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A B S T R A C T

Single-cell RNA sequencing (scRNA-seq) has allowed for the profiling of host and virus transcripts and host-virus
interactions at single-cell resolution. This review summarizes the existing scRNA-seq technologies together with
their strengths and weaknesses. The applications of scRNA-seq in various virological studies are discussed in
depth, which broaden the understanding of the immune atlas, host-virus interactions, and immune repertoire.
scRNA-seq can be widely used for virology in the near future to better understand the pathogenic mechanisms and
discover more effective therapeutic strategies.
1. Introduction

The transcriptome (the collection of all mRNAs in cells) plays a
crucial role in comprehensively understanding gene expression due to its
essential connections to the genome and proteome and its ability to
transmit biological genetic information. High-throughput sequencing
makes it easier to obtain transcriptomes of specific tissues in a certain
state. Since the 21st century, the advent of next-generation sequencing
(NGS) and third-generation sequencing has made transcriptome
sequencing cheaper and faster (Dijk et al., 2018).

The development of high-throughput sequencing technologies paved
the way for further optimization down to the single-cell level. In recent
years, the emergence of single-cell RNA sequencing (scRNA-seq) has
allowed for analyzing transcriptomes for individual cells (Dai et al.,
2022). Compared with bulk RNA sequencing, scRNA-seq facilitates an
exploration of intracellular gene expression and the gene regulatory
network at the resolution of the individual cell (Choi et al., 2020). With
broad research prospects, scRNA-seq has been adopted to identify rare
cell populations, screen abnormal cells, and reconstruct developmental
trajectories (Hwang et al., 2018).

More efficient scRNA-seq technologies have been widely used in
virology, playing a crucial role in interrogating the mechanisms of virus-
host interactions and antiviral immune responses and assessing the effi-
cacy of vaccinations (Luo et al., 2020). In this review, we present an
overview of existing scRNA-seq technologies and their strengths and
weaknesses, discuss how these approaches can improve our under-
standing of viral pathogenesis and immunological responses, and predict
cutting-edge trends in this field. This review provides a reference for
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researchers who want to interrogate virus-host interactions by
scRNA-seq. Readers may choose the appropriate scRNA-seq method
based on specific scientific questions.

2. ScRNA-seq technologies

Although population-level transcriptomics screens have existed, they
obscured the cell heterogeneity. Therefore, it is necessary to popularize
scRNA-seq for biomedical research. In this section, we will briefly sum-
marize the different methods and analysis workflow of scRNA-seq.

2.1. Library construction and sequencing

With a large number of available scRNA-seq technologies, each has
distinct technical methods. Most scRNA-seq technologies are based on
the same workflow (Fig. 1): (1) single-cell isolation; (2) cell capture and
lysis to release mRNA and add unique nucleotide barcodes; (3) reverse
transcription to cDNA; (4) cDNA amplification; (5) cDNA library prepa-
ration; and (6) sequencing.

Diversification of scRNA-seq protocols, each with characteristic pros
and cons, requires researchers to make suitable options according to the
experimental purpose and funding. Here, we list several available scRNA-
seq methods with their strengths, weaknesses, and applications in
different viral studies (Fig. 2).

More specifically, in the first step of scRNA-seq, it is critical to select
the proper single-cell sample protocol based on cell types, culture con-
ditions, matrix content, and cell viability (Picelli, 2017). Then, individual
cells in suspension are captured. Each capture method has characteristic
n).
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Fig. 1. scRNA-seq analysis is based on the workflow: (1) single cell isolation; (2) cells capture and adding barcode; (3) reverse transcription; (4) cDNA amplification;
(5) cDNA library preparation; and (6) sequencing.

Fig. 2. scRNA-seq technologies and their applications in virus sequencing. Smart-seq, switching mechanism at the 50 end of the RNA template sequencing; MARS-seq,
massively parallel single-cell RNA-sequencing; CEL-seq, cell expression by linear amplification and sequencing; TSO, template switch oligo; PCR, polymerase chain
reaction; IVT, in-vitro transcription; HPV, human papillomavirus; HCMV, human cytomegalovirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; HIV,
human immunodeficiency virus.
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strengths and weaknesses. Micromanipulation, the earliest cell capture
method, was used to capture mouse oocytes by the Tang method (Tang
et al., 2009). Although the method could observe the cells microscopi-
cally and generated 3 kb cDNA molecules, it was time-consuming and
inefficient. With technological advances, individual cells can be captured
to plates or parallel microfluidic channels, in which the reverse tran-
scription of mRNA is performed and unique nucleotide code barcodes are
added to each single cell. The methods based on well plates (typically 96-
or 396-well plates), for example MARS-seq, allow presorting of cells by
fluorescence-activated cell sorting (FACS) (Luo et al., 2020), which al-
lows for analyzing rare cell populations with high sensitivity, but their
throughput is limited by the well plates. Generally, plate-based platforms
can reliably quantify up to 10,000 genes per cell (Paik et al., 2020). In
addition, methods based on microfluidic mechanisms increase the
2

throughput significantly by encapsulating single cells in oil droplets,
which allows expression profiling for thousands of cells and ranging from
104 to 105 reads per cell, but their cost is high, and the capture cell count
is unstable (Wang et al., 2021).

Reverse transcription is also continuously improving. The Tang
method reverse transcribed polyadenylated RNA into cDNA using an
oligo-dT primer carrying a specific anchor sequence, which has weak-
nesses of a 30 end bias of transcripts and low accuracy (Zhang et al.,
2021). Later experimental methods, such as Smart-Seq and Smart-Seq2,
have made use of Moloney mouse leukemia virus (MMLV) template
switching (TS) for reverse transcription, which increases transcription
efficiency and sensitivity but has a lower read coverage toward the 50-end
of the transcripts (Picelli et al., 2014; Ramsk€old et al., 2012). Ziegenhain
et al. proved that compared with CEL-seq2 Drop-seq and MARS-seq,
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Smart-seq2 has the most even coverage across transcripts (Ziegenhain
et al., 2017). After cDNA generation by reverse transcription, amplifi-
cation of cDNA should be performed with either PCR or in vitro tran-
scription (IVT). MARS-seq and CEL-seq make use of IVT to linearly
amplify the RNA before reverse transcription (Hashimshony et al., 2012).
As more than 98% of exonic reads come from the sense strand, whose
sequence is identical to mRNA (except that T is replaced by U), IVT has
high strand specificity. Because transcription only starts from the end
with poly(T), there is a large 30 bias compared with PCR (Picelli, 2017).

Sequencing is usually followed by library preparation of the cDNA
(Paik et al., 2020). At present, most studies use the Nextera kit for library
preparation and the NGS platform (such as Illumina) for sequencing.
Although new sequencing platforms have been constantly developed, the
Illumina HiSeq X system remains the highest output platform due to its
highly accurate data and low cost (Caruccio, 2011; Levy and Boone,
2019).

Considering the efficiency, sensitivity and cost of different scRNA-seq
methods, we have the following suggestions for investigators intending
to perform virological studies by scRNA-seq. Studies that aim to inves-
tigate the response of different cells to viruses and the interaction be-
tween cells in organs and tissues, which require sequencing a mass of
cells, are most suitable for microfluidic-based methods, including Drop-
seq, inDrop and 10X Genomics. In contrast, if researchers want to
investigate the role of a particular or rare group of cells (e.g., memory B
cells, effector T cells, etc.) in viral infections, it is rational to choose plate-
based protocols and presort the cells by FACS before capturing cells to
well plates. We believe that with the continuous innovation of equip-
ment, the scRNA-seq technology mentioned above will become cheaper
and more efficient in the future, providing new tools for researchers to
explore the interaction between viruses and hosts.

2.2. Analysis workfolws and software

After the scRNA-seq workflow is completed, bioinformatics analysis
of single-cell datasets must be performed, which also determines the
accuracy and significance of the results. To date, various scRNA-seq
analysis methods have been developed successively, which have
expanded the application of scRNA-seq. The classical scRNA-seq analytic
workflow includes read mapping, quality control, gene expression
quantification, normalization, feature selection, cell clustering, dimen-
sionality reduction, differential expression, and trajectory inference
(Waickman et al., 2021). R or Python with various software packages is
Table 1
scRNA-seq analytical workflows and software.

Method Software package (programming language) Function

Read mapping Cellranger (Linux); UMI-tools (Python);
kallisto (Python); STAR (Python)

Data matr

Quality control DoubletDecon (R); Scrublet (Python);
SoupX (R); CellBender (Python)

Filter out
ambient R

Data integration; normalization;
visualization and clustering;
differential expression genes

Seurat (R); Scater (R); Scanpy (Python);
Garnett (R)

Normalize
dimension
Louvain a
expression

Enrichment analysis clusterProfiler (R); singleseqgset (R);
topGO (R)

Label gen
processes,
by referen
databases

Cell type annotation SingleR (R); CHETAH (R); SCINA (R) Annotate
markers (

Trajectory analysis Monocle (R); TradeSeq (R) Build the
observe th

Gene regulatory network CellPhoneDB (Python); CellChat (R);
Celltalker (R); SCENIC (R)

Perform li
interactio
CellPhone

UMI, unique molecular identifier; t-SNE, t-distributed stochastic neighbor embedd
component analysis; MSigDB, Molecular Signatures Database; GO, Gene Ontology;
analysis.
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generally used to complete scRNA-seq analysis. We list the common
scRNA-seq analysis methods, software packages, and their functions
(Table 1). While the comparison and instruction of these packages will
not be discussed here in detail and the interested reader is referred to
some excellent reviews in Table 1 or published elsewhere (Balzer et al.,
2021; Grün and van Oudenaarden, 2015).

3. Applications of scRNA-seq in virology

ScRNA-seq is now a routine tool in biomedical research and has been
widely used in oncology (Levitin et al., 2018), neuroscience (Ofengeim
et al., 2017), genetics (Zhang and Liu, 2019), and virology (Qu et al.,
2020). With the increasing demands, various scRNA-seq sequencing
technologies (such as viral sequencing genomes and T-cell receptor or
B-cell receptor sequencing genomes) and analytical methods (such as
gene enrichment analysis, developmental trajectory analysis, and cell‒
cell communication analysis) have been developed. ScRNA-seq provides
an understanding of the mechanisms regulating particular genes in a
specific cell type and their response to a particular environmental chal-
lenge with single-cell resolution. When these methods are used in viro-
logical studies, they can comprehensively reveal viral infection and
antiviral mechanisms, providing insight into viral pathogenesis (Fig. 3).
We present an overview of studies that have used scRNA-seq to charac-
terize host-virus interactions, including SARS-CoV-2, flaviviruses, and
other viruses.

3.1. Applications in SARS-CoV-2

As of November 2023, there have been more than 771 million cu-
mulative confirmed cases and 6.98 million cumulative deaths worldwide
due to coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2
infection (WHO, 2023). The worldwide public health emergency has
driven researchers to conduct a multitude of studies on SARS-CoV-2.
Since scRNA-seq allows the assessment of cellular heterogeneity, iden-
tification of cellular states, and evaluation of dynamic cellular transitions
at single-cell resolution and accuracy, it has played a key element in
profiling the immune atlas after SARS-CoV-2 infection, revealing the
virus-host interaction, and assessing the effectiveness of the vaccine.

3.1.1. Immune atlas study
ScRNA-seq allows for the identification of cell populations and the

comparison of cell type proportions in different conditions. An increasing
Key references

ix generation (Bray et al., 2016; Dobin et al., 2013;
Smith et al., 2017)

cells by doublet detection tools and control the
NA contamination

(DePasquale et al., 2019; Wolock et al.,
2019; Young and Behjati, 2020)

data; visualize and cluster cells by nonlinear
-reduction methods such as t-SNE, UMAP, and
nd linear methods like PCA; gene differential
analysis

(Hie et al., 2019; Lun et al., 2016;
Michielsen et al., 2021; Stuart and
Satija, 2019)

es based on involvement in common biologic
cellular components, and molecular function
ce to MSigDB, GO, KEGG, GSEA, etc.

(The Gene Ontology Consortium,
2017; Kanehisa et al., 2017; Liberzon
et al., 2011)

cell clusters based on the external dataset or
Classic or automated)

(Aran et al., 2019; de Kanter et al.,
2019; Zhang et al., 2019)
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e continuous heterogeneity of cells

(Trapnell et al., 2014; Van den Berge
et al., 2020)

gand-receptor analysis and infer the
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DB, Connectome, RcisTarget, etc. databases

(Aibar et al., 2017; Raredon et al.,
2022; Vento-Tormo et al., 2018)

ing; UMAP, Uniform manifold approximation, and projection; PCA, principal
KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment



Fig. 3. scRNA-seq technologies reveal the host-virus interaction. With technological innovation, variety of analysis of scRNA-seq has been available: viral genome
sequencing, gene regulatory network, T-cell receptor or B-cell receptor sequencing and cell clusters comparison. These effective scRNA-seq analysis has been applied to
reveal the host-virus interaction including the viral burden detection, viral pathogenesis, host immune atlas and host immune repertoire.
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proportion of certain cells usually indicates stronger local cell growth, the
transition from other cell types, or the recruitment of cells from sur-
rounding tissues. In contrast, a decreasing proportion of certain cells
usually means more cell death, transition to other cell types, or migration
outward (Liu et al., 2022). When the immune system is confronted with
infectious pathogens, heterogeneous immune cells are usually recruited
to infected organs and participate in various critical biological processes,
including pathogen recognition, antigen presentation, and cell killing.
Many studies have revealed the pathogenesis of SARS-CoV-2 infection by
comparing the proportion alteration of immune cell types in COVID-19
patients of different severities and healthy controls.

Most studies have used peripheral blood mononuclear cell (PBMC)
samples from subjects to profile peripheral immune responses after
COVID-19 infection. Wilk et al. (2020) defined a peripheral immune
profile of severe COVID-19 patients by scRNA-seq. COVID-19 patients
had increased developing neutrophils and CD14þ monocytes but deple-
tion of several innate immune cells, including γδ T cells, plasmacytoid
dendritic cells (pDCs), conventional dendritic cells (DCs), CD16þ

monocytes, and natural killer (NK) cells. Except for severe COVID-19
patients, patients with a long duration of viral shedding also have sig-
nificant alterations in immune cell composition and phenotype compared
with healthy donors. Yang et al. (2021) found that the decreasing trend of
NK cells and the increased regulatory T cells may be associated with the
long duration of viral shedding.

ScRNA-seq can also be used to investigate the changes in cell types in
infected tissues. Delorey et al. (2021) established single-cell atlases of the
lung, kidney, liver, and heart for COVID-19 patients via scRNA-seq. The
lungs of COVID-19 patients showed significantly reduced type II alveolar
cells (AT2) and increased dendritic cells, macrophages, NK cells, fibro-
blasts, lymphatic endothelial cells, and vascular endothelial cells in
comparison to normal lungs. For the heart, reduced cardiomyocytes and
pericytes and increased vascular endothelial cells were observed in
COVID-19 patients.

ScRNA-seq performed on COVID-19 patient tissue (PBMCs or target
organs) is the most direct way to reflect viral infection. It is not
necessary to worry about unavailable patient samples, as an increasing
number of publicly accessible scRNA-seq datasets are currently avail-
able for analysis (Das et al., 2018; Wang et al., 2018). However, an
immune atlas or cell profiles of virus-infected organs only provide an
inexhaustive view of infection, which requires further analysis of
particular cell types or gene expression to reveal the mechanism of viral
infection.
4

3.1.2. Host-virus interactions study
Another critical function of scRNA-seq is to characterize the tran-

scriptome of various cell types in response to SARS-CoV-2 infection.
Differential gene expression analysis is a common approach to obtaining
gene expression profiles comparatively between COVID-19 patients and
healthy controls, which is significant for screening receptors and un-
derstanding pathogenesis. For differentially expressed genes, gene
enrichment analysis is often performed to identify the activated and
deactivated pathways and biological processes that are most closely
related to SARS-CoV-2 infection (Qu et al., 2020).

ScRNA-seq can identify susceptible cells by examining individual cell
transcriptomes (including viral transcriptome and host transcriptome).
Cells with a high viral load or active proliferation may be target cells
attacked by the virus or play a key role in SARS-CoV-2 colonization and
spreading. Ren et al. (2021) performed scRNA-seq analysis on samples
from the respiratory system and indicated the presence of viral RNAs of
SARS-CoV-2 in epithelial cells and immune cells, including neutrophils,
macrophages, plasma B cells, T cells, and NK cells. Intriguingly, only a
subset of epithelial cells expresses angiotensin I converting enzyme 2
(ACE2), which plays a critical role in mediating SARS-CoV-2 entry
(Hoffmann et al., 2020). Therefore, it would be interesting to investigate
how SARS-CoV-2 enters these cells. Are there still unknown receptors
that help SARS-CoV-2 infect cells?

ACE2 is the host receptor of SARS-CoV-2 to infect human cells,
while RNA-seq-derived datasets from major human physiological sys-
tems reveal that ACE2 is not highly expressed in some target cells of
SARS-CoV-2 (Zou et al., 2020). Qi et al. (2020) assumed that
SARS-CoV-2 may depend on a co-receptor or other auxiliary membrane
proteins to facilitate its binding and entry. They collected single-cell
gene expression data from 13 tissues, including the liver, lung, colon,
spleen, kidney, etc., and explored the expression spectrum of ACE2,
single-stranded RNA (ssRNA) viral receptors and other membrane
proteins in human tissues to elaborate the potential relationship be-
tween ACE2 and other membrane proteins or viral receptors. Among
the 94 genes that were significantly associated with ACE2, ANPEP,
ENPEP, and DPP4 were the top three most associated. ANPEP and DPP4
are the known receptors for coronavirus, suggesting that ENPEPmay be
another potential receptor for coronavirus that needs further experi-
mental validation.

It is a valid analytical strategy to screen out the possible co-receptors
by analyzing scRNA-seq data based on existing receptor databases, which
can help researchers select the particular genes that may be most
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associated with viral infection among hundreds or thousands of genes,
especially saving manpower and material resources. However, this
strategy will be limited by the scRNA-seq data and receptor datasets,
which means researchers cannot obtain new findings outside the data or
datasets, and it should be particularly noted that experimental validation
of the scRNA-seq analysis is essential.

In addition to screening receptors, scRNA-seq analysis of immune
cells can elucidate the immunoregulatory mechanisms of the host after
SARS-CoV-2 infection. The expression of type I/III interferon response
genes, which plays a significant role in innate immune responses to
viral infection, was elevated in COVID-19 patients compared to
healthy controls. An increase in cytokines such as CCL4, CXCL10,
interleukin (IL)-7 and IL-1α in patient serum is associated with severe
and critical COVID-19, suggesting that the recruitment of monocytes
and NK lymphocytes and the activity of T cells affect SARS-CoV-2
progression. For T cells, differential gene expression analysis and
gene-set enrichment analysis identified pathways associated with
inflammation and T-cell activation, including IL-2-STAT5 signaling,
mTORC1 signaling, inflammatory response, IFNγ response, and IL-6–
JAK–STAT3 signaling (Stephenson et al., 2021).

Most scRNA-seq studies analyze the differential gene expression be-
tween virus-infected and control samples after cell cluster definition to
investigate the regulatory mechanisms at the gene level after infection.
The analysis of immune cells provides a view of the immune responses of
the host, paving the way for the analysis of cell-cell interactions.

3.1.3. Immune repertoire study
The immune repertoire refers to the sum of B cells and T cells with

distinct antigen specificity at any given time, which mediate antigen-
specific adaptive immunity by recognizing and eliminating antigens
originating from infection (Liu and Wu, 2018). Immune repertoire
studies play an important role in identifying neutralizing antibodies and
testing vaccination efficacy.

The unique TCR or BCR on the surface of each T-cell or B-cell is
critical for specific antigen recognition. At the early stage, asymptomatic
COVID-19 patients have more diverse TCRs than moderate or severe
patients, indicating that effective TCR diversification on CD4þ or CD8þ T
cells may contribute to the immune control and outcome of COVID-19
(Zhao et al., 2021). In addition, scRNA-seq for B cells can identify
neutralizing antibodies that have strong therapeutic and prophylactic
efficacy. Cao et al. (2020) performed scRNA-seq and BCR sequencing of
antigen-binding B cells from the plasma of convalescent COVID-19 pa-
tients and identified 14 highly active SARS-CoV-2-neutralizing
antibodies.

scRNA-seq is also applied to assess vaccination efficacy by monitoring
T-cell responses and antibody generation after vaccine injection. Sure-
shchandra et al. (2021) measured humoral and cellular responses to
mRNA vaccination in four volunteers and compared their immune
repertoire changes with those in three convalescent individuals who
experienced asymptomatic COVID-19. They found activated CD4þ T cells
associated with Th1 and Th17 cells and expanded memory clone CD8þ T
cells in vaccinated individuals. Although neutralizing titers in the
vaccinated group were comparable to those in recovered individuals
after the first dose, the levels were much greater after the booster. In
addition to antibody titers, the evolution of the SARS-CoV-2-specific
B-cell repertoire can also be characterized by analyzing the blood sam-
ple of a healthy vaccinated participant at multiple time points via
scRNA-seq (Kramer et al., 2022).

To date, many immune repertoire studies have used scRNA-seq,
which is inseparable from the development of TCR and BCR
sequencing technologies. Because microfluidic-based methods allow
customized TCR/BCR transcript capture, for example, DART-seq or
RAGE-Seq (Singh et al., 2019), TCR/BCR sequencing is most commonly
combined with microfluidic-based platforms, such as 10X Genomics.
However, if rare immune cell clusters are to be investigated, as
mentioned earlier, the 10� platform may be limited. Huang et al. (2019)
5

modified the Smart-Seq2 protocol and developed a technology
(SELECT-seq) to isolate rare T cells and to analyze their transcriptome
and TCR composition.

3.2. Applications in flaviviruses

The Flavivirus genus encompasses more than 75 positive-stranded
enveloped RNA viruses transmitted by arthropods (primarily ticks and
mosquitoes). Important flaviviruses that infect humans include Zika virus
(ZIKV), dengue virus (DENV), West Nile virus (WNV), Japanese en-
cephalitis virus (JEV) and yellow fever virus (YFV), which may cause
severe outbreaks and pose a substantial danger to human health world-
wide (Zhao et al., 2021). To date, flavivirus-related scRNA-seq analysis is
still inadequate, and further studies are needed.

3.2.1. Host-virus interaction study
One of the limitations of scRNA-seq in the application of flavivirus-

related studies is that many scRNA-seq platforms cannot capture non-
polyadenylated transcripts (Salmen et al., 2022). Viruses in the
Flaviviridae family produce nonpolyadenylated transcripts during viral
multiplication (Brinton and Basu, 2015). Therefore, it is important to
develop a scRNA-seq method to capture the nonpolyadenylated tran-
scriptome in cells to study viral infection dynamics. Based on Smart-seq2,
Zanini et al. (2018) developed a new scRNA-seq technology, named
virus-inclusive single-cell RNA-Seq (viscRNA-Seq), to sequence and
quantify the whole transcriptome and the viral RNA of single cells. They
have applied this technology to analyze the transcriptome dynamics of
ZIKV and DENV infection in cultured human hepatoma (Huh7) cells.
After demonstrating the effectiveness of the technique, they combined
fluorescence-activated cell sorting (FACS) with viscRNA-Seq to profile
the host and viral transcriptomes in PBMCs collected fromDENV-infected
individuals. For individuals with severe dengue fever, many antiviral IFN
response genes were strongly upregulated in a cell type-specific manner,
which indicates that distinct cell populations respond differently to the
same viral infection. In severe dengue subjects, DENV RNA was enriched
in IgM-positive B cells and some naive B cells. In addition, B-cell acti-
vation and tissue-specific homing signals were upregulated (Zanini et al.,
2018). The above results highlight the utility of viscRNA-Seq as a
powerful tool to explore host-virus interactions at the single-cell level.

Waickman et al. (2021) also utilized scRNA-seq to analyze PBMCs
from DENV-infected individuals and revealed differences in the immune
response and cellular transcriptional profiles between experimental and
natural primary DENV-1 infections. Two datasets revealed that both
experimental and natural primary DENV-1 induced the activation and
expansion of lymphocyte populations, but natural infection had a more
pronounced pattern of inflammatory gene upregulation.

In addition to DENV, O'Neal et al. (O'Neal et al., 2019) developed a
WNV infection model in murine fibroblast L929 cells and performed gene
ontology (GO) enrichment analysis to identify the pathways that might
be linked to infection. The top pathways positively correlated with WNV
RNA included transcriptional regulation, amino acid transport and rRNA
processing, and 124 IFN-stimulated genes were negatively correlated
with intracellular viral abundance.

In 2023, studies on flaviviruses using scRNA-seq have increased,
especially regarding ZIKV. Considering the harmful effects of ZIKV on
the fetus during pregnancy, Wu et al. established ZIKV infection in
human trophoblast stem cells (hTSCs)-derived trophoblast organoid.
Approaches including gene knockout and bulk transcriptome
sequencing provide important insights for susceptibility to ZIKV and
structural disruption in organoids, results of scRNA-seq further explain
the pathogenic mechanism, revealing that ZIKV disrupted the stemness
of hTSCs and the proliferation of cytotrophoblast cells (Wu et al., 2023).
Obviously, scRNA-seq has the advantage over other traditional tech-
nologies, which it can uncover pathological mechanisms in detail and
differentiation trajectories of infected cells. In addition, Yang et al.
focused on the potential threat of ZIKV to the male reproductive system.
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Using scRNA-seq, they proved that mouse testicular spermatogenic cells
were susceptible to ZIKV, but there was no obvious apoptosis, and the
classical pathway of complement in monocyte/macrophage was acti-
vated after infection. Subsequently, Yang et al. performed traditional
experiments such as RT-qPCR, ELISA and immunofluorescence staining
to verify the results of scRNA-seq and confirmed that S100A4þ
monocytes activated the complement and then resulted in the damage
of spermatogenic cells in testes after ZIKV infection (Yang et al., 2023).
Wu and Yang et al. show another strategy of scRNA-seq research, which
make use of traditional virological techniques to verify the mechanisms
provided by scRNA-seq.

Although the availability of viscRNA-Seq has been confirmed in
detecting intracellular ZIKV and DENV RNA, its application is not yet
widespread. Understanding the pathogenic mechanisms of viruses in the
Flaviviviridae family relies on scRNA-seq methods that have been devel-
oped to measure nonpolyadenylated transcripts. Considering the appli-
cation of scRNA-seq in ZIKV studies in recent years, we anticipate that
more protocols will be available in the future to profile intracellular
flavivirus RNA sequences, especially methods suitable for microfluidic
mechanisms.

3.2.2. Study of the immune repertoire
The development of the DENV vaccine has been a challenge because

of the antibody-dependent enhancement (ADE) effect caused by its four
serotypes. ADE means that cross-reactive antibodies from the first
infection will bind to virus particles during the secondary infection and
enter FcγR-bearing cells to aggravate the disease (Acosta and Bar-
tenschlager, 2016). As a result, it is necessary to investigate whether or
how memory B cells (MBCs) generate antibodies that respond to
neutralizing conserved epitopes of a subsequent heterologous vaccine or
infection. Wong et al. (2020) used scRNA-seq to detect the bone marrow
of mice at different time points after vaccination and found an extensive
clonal overlap of complementarity determining region 3 (CDR3) regions
of both IgH and Igκ between pre-MBCs, mature MBCs, and germinal
center B cells, which indicates that MBCs hardly generate new specific-
ities after vaccination. Therefore, limiting MBC diversity is an effective
strategy to reduce ADE for DENV vaccines.

In addition, Afik et al. (2017) developed software, ‘TCR Reconstruc-
tion Algorithm for Paired-End Single cell’ (TRAPeS), to accurately
reconstruct TCRs from TCR sequence information generated by
scRNA-seq and relate specific TCR properties to the heterogeneity of the
CD8þ T-cell state. This method is suitable for scRNA-seq with short read
lengths and increased sensitivity of sequence reads. They collected and
analyzed whole blood samples from a volunteer whowas vaccinated with
the 17D yellow fever vaccine and performed scRNA-seq. After identifying
the subpopulations of CD8þ T cells by differentially expressed genes, they
studied the TCR characteristics of different cells and indicated that naive
CD8þ T cells had longer CDR3 regions than effector memory CD8þ T cells
after vaccination.

Because high accuracy scRNA-seq data are required for immune
repertoire studies, plate-based strategies are the common choice, such as
Smart-seq2. Interestingly, in addition to customized TCR sequencing
technology, it is also possible to reconstruct the TCR by a particular al-
gorithm after sequencing. If more algorithms are applied in the future to
profile TCR/BCR sequences of immune cells after viral infection, this will
greatly reduce the cost of scRNA-seq.

3.3. Applications in other viruses

With the rapid development of scRNA-seq, many exciting viral studies
have emerged, not just SARS-CoV-2 and flaviviruses. Here, we summa-
rized the researches of scRNA-seq in influenza virus, human immuno-
deficiency virus (HIV), herpes simplex virus (HSV) for introduction, to
provide a broader view from the RNA viruses with high variability, RNA
viruses with latency and DNA viruses.
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For influenza viruses, scRNA-seq can detect the viral load of each
cell to investigate the heterogeneity of infection and characterize the
antiviral response in various cell types (Steuerman et al., 2018). As only
some cells induce IFN after influenza virus infection, Russell et al.
(2019) explored how viral genetic diversity contributes to cell infection
heterogeneity by establishing influenza A (H1N1) virus-infected A549
cells that carried IFN reporters and sequencing the infected IFN-positive
cells on Illumina and PacBio (third generation sequencing) platforms.
They found that defects of viruses may increase IFN induction,
including the absence of the NS gene and amino acid mutations in
nonstructural protein 1 or polymerase protein 1, and the viral defect
may relate to innate immune induction of influenza but not a deter-
mining factor. The result also suggests that it is effective to perform
scRNA-seq of the cell clusters of interest by creating pathway reporter
cell lines. In this study, IFN-enriched infected cells were subjected to
scRNA-seq by 10� Chromium after the cells were sorted by flow
cytometry analyses.

The latent infection of HIV makes radical therapy difficult: Although
antiretroviral treatment (ART) can effectively halt HIV disease progres-
sion and reduce plasma viremia to undetectable levels, it cannot eradi-
cate the virus (Brandt et al., 2020). Understanding the characteristics of
latently infected cells to eradicate them is thus the key to treating HIV
patients, in which scRNA-seq is utilized to profile latent cells and
investigate latency reactivation potential. Golumbeanu et al. (2018)
identified 134 differentially expressed genes between resting-state cells
and responsive-state cells and indicated that responsive-state cells
display higher metabolic activity. Similar to Russell et al., the aim of
Golumbeanu et al. was also to analyze cells of interest, while they chose
to sort cells through FACS before performing sequencing.

HSV has gained considerable attention since it can cause life-
threatening herpes simplex virus encephalitis (HSE). To characterize
the role of microglia in HSE, Uyar et al. (2022) performed scRNA-seq on
microglia and microglia-like cells isolated from mice infected with
HSV-1. They revealed that microglia proliferated and highly expressed
CD68 (a marker of phagolysosomal activity) after viral infection, sug-
gesting that microglia participate in viral clearance by phagocytosis. In
addition, a novel cell cluster associated with the severity of infection was
observed and named “in transition”microglia/microglia-like cells, which
increased NLRP3 inflammasome-mediated interleukin IL-1β production
and promoted a proinflammatory response. Cell status defined by
scRNA-seq algorithms may be a brand-new cell cluster, and profiling the
viral gene expression dynamics and the immune responses of these cells
can provide a deep view of host and viral interactions.

4. Conclusions and future directions

With the booming of scRNA-seq in recent years, more precise
sequencing technology and greater diversity of analytical methods have
continually emerged, providing researchers with a comprehensive
research platform. There is no doubt that scRNA-seq breaks through some
of the limitations of bulk RNA sequencing, the most important of which is
that scRNA-seq reveals the heterogeneity of viral infections and cellular
responses at the single-cell level. We anticipate that scRNA-seq will be
combined with more bioinformatics approaches (e.g., spatial tran-
scriptomics, proteomics, etc.) in the future, providing more information
to understand the complexities of host viral interactions. The variety of
scRNA-seq tools will allow us to document the expression of all genes in
various cells with high temporal and spatial resolution, understand the
changes in cellular functions and signaling pathways, and reveal the
mechanisms of gene regulation and response to stimulation. In addition,
the availability of more public scRNA-seq datasets and analytical
methods will also constantly promote the credibility and diversity of
scRNA-seq analysis.

Although scRNA-seq offers a broader application prospect in
biomedical research, the high cost, low sequencing depth, and cell
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capture rate are urgent issues with scRNA-seq. As a result, future scRNA-
seq development will focus on the advancement of library preparation,
sequencing technology, and cell capture technology. We recommend that
researchers should fully understand the advantages and limitations of
different scRNA-seq technologies before conducting scRNA-seq studies to
reveal host-virus interactions, considering the purpose and content of the
experiment, of which virus type, cell type, cell number, budget and so on
are all important factors. Additionally, noteworthy is that although
scRNA-seq has shown powerful advantages in the field of virology and
immunology, how to combine intracellular viral load with cell function
requires more practical research, and the results of scRNA-seq also have
to be validated by in vitro and in vivo experiments.
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