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.;
Sehrawat, T.S.; et al. Post-Acute COVID-19 Syndrome. Nat. Med. 2021, 27, 601–615. [CrossRef]

130. Mizrahi, B.; Shilo, S.; Rossman, H.; Kalkstein, N.; Marcus, K.; Barer, Y.; Keshet, A.; Shamir-Stein, N.; Shalev, V.; Zohar, A.E.; et al.
Longitudinal Symptom Dynamics of COVID-19 Infection. Nat. Commun. 2020, 11, 6208. [CrossRef]

131. Al-Aly, Z.; Xie, Y.; Bowe, B. High-Dimensional Characterization of Post-Acute Sequelae of COVID-19. Nature 2021, 594, 259–264.
[CrossRef]

132. di Filippo, L.; Frara, S.; Giustina, A. The Emerging Osteo-Metabolic Phenotype of COVID-19: Clinical and Pathophysiological
Aspects. Nat. Rev. Endocrinol. 2021, 17, 445–446. [CrossRef]

133. Legrand, M.; Bell, S.; Forni, L.; Joannidis, M.; Koyner, J.L.; Liu, K.; Cantaluppi, V. Pathophysiology of COVID-19-Associated
Acute Kidney Injury. Nat. Rev. Nephrol. 2021, 17, 751–764. [CrossRef]

134. Nishiga, M.; Wang, D.W.; Han, Y.; Lewis, D.B.; Wu, J.C. COVID-19 and Cardiovascular Disease: From Basic Mechanisms to
Clinical Perspectives. Nat. Rev. Cardiol. 2020, 17, 543–558. [CrossRef]

135. Hao, F.; Tam, W.; Hu, X.; Tan, W.; Jiang, L.; Jiang, X.; Zhang, L.; Zhao, X.; Zou, Y.; Hu, Y.; et al. A Quantitative and Qualitative
Study on the Neuropsychiatric Sequelae of Acutely Ill COVID-19 Inpatients in Isolation Facilities. Transl. Psychiatry 2020, 10, 355.
[CrossRef]

136. Mirfazeli, F.S.; Sarabi-Jamab, A.; Jahanbakhshi, A.; Kordi, A.; Javadnia, P.; Shariat, S.V.; Aloosh, O.; Almasi-Dooghaee, M.; Faiz,
S.H.R. Neuropsychiatric Manifestations of COVID-19 Can Be Clustered in Three Distinct Symptom Categories. Sci. Rep. 2020,
10, 20957. [CrossRef] [PubMed]

137. Kashif, A.; Chaudhry, M.; Fayyaz, T.; Abdullah, M.; Malik, A.; Anwer, J.M.A.; Inam, S.H.A.; Fatima, T.; Iqbal, N.; Shoaib, K.
Follow-up of COVID-19 Recovered Patients with Mild Disease. Sci. Rep. 2021, 11, 13414. [CrossRef] [PubMed]

138. Elbashir, S.M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl, T. Duplexes of 21-Nucleotide RNAs Mediate RNA
Interference in Cultured Mammalian Cells. Nature 2001, 411, 494–498. [CrossRef]

139. Elbashir, S.M.; Lendeckel, W.; Tuschl, T. RNA Interference Is Mediated by 21- and 22-Nucleotide RNAs. Genes Dev. 2001, 15,
188–200. [CrossRef] [PubMed]

140. Ameres, S.L.; Martinez, J.; Schroeder, R. Molecular Basis for Target RNA Recognition and Cleavage by Human RISC. Cell 2007,
130, 101–112. [CrossRef]

141. Bartel, D.P. Metazoan MicroRNAs. Cell 2018, 173, 20–51. [CrossRef]
142. Shi, Y.; Yang, D.H.; Xiong, J.; Jia, J.; Huang, B.; Jin, Y.X. Inhibition of Genes Expression of SARS Coronavirus by Synthetic Small

Interfering RNAs. Cell Res. 2005, 15, 193–200. [CrossRef]
143. Wu, C.-J.; Huang, H.-W.; Liu, C.-Y.; Hong, C.-F.; Chan, Y.-L. Inhibition of SARS-CoV Replication by SiRNA. Antivir. Res. 2005, 65,

45–48. [CrossRef]
144. Wang, Z.; Ren, L.; Zhao, X.; Hung, T.; Meng, A.; Wang, J.; Chen, Y.-G. Inhibition of Severe Acute Respiratory Syndrome Virus

Replication by Small Interfering RNAs in Mammalian Cells. J. Virol. 2004, 78, 7523–7527. [CrossRef]
145. Li, B.; Tang, Q.; Cheng, D.; Qin, C.; Xie, F.Y.; Wei, Q.; Xu, J.; Liu, Y.; Zheng, B.; Woodle, M.C.; et al. Using SiRNA in Prophylactic

and Therapeutic Regimens against SARS Coronavirus in Rhesus Macaque. Nat. Med. 2005, 11, 944–951. [CrossRef]
146. Gallicano, G.I.; Casey, J.L.; Fu, J.; Mahapatra, S. Molecular Targeting of Vulnerable RNA Sequences in SARS CoV-2: Identifying

Clinical Feasibility. Gene Ther. 2020, 29, 304–311. [CrossRef] [PubMed]
147. Juliano, R.L. The Delivery of Therapeutic Oligonucleotides. Nucleic Acids Res. 2016, 44, 6518–6548. [CrossRef]
148. Idris, A.; Davis, A.; Supramaniam, A.; Acharya, D.; Kelly, G.; Tayyar, Y.; West, N.; Zhang, P.; McMillan, C.L.D.; Soemardy, C.; et al.

A SARS-CoV-2 Targeted SiRNA-Nanoparticle Therapy for COVID-19. Mol. Ther. 2021, 29, 2219–2226. [CrossRef] [PubMed]

http://doi.org/10.1021/acscentsci.0c00272
http://doi.org/10.1038/nrmicro2090
http://doi.org/10.1016/j.cell.2021.05.032
http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1073/pnas.2003138117
http://doi.org/10.1038/s41591-021-01230-y
http://www.ncbi.nlm.nih.gov/pubmed/33469205
http://doi.org/10.1038/s41467-021-24285-4
http://www.ncbi.nlm.nih.gov/pubmed/34183681
http://doi.org/10.1038/s41541-021-00336-1
http://www.ncbi.nlm.nih.gov/pubmed/33986272
http://doi.org/10.1038/s41591-021-01283-z
http://doi.org/10.1038/s41467-020-20053-y
http://doi.org/10.1038/s41586-021-03553-9
http://doi.org/10.1038/s41574-021-00516-y
http://doi.org/10.1038/s41581-021-00452-0
http://doi.org/10.1038/s41569-020-0413-9
http://doi.org/10.1038/s41398-020-01039-2
http://doi.org/10.1038/s41598-020-78050-6
http://www.ncbi.nlm.nih.gov/pubmed/33262404
http://doi.org/10.1038/s41598-021-92717-8
http://www.ncbi.nlm.nih.gov/pubmed/34183705
http://doi.org/10.1038/35078107
http://doi.org/10.1101/gad.862301
http://www.ncbi.nlm.nih.gov/pubmed/11157775
http://doi.org/10.1016/j.cell.2007.04.037
http://doi.org/10.1016/j.cell.2018.03.006
http://doi.org/10.1038/sj.cr.7290286
http://doi.org/10.1016/j.antiviral.2004.09.005
http://doi.org/10.1128/JVI.78.14.7523-7527.2004
http://doi.org/10.1038/nm1280
http://doi.org/10.1038/s41434-020-00210-0
http://www.ncbi.nlm.nih.gov/pubmed/33184504
http://doi.org/10.1093/nar/gkw236
http://doi.org/10.1016/j.ymthe.2021.05.004
http://www.ncbi.nlm.nih.gov/pubmed/33992805


Int. J. Mol. Sci. 2022, 23, 11058 25 of 29

149. Wu, S.Y.; Putral, L.N.; Liang, M.; Chang, H.-I.; Davies, N.M.; McMillan, N.A.J. Development of a Novel Method for Formulating
Stable SiRNA-Loaded Lipid Particles for in Vivo Use. Pharm. Res. 2009, 26, 512–522. [CrossRef]

150. McCaskill, J.; Singhania, R.; Burgess, M.; Allavena, R.; Wu, S.; Blumenthal, A.; McMillan, N.A. Efficient Biodistribution and Gene
Silencing in the Lung Epithelium via Intravenous Liposomal Delivery of SiRNA. Mol. Ther. Nucleic Acids 2013, 2, e96. [CrossRef]
[PubMed]

151. Khaitov, M.; Nikonova, A.; Shilovskiy, I.; Kozhikhova, K.; Kofiadi, I.; Vishnyakova, L.; Nikolskii, A.; Gattinger, P.; Kovchina,
V.; Barvinskaia, E.; et al. Silencing of SARS-CoV-2 with Modified SiRNA-Peptide Dendrimer Formulation. Allergy 2021, 76,
2840–2854. [CrossRef] [PubMed]

152. Bautista-Sánchez, D.; Arriaga-Canon, C.; Pedroza-Torres, A.; De La Rosa-Velázquez, I.A.; González-Barrios, R.; Contreras-
Espinosa, L.; Montiel-Manríquez, R.; Castro-Hernández, C.; Fragoso-Ontiveros, V.; Álvarez-Gómez, R.M.; et al. The Promising
Role of MiR-21 as a Cancer Biomarker and Its Importance in RNA-Based Therapeutics. Mol. Ther. Nucleic Acids 2020, 20, 409–420.
[CrossRef]

153. Lam, J.K.W.; Chow, M.Y.T.; Zhang, Y.; Leung, S.W.S. SiRNA Versus MiRNA as Therapeutics for Gene Silencing. Mol. Ther. Nucleic
Acids 2015, 4, e252. [CrossRef]

154. Doench, J.G.; Sharp, P.A. Specificity of MicroRNA Target Selection in Translational Repression. Genes Dev. 2004, 18, 504–511.
[CrossRef]

155. Alshaer, W.; Zureigat, H.; Al Karaki, A.; Al-Kadash, A.; Gharaibeh, L.; Hatmal, M.M.; Aljabali, A.A.A.; Awidi, A. SiRNA:
Mechanism of Action, Challenges, and Therapeutic Approaches. Eur. J. Pharmacol. 2021, 905, 174178. [CrossRef]

156. Hennig, T.; Prusty, A.B.; Kaufer, B.B.; Whisnant, A.W.; Lodha, M.; Enders, A.; Thomas, J.; Kasimir, F.; Grothey, A.; Klein, T.; et al.
Selective Inhibition of MiRNA Processing by a Herpesvirus-Encoded MiRNA. Nature 2022, 605, 539–544. [CrossRef] [PubMed]

157. Gahlawat, A.W.; Witte, T.; Haarhuis, L.; Schott, S. A Novel Circulating MiRNA Panel for Non-Invasive Ovarian Cancer Diagnosis
and Prognosis. Br. J. Cancer 2022. online ahead of print. [CrossRef] [PubMed]

158. Strand, S.H.; Schmidt, L.; Weiss, S.; Borre, M.; Kristensen, H.; Rasmussen, A.K.I.; Daugaard, T.F.; Kristensen, G.; Stroomberg, H.V.;
Røder, M.A.; et al. Validation of the Four-MiRNA Biomarker Panel MiCaP for Prediction of Long-Term Prostate Cancer Outcome.
Sci. Rep. 2020, 10, 10704. [CrossRef]

159. Li, Q.; Lowey, B.; Sodroski, C.; Krishnamurthy, S.; Alao, H.; Cha, H.; Chiu, S.; El-Diwany, R.; Ghany, M.G.; Liang, T.J. Cellular
MicroRNA Networks Regulate Host Dependency of Hepatitis C Virus Infection. Nat. Commun. 2017, 8, 1789. [CrossRef] [PubMed]

160. Moffett, H.F.; Cartwright, A.N.R.; Kim, H.-J.; Godec, J.; Pyrdol, J.; Äijö, T.; Martinez, G.J.; Rao, A.; Lu, J.; Golub, T.R.; et al. The
MicroRNA MiR-31 Inhibits CD8+ T Cell Function in Chronic Viral Infection. Nat. Immunol. 2017, 18, 791–799. [CrossRef]

161. Li, C.; Hu, X.; Li, L.; Li, J.-H. Differential MicroRNA Expression in the Peripheral Blood from Human Patients with COVID-19. J.
Clin. Lab. Anal. 2020, 34, e23590. [CrossRef]

162. Samy, A.; Maher, M.A.; Abdelsalam, N.A.; Badr, E. SARS-CoV-2 Potential Drugs, Drug Targets, and Biomarkers: A Viral-Host
Interaction Network-Based Analysis. Sci. Rep. 2022, 12, 11934. [CrossRef]

163. Khan, A.-A.-K.; Sany, R.U.; Islam, S.; Islam, A.B.M.K. Epigenetic Regulator MiRNA Pattern Differences Among SARS-CoV,
SARS-CoV-2, and SARS-CoV-2 World-Wide Isolates Delineated the Mystery Behind the Epic Pathogenicity and Distinct Clinical
Characteristics of Pandemic COVID-19. Front. Genet. 2020, 11, 765. [CrossRef]

164. Panda, M.; Kalita, E.; Singh, S.; Kumar, K.; Rao, A.; Prajapati, V.K. MiRNA-SARS-CoV-2 Dialogue and Prospective Anti-COVID-19
Therapies. Life Sci. 2022, 305, 120761. [CrossRef]

165. Ahmed, J.Q.; Maulud, S.Q.; Dhawan, M.; Priyanka; Choudhary, O.P.; Jalal, P.J.; Ali, R.K.; Tayib, G.A.; Hasan, D.A. MicroRNAs
in the Development of Potential Therapeutic Targets against COVID-19: A Narrative Review. J. Infect. Public Health 2022, 15,
788–799. [CrossRef]

166. Vitravene Study Group. A Randomized Controlled Clinical Trial of Intravitreous Fomivirsen for Treatment of Newly Diagnosed
Peripheral Cytomegalovirus Retinitis in Patients with Aids. Am. J. Ophthalmol. 2002, 133, 467–474. [CrossRef]

167. Janssen, H.L.A.; Reesink, H.W.; Lawitz, E.J.; Zeuzem, S.; Rodriguez-Torres, M.; Patel, K.; van der Meer, A.J.; Patick, A.K.; Chen, A.;
Zhou, Y.; et al. Treatment of HCV Infection by Targeting MicroRNA. N. Engl. J. Med. 2013, 368, 1685–1694. [CrossRef] [PubMed]

168. Ren, H.; Zhang, Z.; Zhang, W.; Feng, X.; Xu, L. Prodrug-Type Antisense Oligonucleotides with Enhanced Nuclease Stability and
Anti-Tumour Effects. Eur. J. Pharm. Sci. 2021, 162, 105832. [CrossRef] [PubMed]

169. Kole, R. RNA Therapeutics: Beyond RNA Interference and Antisense Oligonucleotides. Nat. Rev. Drug Discov. 2012, 11, 125–140.
[CrossRef] [PubMed]

170. DeVos, S.L.; Miller, T.M. Antisense Oligonucleotides: Treating Neurodegeneration at the Level of RNA. Neurotherapeutics 2013, 10,
486–497. [CrossRef]

171. Le, B.T.; Raguraman, P.; Kosbar, T.R.; Fletcher, S.; Wilton, S.D.; Veedu, R.N. Antisense Oligonucleotides Targeting Angiogenic
Factors as Potential Cancer Therapeutics. Mol. Ther. Nucleic Acids 2019, 14, 142–157. [CrossRef]

172. Berber, B.; Aydin, C.; Kocabas, F.; Guney-Esken, G.; Yilancioglu, K.; Karadag-Alpaslan, M.; Caliseki, M.; Yuce, M.; Demir, S.;
Tastan, C. Gene Editing and RNAi Approaches for COVID-19 Diagnostics and Therapeutics. Gene Ther. 2020, 28, 290–305.
[CrossRef]

173. Crooke, S.T. Molecular Mechanisms of Antisense Oligonucleotides. Nucleic Acid Ther. 2017, 27, 70–77. [CrossRef]

http://doi.org/10.1007/s11095-008-9766-1
http://doi.org/10.1038/mtna.2013.22
http://www.ncbi.nlm.nih.gov/pubmed/23736774
http://doi.org/10.1111/all.14850
http://www.ncbi.nlm.nih.gov/pubmed/33837568
http://doi.org/10.1016/j.omtn.2020.03.003
http://doi.org/10.1038/mtna.2015.23
http://doi.org/10.1101/gad.1184404
http://doi.org/10.1016/j.ejphar.2021.174178
http://doi.org/10.1038/s41586-022-04667-4
http://www.ncbi.nlm.nih.gov/pubmed/35508655
http://doi.org/10.1038/s41416-022-01925-0
http://www.ncbi.nlm.nih.gov/pubmed/35931806
http://doi.org/10.1038/s41598-020-67320-y
http://doi.org/10.1038/s41467-017-01954-x
http://www.ncbi.nlm.nih.gov/pubmed/29176620
http://doi.org/10.1038/ni.3755
http://doi.org/10.1002/jcla.23590
http://doi.org/10.1038/s41598-022-15898-w
http://doi.org/10.3389/fgene.2020.00765
http://doi.org/10.1016/j.lfs.2022.120761
http://doi.org/10.1016/j.jiph.2022.06.012
http://doi.org/10.1016/S0002-9394(02)01327-2
http://doi.org/10.1056/NEJMoa1209026
http://www.ncbi.nlm.nih.gov/pubmed/23534542
http://doi.org/10.1016/j.ejps.2021.105832
http://www.ncbi.nlm.nih.gov/pubmed/33826934
http://doi.org/10.1038/nrd3625
http://www.ncbi.nlm.nih.gov/pubmed/22262036
http://doi.org/10.1007/s13311-013-0194-5
http://doi.org/10.1016/j.omtn.2018.11.007
http://doi.org/10.1038/s41434-020-00209-7
http://doi.org/10.1089/nat.2016.0656


Int. J. Mol. Sci. 2022, 23, 11058 26 of 29

174. Lim, K.H.; Han, Z.; Jeon, H.Y.; Kach, J.; Jing, E.; Weyn-Vanhentenryck, S.; Downs, M.; Corrionero, A.; Oh, R.; Scharner, J.; et al.
Antisense Oligonucleotide Modulation of Non-Productive Alternative Splicing Upregulates Gene Expression. Nat. Commun.
2020, 11, 3501. [CrossRef]

175. Cox, D.B.T.; Gootenberg, J.S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.J.; Joung, J.; Zhang, F. RNA Editing with CRISPR-Cas13.
Science 2017, 358, 1019–1027. [CrossRef]

176. Gouni-Berthold, I. The Role of Antisense Oligonucleotide Therapy against Apolipoprotein-CIII in Hypertriglyceridemia.
Atheroscler. Suppl. 2017, 30, 19–27. [CrossRef]

177. Zorzi, F.; Angelucci, E.; Sedda, S.; Pallone, F.; Monteleone, G. Smad7 Antisense Oligonucleotide-Based Therapy for Inflammatory
Bowel Diseases. Dig. Liver Dis. 2013, 45, 552–555. [CrossRef] [PubMed]

178. Dulla, K.; Slijkerman, R.; van Diepen, H.C.; Albert, S.; Dona, M.; Beumer, W.; Turunen, J.J.; Chan, H.L.; Schulkens, I.A.; Vorthoren,
L.; et al. Antisense Oligonucleotide-Based Treatment of Retinitis Pigmentosa Caused by USH2A Exon 13 Mutations. Mol. Ther.
2021, 29, 2441–2455. [CrossRef] [PubMed]

179. Yuen, M.-F.; Gane, E.; Kim, D.J.; Chan, H.; Surujbally, B.; Pavlovic, V.; Triyatni, M.; Grippo, J.; Kim, H.J.; Leerapun, A.; et al.
RO7062931 Antisense Oligonucleotide Phase 1 Study Demonstrates Target Engagement in Patients with Chronic Hepatitis B on
Established Nucleos(t)Ide Therapy. J. Hepatol. 2020, 73, S51. [CrossRef]

180. Billioud, G.; Kruse, R.L.; Carrillo, M.; Whitten-Bauer, C.; Gao, D.; Kim, A.; Chen, L.; McCaleb, M.L.; Crosby, J.R.; Hamatake,
R.; et al. In Vivo Reduction of Hepatitis B Virus Antigenemia and Viremia by Antisense Oligonucleotides. J. Hepatol. 2016, 64,
781–789. [CrossRef]

181. Chery, J.; Petri, A.; Wagschal, A.; Lim, S.-Y.; Cunningham, J.; Vasudevan, S.; Kauppinen, S.; Näär, A.M. Development of Locked
Nucleic Acid Antisense Oligonucleotides Targeting Ebola Viral Proteins and Host Factor Niemann-Pick C1. Nucleic Acid Ther.
2018, 28, 273–284. [CrossRef]

182. Lenartowicz, E.; Nogales, A.; Kierzek, E.; Kierzek, R.; Martínez-Sobrido, L.; Turner, D.H. Antisense Oligonucleotides Targeting
Influenza A Segment 8 Genomic RNA Inhibit Viral Replication. Nucleic Acid Ther. 2016, 26, 277–285. [CrossRef]

183. Deas, T.S.; Bennett, C.J.; Jones, S.A.; Tilgner, M.; Ren, P.; Behr, M.J.; Stein, D.A.; Iversen, P.L.; Kramer, L.D.; Bernard, K.A.; et al. In
Vitro Resistance Selection and In Vivo Efficacy of Morpholino Oligomers against West Nile Virus. Antimicrob. Agents Chemother.
2007, 51, 2470–2482. [CrossRef]

184. Sun, L.; Li, P.; Ju, X.; Rao, J.; Huang, W.; Ren, L.; Zhang, S.; Xiong, T.; Xu, K.; Zhou, X.; et al. In Vivo Structural Characterization
of the SARS-CoV-2 RNA Genome Identifies Host Proteins Vulnerable to Repurposed Drugs. Cell 2021, 184, 1865–1883.e20.
[CrossRef]

185. Hasan, M.M.; Ragnarsson, L.; Cardoso, F.C.; Lewis, R.J. Transfection Methods for High-Throughput Cellular Assays of Voltage-
Gated Calcium and Sodium Channels Involved in Pain. PLoS ONE 2021, 16, e0243645. [CrossRef]

186. Clark, D.P.; Pazdernik, N.J.; McGehee, M.R. Manipulation of Nucleic Acids. In Molecular Biology; Elsevier: Amsterdam, The
Netherlands, 2019; pp. 132–166. ISBN 978-0-12-813288-3.

187. Ahn, D.-G.; Lee, W.; Choi, J.-K.; Kim, S.-J.; Plant, E.P.; Almazán, F.; Taylor, D.R.; Enjuanes, L.; Oh, J.-W. Interference of Ribosomal
Frameshifting by Antisense Peptide Nucleic Acids Suppresses SARS Coronavirus Replication. Antivir. Res. 2011, 91, 1–10.
[CrossRef]

188. Kelly, J.A.; Woodside, M.T.; Dinman, J.D. Programmed −1 Ribosomal Frameshifting in Coronaviruses: A Therapeutic Target.
Virology 2021, 554, 75–82. [CrossRef]

189. Jacobsen, L.B.; Calvin, S.A.; Colvin, K.E.; Wright, M. FuGENE 6 Transfection Reagent: The Gentle Power. Methods 2004, 33,
104–112. [CrossRef]
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