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Dear Editor,

Enteroviruses belonging to the family Picornaviridae are non-
enveloped RNA viruses that cause hand-foot-mouth disease (HFMD),
which can lead to severe neurological complications. Enteroviruses ge-
nomes represent a single open reading frame flanked by 50-and 30-un-
translated terminal regions (UTRs), constituting the basis for classifying
enteroviruses into groups A–D (Zaoutis et al., 1998). Current research is
primarily focused on highly prevalent pathogens, including enterovirus
A71 (EV-A71) and coxsackievirus A16 (CV-A16) of group A (Duan et al.,
2021). However, group B viruses are also responsible for a significant
number of infections that often cause histopathological changes in the
heart, brain, and pancreas. For instance, coxsackievirus B5 (CV-B5) can
induce aseptic meningitis, viral meningitis, acute flaccid paralysis,
pancreatitis, and type I diabetes mellitus (Chen et al., 2020; Françozo
et al., 2019; Hy€oty et al., 2018). HFMD outbreaks caused by CV-B5 have
been reported in China, Southeast Asia, and Europe. However, despite its
clinical significance, little is known about its pathogenesis, and in-depth
studies on the underlying mechanisms are urgently needed (Gao et al.,
2018; Sciandra et al., 2020).

Reverse genetics is a conventional method for studying the patho-
genesis and virulence of viruses (Hao et al., 2021; Ding et al., 2021).
Recently, complementary DNA (cDNA) clones of CV-B3, CV-A10, CV-A6,
CV-A16, EV-A71, and EV-D68 have been constructed, and the biological
characteristics of the rescued viruses have been validated (Liu et al.,
2019; Ma et al., 2015; Yang et al., 2015; Pan et al., 2018; Wang et al.,
2020). However, cDNA clones of CV-B5 have not yet been reported. Here,
we describe the construction of a CV-B5 cDNA clone and characterization
of the rescued live virus, which shows virulence comparable to that of the
parental virus and causes similar symptoms in mice.

To construct a full-length infectious cDNA clone of CV-B5 (GenBank
No. AF114383), the whole genome was amplified in two segments
(primers shown in Supplementary Table S1). Segment I (3300 nt) con-
sisted of a 36 nt fragment (8 ntþNotI cleavage siteþ T7 RNA polymerase
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promoter) upstream of the pSVA vector 50-UTR, the viral genome 50-UTR,
and the sequence coding for CV-B5 structural protein 1 (P1), whereas
segment II (4200 nt) consisted of a 20 nt pSVA fragment (14 nt þ SalI
site), a 3278–7400 nt fragment comprising CV-B5 non-structural protein
2 (P2), the non-structural protein 3 (P3), the 30-UTR sequences, and a 38
bp poly A tail (Fig. 1A, Supplementary Fig. S1A). The two segments were
seamlessly inserted into the pSVA vector using the In-Fusion Cloning Kit
(Cat#639649, Clontech, USA), and the resulting pSVA-CV-B5-cDNA
plasmid was verified by restriction endonuclease digestion (Supple-
mentary Fig. S1B) and sequencing.

Infectious clones are often used for virus rescue, and the acquired
viruses can be verified based on their biological characteristics such as
cytopathic effect (CPE), virus titer, and growth kinetics. Thus, a rescued
tick-borne encephalitis virus induces phagocytosis in BHK-21 cells and
shows the CPE and growth curves similar to those of parental viruses (Li
et al., 2021). In this study, we rescued the virus by inoculating
pSVA-CV-B5-cDNA and a T7 RNA polymerase-expressing plasmid into
HEK 293T cells, and then propagating the virus in Vero cells. The
virus-containing supernatant was designated as the first-generation
rescued virus (G1) and its titer was similar to that of the parental strain
(3.16 � 108 TCID50/mL vs. 5.12 � 108 TCID50/mL).

To compare growth kinetics of the rescued and parental viruses, they
were used to infect Vero cells at a multiplicity of infection (MOI) of 0.01,
and viral titers in the supernatant were monitored every 12 h for 5 days.
There was an almost identical time-dependent increase in the titers of
both viruses, which at 60 hpi reached a plateau (1 � 108 TCID50/mL)
persisting until the end of the experiment, indicating that the infection
progression was similar for the rescued and parental viruses (Fig. 1B). In
rescued virus-infected Vero cells, a typical CPE was first noted at 24 h
post-infection (hpi), which became noticeable at 48 hpi, when a large
number of shrinking, aggregating, and floating cells were observed,
indicating that the CPE of the rescued virus was similar to that of the
parental virus (Fig. 1C–E).
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Fig. 1. Construction and verification of the full-length cDNA clone of CV-B5 and the rescued virus. A The construction scheme of the full-length CV-B5 cDNA clone.
Segment I (3300 nt) consisted of NotI cleavage site, T7 RNA polymerase promoter, the 50-UTR of viral genome, and the sequence coding for CV-B5 structural protein 1
(P1), whereas segment II (4200 nt) consisted of SalI site, non-structural protein 2 (P2), non-structural protein 3 (P3), and the 30-UTR sequences. B Characteristics of the
growth kinetics of CV-B5 rescued and parental viruses cultured in Vero cells for 5 days. The viral titer was detected at a 12 h interval shown as TCID50. C–E Verification
of CV-B5 rescued virus in Vero cell, CPE of Vero cell induced by the rescued virus (C), parental virus (D) and medium (E), respectively. F CV-B5 rescued virus was
serially passaged on Vero cells, and passage 1–5, 10, and 15 were selected for viral titer detection. G–I Survival rate (G), average body weight (H) and mean clinical
score (I) of suckling mice after challenge by CV-B5 rescued or parental viruses (n ¼ 6). The LD50 of parental and rescued CV-B5 were 9.71 � 105 and 3.37 � 105

TCID50, respectively. Clinical scoring was as follows: 0 health; 1 wasting; 2 forelimb paralysis; 3 paralysis of the hind limbs; 4 quadriplegia; and 5 moribund status or
death. J Distribution of CV-B5 rescued and parent virus in various tissues and organs (n ¼ 3). Real-time PCR was used to detect the viral load in 12 organs or tissues
including heart, liver, spleen, lung, kidney, stomach, intestine, pancreas, cerebrum, spine, hind leg, and blood. The results of the control group were under the
detection limit. K–P Histopathological changes of the cerebrum (K–M) and hind leg (N–P) caused by CV-B5 rescued and parental virus. Inflammatory cell infiltration,
mostly neutrophils, was seen around the cerebral cortex nerve cells (blue arrows); glial cells showed hyperplasia in the brain (green arrows); and skeletal muscles and
muscle fibers manifested swelling, degeneration, necrosis (yellow arrows), and infiltration by inflammatory cells in matrix (sky blue arrows).
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Next, we investigated the stability of the rescued virus genome over
generations and its reproduction ability. The G1 rescued virus was seri-
ally passaged in Vero cells, and the whole genomes of G1, G5, G10, and
G15 viruses were sequenced. No mutations occurred across the genera-
tions, suggesting that the rescued CV-B5 virus was genetically stable.
Measurements of the G1–G5, G10, and G15 viral titers showed that all
generations could reach 1 � 108 TCID50/mL, suggesting a robust ability
of the recombinant virus to replicate and assemble progeny (Fig. 1F).
Comparison of CPEs, infectious doses, and growth kinetics between the
rescued and parental viruses indicated that the two strains possessed
similar biological characteristics.

In addition to exhibiting parent virus-like characteristics in in vitro
infection, the rescued virus should also be verified for pathogenicity in
susceptible in vivomodels. Studies of group A rescued coxsackieviruses in
a neonatal mouse model indicate that rescued CV-A6 causes typical
symptoms of reduced mobility, wasting, limb weakness, and paralysis at
3 days post-infection (dpi), whereas rescued CV-A10 can cause scattering
of limb skeletal muscle fibers, intestinal villus interstitial edema, and
alveolar shrinkage (Yang et al., 2015; Liu et al., 2019). Group B cox-
sackieviruses cause neurological symptoms in mice more often than
group A. Three-day-old BALB/c mice infected intraperitoneally (i.p.)
with 26 LD50 (3.16 � 103 TCID50) of CV-B5/JS417 (GenBank No.
KY303900.1) show necrosis of neuronal cells in the cerebral cortex and
spinal cord, and necrotizing myositis in hind legs (Mao et al., 2018). The
parental and rescued viruses were serially diluted 10-fold (starting from
1.896� 107 TCID50) to i.p. infect 3-day-old BALB/c sucklingmice, whose
survival rate (Fig. 1G), body weight (Fig. 1H), and clinical symptoms
(Fig. 1I) were recorded for 21 days. The LD50 of the rescued and parental
viruses were 3.37 � 105 and 9.71 � 105 TCID50, respectively. The 1.896
� 107 and 1.896 � 106 TCID50 dosages of the rescued and parental vi-
ruses, respectively, caused a dramatic decrease in the average weight
(Fig. 1H) and led to death in all mice of the respective groups (Fig. 1G).
The two lower dosages caused a marginal reduction in mouse weight
compared to the control (Fig. 1H). In mice challenged with the same
dosage (Fig. 1G), the survival rate of the rescued and parental viruses
showed no difference (P > 0.05). We further analyzed the symptoms of
the infected mice and calculated clinical scores. The mice showed clinical
symptoms within 3–4 days after challenge with the two higher dosages of
the rescued or parental viruses, respectively (Fig. 1I). Apparent clinical
symptoms such as weight loss, lack of energy, tremor, rickets, and hind
limb paralysis were observed at 5 dpi. The highest average clinical score
(5 points) was recorded on days 9 and 10 for the rescued virus-infected
group and on days 14 and 15 for the parental virus-infected group.
Those results indicated that the virulence of the rescued virus was not
weaker than that of the parental virus.

To investigate tissue tropism of the viruses, we infected 3-day-old
BALB/c mice with the same dose (1.896 � 107 TCID50) of the rescued
and parental viruses, respectively, and analyzed the viral load after 5 days.
The viruseswere detected in 12 different organs and tissues, including the
heart, liver, spleen, lung, kidney, stomach, intestine, pancreas, cerebrum,
spine, hind legs, and blood. Tissue and organ distribution of rescued vi-
ruses were consistent with that of parental viruses; the highest viral load
was detected in the spine, cerebrum, hind legs, and pancreas, followed by
the stomach, kidney, intestine, heart, and liver (Fig. 1J). Viral loads in
cerebrum, pancreas, hind leg, blood, stomach and heart of the two groups
showed no difference (P> 0.05). While viral loadsmanifested differences
in spine (P ¼ 0039), lung (P < 0.0001), kidney (P < 0.0001), liver (P ¼
0.0013), spleen (P¼ 0.0146), and intestine (P¼ 0.0183), the distribution
and tissue tropism were in agreement.

Histopathological analysis revealed glial cells hyperplasia (green ar-
rows), inflammatory cell infiltration (blue arrows), and scattered nerve
cell necrosis (red arrows) in the brain of the rescued virus group (Fig. 1K),
and that inflammatory cell infiltration (mostly neutrophils) was observed
around the cerebral cortex nerve cells in the parental virus group
(Fig. 1L), with no histopathological changes seen in the control (injected
471
with medium) group (Fig. 1M). Skeletal muscles and muscle fibers of
hind legs in the rescued virus (Fig. 1N) and parental virus (Fig. 1O)
groups showed swelling, degeneration, necrosis (yellow arrows), and
inflammatory cell infiltration into the matrix (sky blue arrows), whereas
no such changes were observed in the control group (Fig. 1P). Both
rescued and parental CV-B5 could breach the blood-brain barrier and
enter the brain tissue to replicate, causing nerve damage and inflam-
mation, and that the two strains induce similar pathological changes in
the brain and hind leg muscles.

In conclusion, we report the construction of the first stable cDNA
clone of CV-B5, encoding an infectious recombinant virus, which is
biologically and functionally similar to the parental strain. Our results
provide a framework for future studies on the determinants of virulence
and pathogenicity of coxsackieviruses and could be useful for the
development of attenuated virus vaccines and therapeutic drugs.

Footnotes
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Supplementary data to this article can be found online at https://do
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