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Enterovirus 71 (EV71) is a significant causative agent of hand, foot and mouth
disease (HFMD). However, the precise mechanism by which EV71 infection
leads to alterations in the immune response remain elusive. To address this
knowledge gap, we conducted a study where we introduced the Inner
Mongolia EV71 C33\ strain into Vero cells, derived from African green
monkey kidney cells. Subsequently, we performed RNA sequencing (RNA-
Seq) to investigate the changes in the transcriptome of these infected Vero
cells. Our primary objective was to establish a foundational understanding that
could inform future research on EV71-associated immune factors. In our study,
we identified a total of 942 differentially expressed genes (DEGs) in Vero cells
infected with Enterovirus 71 (EV71), with 568 gene exhibiting increased
expression and 374 gene showing decreased expression. To elucidate the
functional implications of these DEGs, we conducted a comprehensive
functional enrichment analysis using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways. This analysis
revealed three genes that were significantly upregulated, which we
subsequently validated using reverse transcription polymerase chain reaction
technology (RT-gPCR). The RT-gPCR results were in strong agreement with our
RNA-Seq data, confirming the reliability of our findings. This study represents
the pioneering RNA-Seq analysis that delves into the cellular response of Vero
cells to EV71 infection. Our results not only provide a foundational
understanding of the molecular changes induced by EV71 but also offer
crucial insights into the mechanisms by which EV71 modulates the host
immune system. These insights are pivotal for future research endeavors
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aimed at developing effective therapeutic strategies against EV71 and related
pathogens, as well as for understanding the broader implications of viral
infections on host immunity.

KEYWORDS

enterovirus 71, HFMD, Verda Reno African green monkey kidney cell, RNA-seq, DEGs

Introduction

Enterovirus 71 (EV71) is a single-stranded RNA-based
pathogen from the Picornaviridae family (Liu et al, 2011),
and is a non-enveloped virus with a 7.5 kb genome that
contains an open reading frame (ORF) flanked by a 5’
untranslated region (5'UTR) and a polyadenylated 3'UTR
(Oprisan et al, 2002; McMinn, 2002). The EV71 coding
region contains three distinct areas, namely, P1, P2, and P3
(Chong et al., 2015). The P1 area produces four structural
proteins, namely, VP1, VP2, VP3, and VP4. The P2 and
P3 areas encode seven non-structural proteins, namely, 2A-2C
and 3A-3D, the P2 and P3 areas encode seven non-structural
proteins, namely, 2A-2C and 3A-3D (Wang et al., 2012; Solomon
et al,, 2010). EV71 is the major contributor to hand, foot, and
mouth disease (HFMD), leading to seasonal morbidity and
mortality in children aged 5 years and below. Its clinical
characterized by lesions of the fever, rash, blisters and oral
ulcers (Chan et al, 2000; Nolan et al, 2003). However, a
minority of patients rapidly develop neurological disease,
resulting in mortality and severe sequelae (Chang et al., 2007).
HEMD depicted a strong seasonal pattern that mainly emerged
in the spring (Deng et al., 2013), summer (Baek et al., 2011; Koh
et al., 2016) and autumn (Van Tu et al., 2007; Lee et al., 2009).
The incidence of HFMD is drastically higher in hot and humid
conditions, relative to cold climate (Kim et al., 2016). This
seasonal variation suggests that HFMD incidence might be
factors. The relationships

and HFMD have been
explored in some studies (Laor et al, 2020; Li et al, 2023;
Tan et al., 2023).

EV71 was first isolated in 1969 from patients carrying
(Ho et 1999).
Subsequently, there were reports of frequent EV71 outbreaks

influenced by environmental

between environmental factors

central nervous system diseases al,
in New York, Australia, Europe, and other countries (Dalldorf
and Sickles, 1948). After 1997, EV71 produced the most
casualties and widespread occurrences in the Asia-Pacific
region (AbuBakar et al., 1999). In China, HFMD was first
reported in Shanghai in 1981 (Xing et al, 2014), and
EV71 was first isolated in Hubei in 1987. Over the past
20 years, significant progress has been made in the
epidemiological and molecular biology research of HFMD in
China. For instance, in the Fuyang City, Anhui Province
reported 0.49 million cases of HFMD and 126 deaths in

2008 alone (Zhang et al, 2010). In the Chengdu region, a
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total of 29,861 laboratory-confirmed cases of enterovirus
infections related to HFMD were reported from 2013 to
2022. This data highlights the prevalence and transmission
patterns of HFMD in the area (Yang et al, 2023). In
Hangzhou, Zhejiang Province, out of 560 samples collected
between 2016 and 2022, 472 (84.29%) tested positive, indicating
a high infection rate in the region. These findings not only
underscore the intensity of HFMD spread in Hangzhou, but
also emphasize the importance of continuous monitoring and
prevention measures (Yuan et al., 2024). Furthermore, the
Inner Mongolia Autonomous Region experienced an average
annual incidence rate of HEMD of 71.99/100,000 from 2009 to
2018, which was lower than the national average of 134.59/
100,000 during the same period. This disparity may be
attributed to Inner Mongolia’s relatively low population
density, which could influence the disease’s transmission
dynamics. In our study, we infected Vero cells with the
Inner Mongolia EV71 C33 strain and conducted RNA
sequencing analysis to elucidate potential mechanisms
related to the pathogenesis of EV71-associated HFMD. These
research outcomes provide valuable insights into the molecular
biology of HFMD and contribute to the improvement of disease
Through these
comprehensive studies, we can gain a more comprehensive

management and prevention strategies.

understanding of the epidemiological characteristics and
of HFMD,
scientific evidence to inform public health decision-making.

potential pathogenic mechanisms offering

Materials and methods
Cell culture

The African green monkey kidney cells, known as Vero cells,
were sourced from the American Type Culture Collection
(ATCC) and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, United States) supplemented with 10% fetal
bovine serum (FBS, Gibco, United States), and 1% penicillin-
streptomycin (Gibco, United States). This specific cell line is
widely used in virology research due to its susceptibility to
various viruses, including the EV71 C33\ strain, which was
isolated from patients suffering from HFMD in Ordos
(population of the district in Inner Mongolia). To initiate the
experiment, Vero cells were seeded into a 6-well plate and
introduced with 200 pL of the EV71 C33A\ virus, achieving an
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infection titer of 10°°TCIDs per well. The cells were cultured in a
wet chamber of 37°C with 5% CO2. The cells were then incubated
in a humidified chamber at 37°C with 5% COz to facilitate viral
replication and the development of cytopathic effects. Once the
cells exhibited clear signs of necrosis and viral shedding,
indicative of successful infection, total RNA was extracted
from both the control and experimental groups.

Total RNA extraction

Total viral RNA isolation was done from cells using
TRIzol™ Kit Carlsbad, CA,
United States), as per kit directions. RNA quantification

Reagent (Invitrogen,
was done via NanoDrop2000 (Thermo Fisher Scientific,
Waltham, MA, United States), eukaryotic mRNA was
enriched by Oligo(dT) NA beads, while prokaryotic mRNA
was enriched by removing rRNA by Ribo-Zero™ Magnetic Kit
(Epicentre, Madison, WI, United States). Then the enriched
mRNA was fragmented into Kit (Epicentre, Madison, WI,
United States). Then the enriched mRNA was fragmented into
short fragments using fragmentation buffer and reverse
transcripted into ¢cDNA with random primers. Second-
strand cDNA were synthesized by DNA polymerase I,
RNase H, dNTP and buffer. Then the ¢cDNA fragments
were purified with QiaQuick PCR extraction kit (Qiagen,
Venlo, Netherlands), end repaired, poly (A) added, and
ligated to Illumina sequencing adapters. The ligation
products were size selected by agarose gel electrophoresis,
PCR amplified, and sequenced using Illumina HiSeq2500 by
Gene Denovo Biotechnology Co. (Guangzhou, China).

Quality filtering and map reading

To ensure data quality, it was necessary to filter the raw data
before information analysis in order to reduce the interference
caused by invalid data. First, we utilized fastp (Chen et al., 2018)
to perform quality control on the raw reads obtained from
sequencing, filtering out low-quality data (filtering criteria
detailed below), resulting in clean reads.

Sequence data analysis

Reads with special mapping were utilized for further
information. RNA-Seq of all samples was measured using
differentially expressed genes (DESeq2) (Love et al, 2014).
The same method was applied to estimate differences between
contrasting genotypes. Based on our differential analysis of RNA-
Seq data, genes were identified as significantly different if they
exhibited a False Discovery Rate (FDR) < 0.05 and |log2FC|
(fold change) > 1.

Acta Virologica

03

10.3389/av.2024.12084

Functional classification and pathway
identification

Principal component analysis (PCA) was conducted using R'
to study the distance relationships between samples through
dimension reduction. Subsequently, functional enrichment
analysis of differentially expressed genes (DEGs) was
performed using GO* and KEGG.”

Reverse transcription quantitative PCR
(RT-gPCR) confirmation

Three differential genes were identified by RT-qPCR. The
following genes had elevated expression: interleukin 1-alpha
(ILla, GenBank: NMO000575.5), interleukin 1-beta (IL1J,
GenBank: NMO000576.3), and interleukin-6 (IL-6, GenBank:
NMO001371096.1). The employed PCR primers were acquired
from Sangon Biotech. The designed primers are summarized in
Table 1. The RT-qPCR reaction was done as follows: cDNA 1 pL,
forward and reverse primers (0.4 pL each), 2xSYBR Green Master
Mix 10 uL, ddH,O 8.2 pL, and in total volume of 20 pL. The PCR
amplifications were performed using a CFX96 Touch Real-Time
PCR Detection System (C1000Touch™ Thermal Cycler, BIO-
RAD). The amplification curve reaction program: 98°C for
2 min, 95°C for 10 min, 95°C for 15 s, 58°C for 1 min, 30 cycles;
Melting curve at 95°C for 10 min, 60°C for 30 s, and 95°C for 10 min.
Finally, all data were statistically analyzed using -test (SPSS ver.19.0)
and are depicted as mean + SD. When p < 0.05, the effect was
considered significant. We repeated the tests for three times
each sample.

Results
Gene annotation

RNA-Seq was a rapid acquisition of all transcripts of a species-
specific organ or cell in a certain state, using high-throughput
sequencing technology. The result reflects the expression levels of
all transcripts. In this study, we analyzed the transcriptome
responses of Vero cells infected with the EV71 C33A strain, using
RNA-Seq. Overall, a total of 42,088,874 unigenes (non-infected
control) were annotated against CleanDate (41,977,800 unigenes/
99.74%) and LowQuality (109,116 unigenes/0.26%) using BLASTX,
respectively (E-value < 1 x 107°). A total of 42,357,062 unigenes
(EV71 annotated CleanDate

C33\  group) were against

1 http://www.r-project.org/
2 http://www.geneontology.org

3 http://www.genome.jp/kegg
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TABLE 1 Gene amplification primer sequences.

Forward primer

Reverse primer

10.3389/av.2024.12084

Product size (bp)

B-actin atgcctgttcctccctggagaaga caccagacagcactgtgttggcat 213
IL-1a atggccaaagttccagacatg aggtcatcatcagtgatggattgge ‘ 290
IL-1p atggcagaagtacctgagctcgec tcttcctcagettgtecatggeca ‘ 229
IL-6 atgaactccttctccacaataccecc ccagtgcctctttgetgetttcacac ‘ 187
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FIGURE 1
The visualization of the sample relationship for differently expressed genes (DEGs). (A) Principal Component Analysis (PCA); where samples are
distinguished by different colors based on their effective treatments. (B) A Volcano map; which uses red to indicate genes with elevated levels and
blue to indicate those with reduced expression levels.

(42,258,546 unigenes/99.77%) and LowQuality (96,960 unigenes/
0.23%) using BLASTYX, respectively. The average cleanliness rate of
reads was >90%, indicating good reliability of the RNA-Seq data.

Gene expression pattern analysis

Vero cells were infected with EV71 C33\ (10°°TCIDsy), prior
to total RNA extraction and RNA-Seq (Omicsmart platform).
Principle Component Analysis (PCA) was performed on all gene
counts (Figure 1A). The value of PCA was PC1 = 63.7%, PC2 =
24.8%. Based on the RNA-Seq analysis, we identified genes with
FDR < 0.05 and [log2FC| > 1 as DEGs. We identified 942 DEGs,
among which, 568 had high expression, and 374 had low
expression (Figure 1B).

GO analysis of DEGs
To elucidate the activity of differentially expressed genes (DEGs),

we conducted a gene ontology (GO) enrichment analysis on these
genes before and after viral infections. GO encompasses three main
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categories: “biological process,” “cellular component,” and “molecular
function” (Figure 2). Within the “biological process” category,
3,541 genes were identified with high expression levels, while
1,702 genes exhibited low expression. Regarding the “cellular
component” 1,839 genes were found to be highly expressed, and
1,074 genes were expressed at lower levels. The most enriched terms in
this category include “cell” (540 genes, 18.53%), “cell part” (539 genes,
18.50%), “organelle” (375 genes, 12.87%), and “membrane”
(351 genes, 12.04%). In the “molecular function” category,
705 genes were highly expressed, and 425 genes were expressed at
lower levels, with “binding” (569 genes) being the most prevalent term
at 50.35%, followed by “catalytic activity” (252 genes) at 22.30%.

The abscissa denotes the second-level GO terms, while the
ordinate indicates the count of genes within each term. Elevated
levels of gene expression are indicated by red, and reduced levels
are indicated by green.

KEGG pathway enrichment analysis

To delve into the physiological functions of DEGs, we
conducted an enrichment analysis on the KEGG pathway
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Level2 GO terms of CK-vs-T1

400

Number of Genes
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FIGURE 2

Cellular Component

Molecular Function

The gene ontology (GO) enrichment classification of EV71 C33\-mediated viral infection encompasses biological processes (BP), cellular

components (CC), and molecular function (MF).

annotation of on the DEGs from the virus Control (CK) vs.
Treatment (T1). Our analysis revealed that the enrichments of
DEGs
metabolism,

was primarily associated with human diseases,

biological ~ systems, genetic  information
transmission, cellular processes, and physiological processes,
including environmental information processing (Figure 3).
Additionally,

cytokines and cytokine receptors. This suggests that upon

a significant enrichment was observed in

EV71 infection in Vero cells, there was a substantial alteration
in the expression of genes related to cytokines and cytokine
receptors which in turn elicited a robust immune response.

RT-gPCR analysis

The analysis of the KEGG classification has identified the
primary upregulated genes associated with human diseases,
which will be further investigated. In the context of EV71-
inoculated Vero cells, a significant upregulation in the
expression levels of immune molecules, specifically IL-1a, IL-
1B, and IL-6, was observed when compared to the control
group. This robust increase in immune molecule expression
suggests that the cellular immune response was activated in
response to the EV71 virus infection (Figure 4).
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Discussion

Enterovirus 71 (EV71) is a significant pathogen that causes
HEMD in children aged 5 years or younger (Lee, 2016).
of
importance. Despite the EV71 vaccine commendable safety

Consequently, its research is substantial  societal
profile and high efficacy, it does not provide therapeutic
benefit to patients who have already contracted EV7I.
Therefore, unraveling the pathogenesis of EV71 is particularly
critical for the wellbeing of infants and young children. Here, we
scrutinized the RNA-seq data from EV71-infected Vero cells to
elucidate the pathogenic mechanisms of EV71 with compelling
evidence. Our investigation has uncovered a significant alteration
in gene expression profiles within EV71-infected Vero cell, with
568 genes exhibiting increased expression and 374 genes showing
decreased expression. We hypothesize that these differentially
expressed genes (DEGs) play a pivotal role in the progression of
EV71 infection. To elucidate the potential biological roles of these
DEGs, we performed comprehensive KEGG and GO functional
enrichment analyses. Focusing on the “cytokine and cytokine
receptor” pathway, our pathway analysis highlighted the
enrichment of IL-la, IL-1B, and IL-6 within this critical
signaling network, suggesting their potential as transcriptional

regulators. During EV71 infection, these genes were found to be
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KEGG enrichment analysis of DEGs specifically expressed between CK and T1.
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FIGURE 4

Illustrates the quantification of IL-1a, IL-1B, and IL-6 expression in Inner Mongolia EV71 C33A strain from EV71-inoculated Vero cells, as
determined by both RNA-Seq (RNA sequencing) and RT-gPCR (quantitative real-time PCR) techniques. (A) Displays the quantification of IL-1a, IL-1f,
and IL-6 in Inner Mongolia EV71 C33)\ strain using RNA-Seq; (B) shows the quantification of these cytokines via RT-qPCR. Each RT-qPCR reaction
was replicated three times for each sample, and the standard errors are represented by the vertical bars.
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robustly upregulated, indicating their importance in the host’s
immune response to the virus.

IL-1a, pivotal cytokine in immune regulation, requires the
enzymatic activity of calpain to exert its full function. This
cytokine is synthesized in response to the activation of
inflammasomes and during the process of cellular senescence.
Shi et al. (2014) has demonstrated that EV71 infection leads to a
significant elevation in IL-1a expression, with levels ranging from
2.04 to 549 times higher than those observed in uninfected
controls. Furthermore, the application of luminex fluorescence
technology has confirmed that EV71 infection induces a marked
increase in IL-1a secretion compared to non-infected cells. These
findings underscore the critical role of IL-la in the body’s
infection and highlight the
potential of targeting IL-la pathways for the development of

immune response to EV71

therapeutic strategies aimed at managing related inflammatory
conditions. Our findings revealed that EV71 infection led to a
IL-1a with
approximately doubling compared to the control group. IL-1p,

significant  elevation in expression, levels

a pro-inflammatory cytokine, primarily targets monocytes,
and fibroblasts to
response (van Bon et al,, 2011). It is pivotal in both systemic

endothelial cells, initiate an immune
and local reactions to infections, agents, physical injuries, and
immune challenges, and is a central player in the development of
both chronic and acute inflammatory conditions (Dinarello,
1998). Griffiths et al. (2012) observed that patients with EV71-
infection exhibit increased IL-1p levels compared to those in
healthy patients. Our research indicates that IL-1B expression
progressively rises following EV71 infection. These observations
suggest that IL-1B may be instrumental in the pathogenesis of
EV71-induced HFMD and its associated complications. Similarly,
IL-6, another pro-inflammatory cytokine, is typically expressed at
low levels during development but is markedly upregulated in
inflammatory states. Research has shown that EV71 infection
leads to a significant increase in IL-6 expression and secretion
(Huang et al., 2011). Treatment with anti-IL-6 antibodies in mice
has been associated with reduced tissue damage (Khong et al.,
2011). Our findings corroborate these results, demonstrating a
substantial upregulation of IL-6 levels in Vero cells
EV71 infection. Consequently, we propose that IL-6 also plays
a critical role in the progression of EV71 infection.

In conclusion, we have documented the RNA-Seq profiles of
Vero cells infected with the EV71 C33) strain. Our data will serve

as a cornerstone for future comprehensive studies into the
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