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Abstract
Enteroviruses are one of the most common causative agents of infectious diseases of the central nervous system. 
They are characterized by genetic variability, the ability to infect a wide range of cells, including brain microglial 
cells and astrocytes, and persist in the central nervous system tissue, causing delayed and chronic diseases. 
The review presents data on the basis of neurovirulence of non-polio enteroviruses and the most common 
pathogens causing enteroviral neuroinfections.
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Резюме
Энтеровирусы являются одной из наиболее частых причин инфекционных заболеваний центральной нервной 
системы (ЦНС). Их объединяет генетическая вариабельность, способность инфицировать широкий спектр кле-
ток, в том числе клетки микроглии мозга и астроциты, а также персистировать в ткани ЦНС, обусловливая 
отсроченные и хронические заболевания. В обзоре представлен материал об основах нейровирулентности не-
полиомиелитных энтеровирусов и наиболее распространенных возбудителях энтеровирусных нейроинфекций. 
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Introduction

The Enterovirus genus, a member of the large and di-
verse Picornoviridae family, is subdivided into 15 species: 
Enterovirus A–L and Rhinovirus A–C. Among non-po-

lio enteroviruses (NPEVs), Enterovirus species A–D, 
including more than 100 antigenically and genetically 
distinct types, are pathogenic for humans. The Entero-
virus A species includes 25 types, the most numerous 
Enterovirus B species combines 63 types, Enterovirus C 
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species includes 23 types, and Enterovirus D species in-
cludes 5 types1. Enteroviruses are small (about 30 nm in 
diameter) non-enveloped viruses with a 7,500 nucleotide 
single-stranded RNA genome of positive polarity and a 
single open reading frame flanked by 5’- and 3’-untrans-
lated regions (UTRs). Viral RNA replication is catalyzed 
by RNA-dependent RNA polymerase, an error-prone 
enzyme lacking proofreading activity which causes a 
high frequency of mutations and determines the genetic 
diversity of enteroviruses [1]. The high genetic plastici-
ty of enteroviruses additionally creates the risk of high-
ly virulent strains capable of realizing their neurogenic 
potential, provoking large-scale disease outbreaks. The 
most etiologically significant neurotropic NPEVs are 
representatives of the Enterovirus B species (CVB1-5, 
CVA9, ECHO 6, 7, 9, 30, etc.). Enterovirus A NPEVs 
(EV-A71, CA2, CVA6, CA10 and CVA16, etc.) are main-
ly associated with exanthem forms of enterovirus infec-
tion, which may be accompanied by severe neurological 
complications. Enterovirus D68 (EV-D68) is associated 
with a number of outbreaks and sporadic cases of acute 
flaccid paralysis (AFP). Less frequently, Enterovirus C 
NPEVs are the cause of neuroinfections of enterovirus 
etiology [2, 3]. Infection of different anatomical regions 
of the central nervous system (CNS) causes a variety of 
clinical forms of neuroinfections (meningitis, encepha-
litis, AFP, meningoencephalitis, encephalomyelitis, etc.) 
[4, 5]. Serous meningitis (lesion of the hard or soft cere-
bral membranes) is the most frequent among infectious 
CNS diseases of viral etiology [6–8]. NPEVs are associ-
ated with 85–90% of all cases of serous meningitis; these 
enteroviruses are also capable of causing encephalitis, 
AFP, and other forms of diseases with varying degrees of 
severity: from mild forms to severe lesions of the cardio-
vascular system and CNS [9–11]. 

The objective of this review is to analyze the current 
information on the most common pathogens of entero-
virus neuroinfections and the basis of NPEV neuroviru-
lence.

Predominant types of neurotropic enteroviruses
Enterovirus B neurotropic viruses (EVBs). The great-

est number of group and sporadic cases of enterovirus 
serous meningitis (EVM) is associated with NPEVs 
of the EVB species, among which the most common 
at present in temperate climates is the virus ECHO30 
(E30). Phylogenetic analysis based on complete nu-
cleotide sequences of the 1D gene encoding the major 
capsid protein VP1 showed extensive genetic diversity 
of E30 strains represented by 8 genotypes. The exis-
tence of three major phylogenetic clusters of E30 virus 
formed by genotypes a/b, c and d/e/f/g/h was shown, 
within which subtypes are differentiated: E30f is sub-
divided into subtypes C3-5 and E30e into subtypes C0, 
C1, C2 [12]. Outbreaks and sporadic cases of EVM 
caused by E30 have been regularly recorded in Europe, 
China (mainly eastern provinces), the USA, Brazil, and 

Russia since the beginning of the 21st century [13]. In 
Russia, the largest outbreaks of E30-associated menin-
gitis were registered in 2003, 2006–2009 (Khabarovsk 
Krai, Nizhny Novgorod, Novgorod, Arkhangelsk re-
gions and a number of other territories), in 2013 (a num-
ber of territories of the Northwestern Federal District 
(NWFD): Novgorod and Vologda regions, St. Peters-
burg) and in 2017 (Khanty-Mansiysk Autonomous Dis-
trict – Yugra, Tyumen region). Type E30 enteroviruses 
isolated during the 2008–2009 outbreak belonged to 
the eC2 genotype, which was common in Russia at that 
time. The E30 strains circulating in the NWFD during 
the 2013 and 2017 outbreaks belonged to different cell 
lines of the E30h genotype [14–16]. 

Outbreaks and sporadic cases of E9-associated se-
rous meningitis are regularly recorded. In the United 
States, according to epidemiologic surveillance data, 
from 1970 to 2005, E9 was the most common type detect-
ed in EVM of established etiology [17, 18]. In 1992, E9 
was the etiologic cause of a large outbreak of viral men-
ingitis in western Australia, and in 2009–2010, it was 
first identified as the most common type in the sporadic 
incidence of serous meningitis in Southwest China [19]. 
During the same period, E9 caused a seasonal rise in the 
incidence and a number of EVM outbreaks in several re-
gions of Russia [20].

In 2006, E6 virus was the pathogen of a large out-
break of serous meningitis in Khabarovsk Krai [21]. 
In 2010–2012, E6 prevailed as the pathogen of serous 
meningitis in the Moscow region, with E30 no longer be-
ing the most common type [22], and was also the main 
pathogen isolated from patients with CNS infections be-
tween 2007 and 2012 in southern Australia [23]. Entero-
virus infections in young children caused by virus types 
E6 and E9 are often severe and in some cases fatal [18]. 

Coxsackie virus B5 (CVB5) infection can lead to en-
cephalitis, AFP, pancreatitis and certain chronic diseas-
es. This virus is among the most frequent causes of se-
rous meningitis outbreaks worldwide: The United States 
(1961, 1972, and 1983), Greece (1999, 2001), and Bel-
gium (2000). In China, the largest outbreaks were report-
ed in Shandong Province in 2005 and 2009 and several 
other provinces in 2009–2012 [24]. 

Other viruses of the Enterovirus B species associat-
ed with outbreaks and sporadic cases of EVM include 
E13 (Germany, Spain, 2000), E11 (Greece, 2003–2005), 
which poses a particular threat to newborns, and E4, 
identified as an etiologic cause of serous meningitis in 
Africa (Pretoria, 2010–2011, Western Cape and Eastern 
Cape provinces of South Africa, 2018–2019) and Europe 
(Finland, Sweden, Norway, Denmark, Iceland and Ger-
many, 2013–2014) [25–27].

E18 virus is considered a frequent pathogen of serous 
meningitis. Large outbreaks of E18-associated EVM have 
been reported in the United States (2000–2001) and Tai-
wan (2006) [28]. In 2013– 2015 (Hebei Province, China), 
E18 was the most common type detected in children with 
viral meningitis and encephalitis. In Russia, E18 became 
the prevalent pathogen of EVM for the first time in a sep-
arate territory in 2017 (Saratov region) [29]. 1Picornavirus Home. Available at: http://www.picornaviridae.com/
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Coxsackie virus A9 (CVA9) rarely acts as the most 
common variant but regularly causes sporadic cases of 
EVM worldwide. CVA9-associated outbreaks were re-
ported in 2010 (Alberta, Canada) and 2015–2016 (Mossel 
Bay, South Africa) [30, 31].

The severity of clinical manifestations of EVB infec-
tion is associated with the age of patients. In newborns 
and young children, the disease is usually more severe, 
which some researchers attribute to the immune system 
not being fully developed and the peculiarity of entero-
virus receptor expression in the cells of the developing 
brain [32]. 

Enterovirus A neurotropic viruses. The most significant 
virus in infectious neuropathology is enterovirus A71 
(EV-A71), which is known as the major etiologic cause of 
outbreaks of hand, foot and mouth disease (HFMD). The 
disease can be complicated by severe neurologic manifes-
tations ranging from viral meningitis, AFP, and enceph-
alitis to systemic disorders including pulmonary edema 
and cardiorespiratory collapse. Based on the variability 
of the gene encoding the capsid protein VP1, 8 EV-A71 
(A–H) genotypes are distinguished [32]. Genotype A is 
represented by a single prototype strain (BrCr) isolated 
in 1969 and several strains that resumed circulation in 
mainland China in 2008–2010. Genotypes B and C are 
subdivided into 6 subgenotypes (B0–B5 and C0–C5, re-
spectively). EV-A71 subgenotypes B4, B5 and C4 circu-
late mainly in East and Southeast Asia, whereas C1 and 
C2 are predominant in Europe. Genotypes D and G have 
been identified in India, while genotypes E, F and H have 
been identified in Africa, Madagascar and Pakistan, re-
spectively [2, 34]. The most severe forms of HFMD are 
associated with EV-A71 subgenotypes C4 and B5 circu-
lating mainly in Southeast Asia [35].

EV-A71 was first isolated in 1969 from children with 
meningitis and encephalitis in the United States. Over the 
next few years, EV-A71 spread throughout the Americas, 
Europe, and other countries, causing small outbreaks and 
sporadic cases, with the exception of a few large out-
breaks reported in 1975 in Bulgaria and in 1978 in Hun-
gary [36, 37]. Large-scale outbreaks of HFMD occurred 
in the Asia-Pacific region in the late 20th and early 21st 
centuries. From 2008 to 2015, about 13.7 million cas-
es of HFMD were reported in mainland China, among 
which 3322 were fatal, 93% of cases were etiologically 
associated with EV-A71 [33]. Three inactivated EV-A71 
vaccines derived from virus genotype C4 have proven 
effective against EV71-associated HFMD in children 
aged 6–35 months. From 2016 to 2020, during EV-A71 
epidemics in mainland China, with the use of EV-A71 
vaccines, approximately 9.5 million cases were reported, 
including 358 fatal cases, indicating a significant reduc-
tion in mortality due to vaccination [38, 39]. 

Until 2013, EV-A71 was isolated sporadically on the 
territory of Russia. In June 2013, an outbreak of EVI as-
sociated with the circulation of EV-A71 subgenotype C4 
was registered in Rostov-on-Don among preschool chil-
dren. The diseases were characterized by an acute onset 
with symptoms of intoxication syndrome and HFMD 
as well as subsequent development of CNS pathology 

(meningitis, meningoencephalitis) in 37.4% of patients 
[40, 41].

Coxsackie A10 (CVA10) infection with severe CNS 
lesions has noticeably increased in the last decade. In 
Shanghai (China) in 2016 and 2018, the frequency of 
CVA10 detection in patients with meningitis, encephali-
tis, and meningoencephalitis increased significantly [42]. 
In 2017, a significant rise in the number of CVA10-infec-
tion cases was observed in the subjects of the Far Eastern 
Federal District of the Russian Federation with an in-
crease in the proportion of enterovirus meningitis. Cases 
of CVA10-associated AFP were registered in 2009–2017 
in the territory of India [43]. 

Coxsackie virus A2 (CVA2), primarily associated with 
vesicular pharyngitis, HFMD, pleurodynia, myocardi-
tis, and type 1 diabetes, is occasionally detected in pa-
tients with meningitis, encephalitis, and AFP, which are 
accompanied by persistent movement disorders clini-
cally similar to paralytic poliomyelitis. In a study con-
ducted in Brazil as part of poliomyelitis surveillance 
from 2005 to 2017, CVA2 was one of the predominant 
types of NPEVs detected in patients with AFP. During 
the 20-year period of surveillance for AFP in the Russian 
Federation, 5 cases of AFP associated with CVA2 entero-
virus were identified [44]. In 2012. CVA2 caused an out-
break of severe respiratory illness in Hong Kong, which 
included 2 fatal cases. In 2014, an outbreak of CVA2-as-
sociated AFP was reported in Taiwan [45]. 

Enterovirus C (EVC) neurotropic viruses. Several 
types of Enterovirus C species have been associated with 
outbreaks of AFP, encephalitis, meningitis and HFMD. 
Enterovirus EV-C105 has been the etiologic cause of AFP 
outbreaks in India and New Zealand. EV-C96, first isolat-
ed in 2000 from an AFP patient in Bangladesh, has been 
detected in Finland, Slovakia, the Philippines, Cambodia, 
China, and Bolivia in subsequent years from both AFP 
patients and healthy individuals [46]. 

Neurotropic viruses of the species Enterovirus D. 
EV-D68 have been associated with sporadic cases and 
a number of outbreaks of AFP. EV-D68 was first isolat-
ed in 1962 from children with pneumonia. It is primar-
ily a respiratory virus causing nasal congestion, cough, 
sore throat and fever. In 2014, the first major outbreak 
of severe respiratory EV-D68-associated severe respi-
ratory AFP occurred in North America. Small foci of 
EV-D68 infection have also been reported in Europe 
and Asia. An increase in the number of EV-D68 infect-
ed cases with neurological symptoms was observed in 
Sweden, the Netherlands, Italy, and the United States 
in 2016. The United States also had such an increase in 
the year 2018. In Japan, an increase in EV-D68 activity 
was reported in 2013 and 2015 [47–49]. 

Basics of neurovirulence of enteroviruses
The mucous membranes of the oropharynx and gastro-

intestinal tract serve as entry points for enteroviruses in 
the human body, where primary replication takes place in 
the oropharyngeal and mesenteric lymph nodes. When the 
virus enters the cells of the reticuloendothelial system and 
bloodstream, primary viremia develops, contributing to 
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the penetration of viruses into various organs and tissues: 
nervous system, myocardium, liver, pancreas, etc. [50]. 
The penetration of viral particles from the bloodstream 
into the CNS is prevented by the blood-brain barrier 
(BBB), which is a highly selective filter between brain 
cells and blood vessels. The integrity of the BBB can be 
disrupted both as a result of direct infection of endothelial 
cells of brain capillaries that make up its structure and un-
der the influence of cytokines that increase BBB permea-
bility and are produced by activated CNS microglia cells 
in response to viral infection [51, 52]. It is assumed that 
in the developing brain, microglia are constantly in an 
activated state, which confirms the hypothesis about the 
influence of the functional state and maturity of the CNS 
immune system on the severity of neurological symptoms 
in EVI [53]. 

Enteroviruses are capable of penetrating the CNS by 
infecting a wide range of peripheral circulating immune 
cells, which serve as a Trojan horse for their delivery to 
CNS tissue. Cerebrospinal fluid contains a mononucle-
ar cell population consisting of T cells (~ 90%), B cells 
(~ 5%), monocytes (~ 5%), and dendritic cells (< 1%) 
that are potential vectors of enteroviruses. After entry 
of mononuclear cells into the CNS, enteroviruses are 
released and infect neuroglia and brain neurons, realiz-
ing their neurogenic potential [54]. Certain neurotropic 
enteroviruses are able to engage in retrograde axonal 
transport and penetrate into the CNS through peripher-
al nerve terminals, as experimentally demonstrated for 
the neurotropic viruses EV-A71 and EV-D68, which 
penetrate into the CNS when infecting peripheral spi-
nal motor neurons. Having undergone endocytosis 
at the terminal end of the axon, enterovirus particles 
travel to the neuron body in a retrograde direction via 
dynein-mediated vesicular transport [55]. Thus, there 
are several alternative methods for enterovirus entry 
into CNS cells.

It is hypothesized that genetic variants of enterovirus 
that differ in their ability to penetrate CNS cells may 
be formed during replication. Different quasispecies of 
the virus have been detected in respiratory, intestinal 
tract and CNS samples isolated from EV-A71 infected 
patients. In vitro studies showed that the quasispecies 
variants predominant in CNS samples replicated most 
efficiently in neuronal cells. It is suggested that the pro-
portion of different variants within quasispecies may 
determine the dynamics of the clinical picture. In terms 
of identifying genetic variants with increased neuroin-
vasive ability, further study and characterization of qua-
sispecies isolated from different clinical samples in mild 
and severe forms of enterovirus neuroinfection is a topic 
of interest [10, 56]. 

Depending on the tropism to specific cells and tissues, 
enteroviruses can affect different anatomical parts of the 
CNS which causes different clinical forms of neuroin-
fection. Meningoencephalitis that develops as a result of 
EV-A71 lesions of the brain stem can disrupt the regula-
tion of cardiovascular and respiratory activity and subse-
quently lead to neurogenic pulmonary edema and heart 
failure [57]. In an experiment with newborn mice, it was 

shown that Coxsackie virus A3 can cause focal lesions in 
the right frontal lobe of the brain, leading to the develop-
ment of encephalitis, and Coxsackie virus B and certain 
types of echoviruses can infect various regions of the ce-
rebral cortex and hippocampus, causing the development 
of spastic paralysis [58]. 

An important factor that determines the neurotropic 
properties of the virus is the activity of IRES (Internal 
Ribosome Entry Site) regulatory elements. It has been 
shown that mutations in the IRES lead to translation de-
fects and a decrease in the level of enterovirus replication, 
including in the CNS [59]. The differential susceptibility 
of tissues to enterovirus infection may also be determined 
by the antiviral activity of the innate immune system. It is 
assumed that the α/β-interferon system limits enterovirus 
replication in extraneural tissues and prevents its penetra-
tion into the CNS [60]. 

The efficiency of enterovirus entry into host cells is 
determined by the availability and level of expression of 
specific enterovirus surface receptors. One of the distinc-
tive features of NPEVs is the diversity of these receptors. 
For example, unlike polioviruses that use a single recep-
tor (glycoprotein CD155) for entry, enterovirus EV-A71 
utilizes several receptors for binding to the cell surface, 
including hSCARB2, hPSGL1, Anx2, heparan sulfate, 
vimentin, human tryptophanyl-tRNA synthetase, and 
others. The vast number of receptors allows the virus to 
infect a wider range of cells, use different pathways for 
routing virus-containing endosomes in the host cell and 
explains the polymorphism of clinical symptoms caused 
by EV-A71 [10, 61]. 

The unique tissue tropism of NPEV is also manifest-
ed in its ability to infect neuronal progenitor cells and 
astrocytes. The loss of neural progenitor cells capable 
of differentiating into neuronal lineages, astrocytes and 
oligodendrocytes, leads to decreased neurogenesis, de-
layed development of the nervous system and impaired 
cognitive function, memory and learning. The area of lo-
calization of astrocytes in the brain is much wider than 
that of neural progenitor cells, due to which infection of 
astrocytes along with their ability to mitosis creates a res-
ervoir for viral proliferation and promotes effective virus 
spread in the CNS. The ability to infect astrocytic cultures 
has been demonstrated for many types of enteroviruses: 
EV-A71, CVA9, CVB3, CVB4, and EV-D68 [10, 62]. 

Another feature of neurotropic enteroviruses is their 
ability to persist in CNS tissues for a long time, which 
many researchers associate with the development of such 
delayed diseases as post-polio syndrome, schizophrenia, 
amyotrophic lateral sclerosis, insulin-dependent diabetes, 
chronic viral cardiomyopathy, chronic enteroviral me-
ningoencephalitis, and the multisystem disease myalgic 
encephalomyelitis/chronic fatigue syndrome (ME/CFS) 
[63, 64]. Persistent infection is thought to be due to the 
selection of mutant forms of the virus that have less pro-
nounced cytopathic properties, which is part of the co-
evolution of enteroviruses and body cells, which in turn 
limit the spread of infection by reducing the expression of 
entry receptors [65]. However, the exact mechanisms of 
this phenomenon are still unknown.
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Given the great diversity of NPEVs and the wide range 
of diseases they cause, epidemiological surveillance of 
enterovirus infection is a rather complex task, for the 
implementation of which the European Non-Poliovi-
rus Enterovirus Surveillance Network (ENPEN) [66], 
the Asia-Pacific Network for Enterovirus Surveillance 
(APNES), which was established through collaboration 
between academic institutions and hospitals in Cambo-
dia, Malaysia, Vietnam and Taiwan [67] and has been in 
operation since 1961. The National Enterovirus Surveil-
lance System (NESS) [17]. In the Russian Federation, of-
ficial statistical registration of enterovirus infection was 
introduced in 2006. Currently, the incidence of meningitis 
is increasing in the Russian Federation. The detection of 
enteroviruses that previously caused mainly respiratory 
or exanthemal diseases in patients with serous meningitis 
and meningoencephalitis is a problem of great concern, 
which may indicate the probability of the emergence of 
new neurovirulent variants of enteroviruses. 

R E F E R E N C E S

1. Tapparel C., Siegrist F., Petty T.J., Kaiser L. Picornavirus and 
enterovirus diversity with associated human diseases. Infect. 
Genet. Evol. 2013; 14: 282–93. https://doi.org/10.1016/j.mee-
gid.2012.10.016 

2. Brown D.M., Zhang Y., Scheuermann R.H. Epidemiology and 
sequence-based evolutionary analysis of circulating non-polio 
enteroviruses. Microorganisms. 2020; 8(12): 1856. https://doi.
org/10.3390/microorganisms8121856 

3. Brouwer L., Moreni G., Wolthers K.C., Pajkrt D. World-wide prev-
alence and genotype distribution of enteroviruses. Viruses. 2021; 
13(3): 434. https://doi.org/10.3390/v13030434

4. Lobzin Yu.V., Pilipenko V.V., Gromyko Yu.N. Meningitis and En-
cephalitis [Meningity i entsefality]. St. Petersburg: Foliant; 2003. 
EDN: https://elibrary.ru/zfgsev (in Russian)

5. Rao S., Elkon B., Flett K.B., et al. Long-term outcomes and risk fac-
tors associated with acute encephalitis in children. J. Pediatric Infect. 
Dis. Soc. 2017; 6(1): 20–7. https://doi.org/10.1093/jpids/piv075

6. Khandaker G., Jung J., Britton P., et al. Long-term outcomes of in-
fective encephalitis in children: a systematic review and meta-anal-
ysis. Dev. Med. Child Neurol. 2016; 58(11): 1108–15. https://doi.
org/10.1111/dmcn.13197

7. Skripchenko N.V., Ivanova M.V., Vil’nits A.A., Skripchenko E.Yu. 
Neuroinfections in children: tendencies and prospects. Rossiyskiy 
vestnik perinatologii i pediatrii. 2016; 61(4): 9–22. https://doi.
org/10.21508/1027-4065-2016-61-4-9-22 https://elibrary.ru/yuck-
ad (in Russian)

8. Morozova E.A., Ertakhova M.L. Outcomes of neuroinfections and 
their predictors. Russkiy zhurnal detskoy nevrologii. 2020; 15(3-
4): 55–64. https://doi.org/10.17650/2073-8803-2020-15-3-4-55-64 
https://elibrary.ru/thmrqq (in Russian)

9. Yarmukhamedova N.A., Ergasheva M.Ya. Clinical and laboratory 
characteristics in serous meningitis of enterovirus etiology. Voprosy 
nauki i obrazovaniya. 2019; 27(76): 134–44. https://elibrary.ru/bx-
erha (in Russian)

10. Majer A., McGreevy A., Booth T.F. Molecular pathogenicity of en-
teroviruses causing neurological disease. Front. Microbiol. 2020; 
11: 540. https://doi.org/10.3389/fmicb.2020.00540

11. Wörner N., Rodrigo-García R., Antón A., Castellarnau E., Del-
gado I., Vazquez È., et al. Enterovirus-A71 Rhombencephalitis 
outbreak in Catalonia: characteristics, management and outcome. 
Pediatr. Infect. Dis. 2021; 40(7): 628–33. https://doi.org/10.1097/
INF.0000000000003114

12. Bailly J.L., Mirand A., Henquell C., Archimbaud C., Chambon M., 
Charbonné F., et al. Phylogeography of circulating populations of 
human echovirus 30 over 50 years: Nucleotide polymorphism and 
signature of purifying selection in the VP1 capsid protein gene. In-
fect. Genet. Evol. 2009; 9(4): 699–708. https://doi.org/10.1016/j.
meegid.2008.04.009

13. Tian X., Han Z., He Y., Sun Q., Wang W., Xu W., et al. Temporal 
phylogeny and molecular characterization of echovirus 30 associat-
ed with aseptic meningitis outbreaks in China. J. Virol. 2021; 18(1): 
118. https://doi.org/10.1186/s12985-021-01590-4 

14. Novikova N.A., Golitsyna L.N., Fomina S.G., Efimov E.I. Molec-
ular monitoring of non-polio enteroviruses in european territory of 
Russia in 2008–2011. Zhurnal mikrobiologii, epidemiologii i immu-
nobiologii. 2013; 90(1): 75–8. https://elibrary.ru/qayeqt (in Russian)

15. Golitsyna L.N., Zverev V.V., Selivanova S.G., Ponomareva N.V., 
Kashnikov A.Yu., Sozonov D.V., et al. Etiological structure of en-
terovirus infections in the Russian Federation in 2017-2018. Zdor-
ov’e naseleniya i sreda obitaniya – ZNiSO. 2019; 27(8): 30–8. 
https://doi.org/10.35627/2219-5238/2019-317-8-30-38 https://eli-
brary.ru/rszlbd (in Russian)

16. Bichurina M.A., Romanenkova N.I., Golitsyna L.N., Rozaeva N.R., 
Kanaeva O.I., Fomina S.G., et al. Role of enterovirus echo 30 as the 
etiological agent of enterovirus infection in the north-west of Russia 
in 2013. Zhurnal infektologii. 2014; 6(3): 84–91. https://elibrary.ru/
padalz (in Russian)

17. Khetsuriani N., Lamonte-Fowlkes A., Oberst S., Pallansch M.A. 
Centers for Disease Control and Prevention. Enterovirus surveil-
lance – United States, 1970–2005. MMWR Surveill. Summ. 2006; 
55(8): 1–20.

18. Lee H.Y., Chen C.J., Huang Y.C., Li W.C., Chiu C.H., Huang C.G., 
et al. Clinical features of echovirus 6 and 9 infections in chil-
dren. J. Clin. Virol. 2010; 49(3): 175–9. https://doi.org/10.1016/j.
jcv.2010.07.010 

19. Zhu Y., Zhou X., Liu J., Xia L., Pan Y., Chen J., et al. Molecular 
identification of human enteroviruses associated with aseptic men-
ingitis in Yunnan province, Southwest China. Springerplus. 2016; 
5(1): 1515. https://doi.org/10.1186/s40064-016-3194-1 

20. Golitsyna L.N., Fomina S.G., Novikova N.A. Molecular genetic 
echovirus 9 variants identified in patients with aseptic meningitis 
in Russia in 2007-2009. Voprosy virusologii. 2011; 56(6): 37–42. 
https://elibrary.ru/ooqzuf (in Russian)

21. Lukashev A.N., Reznik V.I., Ivanova O.E., Eremeeva T.P., Kara-
vyanskaya T.N., Pereskokova M.A., et al. Molecular epidemiology 
of echo 6 virus, the causative agent of the 2006 outbreak of serous 
meningitis in Khabarovsk. Voprosy virusologii. 2008; 53(1): 16–21. 
https://elibrary.ru/iisrvh (in Russian)

22. Ivanova O.E., Eremeeva T.P., Lukashev A.N., Baykova O.Yu., 
Yarmol’skaya M.S., Kuribko S.G., et al. Virological, clinical and 
epidemiological characteristics of aseptic meningitis in Moscow 
(2008–2012). Epidemiologiya i vaktsinoprofilaktika. 2014; (3): 
10–7. https://elibrary.ru/sghrgp (in Russian)

23. Papadakis G., Chibo D., Druce J., Catton M., Birch C. Detection 
and genotyping of enteroviruses in cerebrospinal fluid in patients in 
Victoria, Australia, 2007–2013. J. Med. Virol. 2014; 6(9): 1609–13. 
https://doi.org/10.1002/jmv.23885 

24. Shen H. Recombination analysis of coxsackievirus B5 genogroup C. 
Arch. Virol. 2018; 163(2): 539–44. https://doi.org/10.1007/s00705-
017-3608-6 

25. Trallero G., Casas I., Avellón A., Pérez C., Tenorio A., De La Lo-
ma A. First epidemic of aseptic meningitis due to echovirus type 13 
among Spanish children. Epidemiol. Infect. 2003; 130(2): 251–6. 
https://doi.org/10.1017/s0950268802008191 

26. Wang P., Xu Y., Liu M., Li H., Wang H., Liu Y., et al. Risk fac-
tors and early markers for echovirus type 11 associated haem-
orrhage-hepatitis syndrome in neonates, a retrospective cohort 
study. Front. Pediatr. 2023; 11: 1063558. https://doi.org/10.3389/
fped.2023.1063558

27. Nkosi N., Preiser W., van Zyl G., Claassen M., Cronje N., Maritz J., 
et al. Molecular characterisation and epidemiology of enterovi-
rus-associated aseptic meningitis in the Western and Eastern Cape 
Provinces, South Africa 2018-2019. J. Clin. Virol. 2021; 139: 
104845. https://doi.org/10.1016/j.jcv.2021.104845

28. Jiang C., Xu Z., Li J., Zhang J., Xue X., Jiang J., et al. Case report: 
Clinical and virological characteristics of aseptic meningitis caused 
by a recombinant echovirus 18 in an immunocompetent adult. 
Front. Med. (Lausanne). 2023; 9: 1094347. https://doi.org/10.3389/
fmed.2022.1094347 

29. Romanenkova N.I., Golitsyna L.N., Bichurina M.A., Rozaeva N.R., 
Kanaeva O.I., Zverev V.V., et al. Enterovirus infection morbidity 
and peculiaritiesof nonpolio enteroviruses circulation on some terri-
tories of Russia in 2017. Zhurnal infektologii. 2018; 10(4): 124–33. 



484484

PROBLEMS OF VIROLOGY (VOPROSY VIRUSOLOGII). 2023; 68(6)
https://doi.org/10.36233/0507-4088-205

REVIEWS

of children, Taiwan, 2014. Pediatr. Neonatol. 2019; 60(1): 95–9. 
https://doi.org/10.1016/j.pedneo.2018.02.003

46. Hu L., Zhang Y., Hong M., Fan Q., Yan D., Zhu S., et al. Phyloge-
netic analysis and phenotypic characterisatics of two Tibet EV-C96 
strains. J. Virol. 2019; 16(1): 40. https://doi.org/10.1186/s12985-
019-1151-7

47. Helfferich J., Knoester M., Van Leer-Buter C.C., Neuteboom R.F., 
Meiners L.C., Niesters H.G., et al. Acute flaccid myelitis and entero-
virus D68: lessons from the past and present. Eur. J. Pediatr. 2019; 
178(9): 1305–15. https://doi.org/10.1007/s00431-019-03435-3

48. Lopez A., Lee A., Guo A., Konopka-Anstadt J.L., Nisler A., Rogers 
S.L., et al. Vital signs: surveillance for acute flaccid myelitis – Unit-
ed States, 2018. MMWR Morb. Mortal. Wkly. Rep. 2019; 68(27): 
608–14. https://doi.org/10.15585/mmwr.mm6827e1 

49. Zverev V.V., Novikova N.A. Enterovirus D68: molecular biological 
characteristics, features of infection. Zhurnal MediAl’. 2019; (2): 
40–54. https://doi.org/10.21145/2225-0026-2019-2-40-54 https://
elibrary.ru/ljyeyg (in Russian)

50. Anokhin V.A., Sabitova A.M., Kravchenko I.E., Martynova T.M. 
Enterovirus infections: modern features. Prakticheskaya meditsina. 
2014; (9): 52–9. https://elibrary.ru/tamufx (in Russian)

51. Almutairi M.M., Gong C., Xu Y.G., Chang Y., Shi H. Factors con-
trolling permeability of the blood-brain barrier. Cell. Mol. Life Sci. 
2016; 73(1): 57–77. https://doi.org/10.1007/s00018-015-2050-8 

52. You Q., Wu J., Liu Y., Zhang F., Jiang N., Tian X., et al. HMGB1 
release induced by EV71 infection exacerbates blood-brain barrier 
disruption via VE-cadherin phosphorylation. Virus Res. 2023; 338: 
199240. https://doi.org/10.1016/j.virusres.2023.199240 

53. Lenz K.M., Nelson L.H. Microglia and beyond: innate immune 
cells as regulators of brain development and behavioral function. 
Front. Immunol. 2018; 13(9): 698. https://doi.org/10.3389/fim-
mu.2018.00698 

54. Forrester J.V., McMenamin P.G., Dando S.J. CNS infection and im-
mune privilege. Nat. Rev. Neurosci. 2018; 19(11): 655–71. https://
doi.org/10.1038/s41583-018-0070-8 

55. Ohka S., Sakai M., Bohnert S., Igarashi H., Deinhardt K., Schiavo 
G., et al. Receptor-dependent and -independent axonal retrograde 
transport of poliovirus in motor neurons. J. Virol. 2009; 83(10): 
4995–5004. https://doi.org/10.1128/JVI.02225-08 

56. Huang S.W., Huang Y.H., Tsai H.P., Kuo P.H., Wang S.M., Liu C.C., 
et al. A selective bottleneck shapes the evolutionary mutant spectra 
of enterovirus A71 during viral dissemination in humans. J. Virol. 
2017; 91(23): e01062-17. https://doi.org/10.1128/JVI.01062-17 

57. Chen B.S., Lee H.C., Lee K.M., Gong Y.N., Shih S.R. Enterovi-
rus and encephalitis. Front. Microbiol. 2020; 11: 261. https://doi.
org/10.3389/fmicb.2020.00261 

58. Wang L., Dong C., Chen D.E., Song Z. Coxsackievirus-induced 
acute neonatal central nervous system disease model. Int. J. Clin. 
Exp. Pathol. 2014; 7(3): 858–69.

59. Ohka S., Nomoto A. The molecular basis of poliovirus neuroviru-
lence. Dev. Biol. (Basel). 2001; 105: 51–8.

60. Racaniello V.R. One hundred years of poliovirus pathogene-
sis. Virology. 2006; 344(1): 9–16. https://doi.org/10.1016/j.vi-
rol.2005.09.015 

61. Baggen J., Thibaut H.J., Strating J.R.P.M., van Kuppeveld F.J.M. 
The life cycle of non-polio enteroviruses and how to target it. 
Nat. Rev. Microbiol. 2018; 16(6): 368–81. https://doi.org/10.1038/
s41579-018-0005-4 

62. Volterra A., Meldolesi J. Astrocytes, from brain glue to communi-
cation elements: the revolution continues. Nat. Rev. Neurosci. 2005; 
6(8): 626–40. https://doi.org/10.1038/nrn1722 

63. O’Neal A.J., Hanson M.R. The enterovirus theory of disease etiol-
ogy in myalgic encephalomyelitis/chronic fatigue syndrome: a crit-
ical review. Front. Med. (Lausanne). 2021; 8: 688486. https://doi.
org/10.3389/fmed.2021.688486 

64. Jacksch C., Dargvainiene J., Böttcher S., Diedrich S., Leypoldt F., 
Stürner K., et al. Chronic enterovirus meningoencephalitis in pro-
longed B-cell depletion after rituximab therapy: case report. Neurol. 
Neuroimmunol. Neuroinflamm. 2023; 10(6): e200171. https://doi.
org/10.1212/NXI.0000000000200171 

65. Pinkert S., Klingel K., Lindig V., Dörner A., Zeichhardt H., Spil-
ler O.B., et al. Virus-host coevolution in a persistently coxsackie-
virus B3-infected cardiomyocyte cell line. J. Virol. 2011; 85(24): 
13409–19. https://doi.org/10.1128/JVI.00621-11 

https://doi.org/10.22625/2072-6732-2018-10-4-124-133 https://eli-
brary.ru/vvmeua (in Russian)

30. Pabbaraju K., Wong S., Chan E.N., Tellier R. Genetic character-
ization of a Coxsackie A9 virus associated with aseptic meningi-
tis in Alberta, Canada in 2010. J. Virol. 2013; 10: 93. https://doi.
org/10.1186/1743-422X-10-93

31. Smuts H., Cronje S., Thomas J., Brink D., Korsman S., Hardie D. 
Molecular characterization of an outbreak of enterovirus-associated 
meningitis in Mossel Bay, South Africa, December 2015 – January 
2016. BMC Infect. Dis. 2018; 18(1): 709. https://doi.org/10.1186/
s12879-018-3641-4 

32. Moliner-Calderón E., Rabella-Garcia N., Turón-Viñas E., Ginovart-Ga-
liana G., Figueras-Aloy J. Relevance of enteroviruses in neonatal men-
ingitis. Enferm. Infect. Microbiol. Clin. (Engl. Ed.). 2023; S2529-993X 
(22)00313-6. https://doi.org/10.1016/j.eimce.2022.12.012 

33. Sun H., Gao M., Cui D. Molecular characteristics of the VP1 re-
gion of enterovirus 71 strains in China. Gut. Pathog. 2020; 12: 38. 
https://doi.org/ 10.1186/s13099-020-00377-2 

34. Liu Y., Zhou J., Ji G., Gao Y., Zhang C., Zhang T., et al. A novel 
subgenotype C6 Enterovirus A71 originating from the recombina-
tion between subgenotypes C4 and C2 strains in mainland China. 
Sci. Rep. 2022; 12(1): 593. https://doi.org/10.1038/s41598-021-
04604-x 

35. Romanenkova N.I., Nguyen T.T.T., Golitsyna L.N., Ponomare-
va N.V., Rozaeva N.R., Kanaeva O.I., et al. Enterovirus 71-asso-
ciated infection in South Vietnam: vaccination is a real solution. 
Vaccines (Basel). 2023; 11(5): 931. https://doi.org/10.3390/vac-
cines11050931 

36. Melnick J.L., Schmidt N.J., Mirkovic R.R., Chumakov M.P., Lav-
rova I.K., Voroshilova M.K. Identification of Bulgarian strain 258 
of enterovirus 71. Intervirology. 1980; 12(6): 297–302. https://doi.
org/10.1159/000149088

37. Abubakar S., Chee H.Y., Shafee N., Chua K.B., Lam S.K. Molec-
ular detection of enteroviruses from an outbreak of hand, foot and 
mouth disease in Malaysia in 1997. Scand. J. Infect. Dis. 1999; 
31(4): 331–5. https://doi.org/10.1080/00365549950163734 

38. Mao Q., Cheng T., Zhu F., Li J., Wang Y., Li Y., et al. The cross-neu-
tralizing activity of enterovirus 71 subgenotype C4 vaccines in 
healthy Chinese infants and children. PLoS One. 2013; 8(11): 
e79599. https://doi.org/10.1371/journal.pone.0079599 

39. Nguyen T.T., Chiu C.H., Lin C.Y., Chiu N.C., Chen P.Y., Le T.T.V., 
et al. Efficacy, safety, and immunogenicity of an inactivated, adju-
vanted enterovirus 71 vaccine in infants and children: a multiregion, 
double-blind, randomised, placebo-controlled, phase 3 trial. Lan-
cet. 2022; 399(10336): 1708–17. https://doi.org/10.1016/S0140-
6736(22)00313-0

40. Kovalev E.V., Yagovkin E.A., Onishchenko G.G., Simovan’yan 
E.N., Nenadskaya S.A., Tverdokhlebova T.I., et al. Epidemio-
logical and clinical features of enterovirus (nepolio) infection of 
71st type in children in the city of Rostov-on-Don. Infektsionnye 
bolezni: novosti, mneniya, obuchenie. 2018; 7(4): 44–51. https://
doi.org/10.24411/2305-3496-2018-14007 https://elibrary.ru/yphx-
nz (in Russian)

41. Kovalev E.V., Tverdokhlebova T.I., Simovan’yan E.N. Molecular 
epidemiological and clinical aspects of enterovirus infection in the 
south of Russia. Meditsinskiy vestnik Yuga Rossii. 2023; 14(1): 83–
92. https://doi.org/10.21886/2219-8075-2023-14-1-83-92 https://
elibrary.ru/efrjdb (in Russian)

42. Li J., Wang X., Cai J., Ge Y., Wang C., Qiu Y., et al. Non-polio 
enterovirus infections in children with central nervous system dis-
orders in Shanghai, 2016-2018: Serotypes and clinical character-
istics. J. Clin. Virol. 2020; 129: 104516. https://doi.org/10.1016/j.
jcv.2020.104516 

43. Munivenkatappa A., Yadav P.D., Nyayanit D.A., Majumdar T.D., 
Sangal L., Jain S., et al. Molecular diversity of Coxsackievirus A10 
circulating in the southern and northern region of India [2009-17]. 
Infect. Genet. Evol. 2018; 66: 101–10. https://doi.org/10.1016/j.
meegid.2018.09.004

44. Ivanova O.E., Shakaryan A.K., Morozova N.S., Vakulenko Y.A., 
Eremeeva T.P., Kozlovskaya L.I., et al. Cases of acute flaccid paral-
ysis associated with coxsackievirus A2: Findings of a 20-year sur-
veillance in the Russian Federation. Microorganisms. 2022; 10(1): 
112. https://doi.org/10.3390/microorganisms10010112 

45. Chiang K.L., Wei S.H., Fan H.C., Chou Y.K., Yang J.Y. Outbreak 
of recombinant coxsackievirus A2 infection and polio-like paralysis 



485485

ВОПРОСЫ ВИРУСОЛОГИИ. 2023; 68(6)
https://doi.org/10.36233/0507-4088-205

ОБЗОРЫ

66. Fischer T.K., Simmonds P., Harvala H. The importance of entero-
virus surveillance in a post-polio world. Lancet Infect. Dis. 2022; 
22(1): e35-e40. https://doi: 10.1016/S1473-3099(20)30852-5.

67. Chiu M.L., Luo S.T., Chen Y.Y., Chung W.Y. Duong V., Dussart P. 
et al. Establishment of Asia-Pacific Network for Enterovirus Sur-
veillance. Vaccine. 2020; 38(1): 1–9. https://doi.org/10.1016/j.vac-
cine.2019.09.111”10.1016/j.vaccine.2019.09.111

Л И Т Е РАТ У РА

1. Tapparel C., Siegrist F., Petty T.J., Kaiser L. Picornavirus and 
enterovirus diversity with associated human diseases. Infect. Genet. 
Evol. 2013; 14: 282–93. https://doi.org/10.1016/j.meegid.2012.10.016 

2. Brown D.M., Zhang Y., Scheuermann R.H. Epidemiology and 
sequence-based evolutionary analysis of circulating non-polio 
enteroviruses. Microorganisms. 2020; 8(12): 1856. https://doi.
org/10.3390/microorganisms8121856 

3. Brouwer L., Moreni G., Wolthers K.C., Pajkrt D. World-wide 
prevalence and genotype distribution of enteroviruses. Viruses. 
2021; 13(3): 434. https://doi.org/10.3390/v13030434

4. Лобзин Ю.В., Пилипенко В.В., Громыко Ю.Н. Менингиты и эн-
цефалиты. СПб.: Фолиант; 2003. EDN: https://elibrary.ru/zfgsev

5. Rao S., Elkon B., Flett K.B., et al. Long-term outcomes and risk fac-
tors associated with acute encephalitis in children. J. Pediatric Infect. 
Dis. Soc. 2017; 6(1): 20–7. https://doi.org/10.1093/jpids/piv075

6. Khandaker G., Jung J., Britton P., et al. Long-term outcomes of in-
fective encephalitis in children: a systematic review and meta-anal-
ysis. Dev. Med. Child Neurol. 2016; 58(11): 1108–15. https://doi.
org/10.1111/dmcn.13197

7. Скрипченко Н.В., Иванова М.В., Вильниц А.А., Скрипченко Е.Ю. 
Нейроинфекции у детей: тенденции и перспективы. Российский 
вестник перинатологии и педиатрии. 2016; 61(4): 9–22. https://doi.
org/10.21508/1027-4065-2016-61-4-9-22 https://elibrary.ru/yuckad

8. Морозова Е.А., Ертахова М.Л. Исходы нейроинфекций и их 
предикторы. Русский журнал детской неврологии. 2020; 15(3-
4): 55–64. https://doi.org/10.17650/2073-8803-2020-15-3-4-55-64 
https://elibrary.ru/thmrqq

9. Ярмухамедова Н.А., Эргашева М.Я. Клинико-лабораторная ха-
рактеристика при серозном менингите энтеровирусной этиоло-
гии. Вопросы науки и образования. 2019; 27(76): 134–44. https://
elibrary.ru/bxerha

10. Majer A., McGreevy A., Booth T.F. Molecular pathogenicity of en-
teroviruses causing neurological disease. Front. Microbiol. 2020; 
11: 540. https://doi.org/10.3389/fmicb.2020.00540

11. Wörner N., Rodrigo-García R., Antón A., Castellarnau E., Del-
gado I., Vazquez È., et al. Enterovirus-A71 Rhombencephalitis 
outbreak in Catalonia: characteristics, management and outcome. 
Pediatr. Infect. Dis. 2021; 40(7): 628–33. https://doi.org/10.1097/
INF.0000000000003114

12. Bailly J.L., Mirand A., Henquell C., Archimbaud C., Chambon M., 
Charbonné F., et al. Phylogeography of circulating populations of 
human echovirus 30 over 50 years: Nucleotide polymorphism and 
signature of purifying selection in the VP1 capsid protein gene. In-
fect. Genet. Evol. 2009; 9(4): 699–708. https://doi.org/10.1016/j.
meegid.2008.04.009

13. Tian X., Han Z., He Y., Sun Q., Wang W., Xu W., et al. Temporal 
phylogeny and molecular characterization of echovirus 30 associat-
ed with aseptic meningitis outbreaks in China. J. Virol. 2021; 18(1): 
118. https://doi.org/10.1186/s12985-021-01590-4 

14. Новикова Н.А., Голицына Л.Н., Фомина С.Г., Ефимов Е.И. Мо-
лекулярный мониторинг неполиомиелитных энтеровирусов на 
европейской территории России в 2008–2011 гг. Журнал микро-
биологии, эпидемиологии и иммунобиологии. 2013; 90(1): 75–8. 
https://elibrary.ru/qayeqt

15. Голицына Л.Н., Зверев В.В., Селиванова С.Г., Пономарёва Н.В., 
Кашников А.Ю., Созонов Д.В. и др. Этиологическая структура 
энтеровирусных инфекций в Российской Федерации в 2017-
2018 гг. Здоровье населения и среда обитания – ЗНиСО. 2019; 
27(8): 30–8. https://doi.org/10.35627/2219-5238/2019-317-8-30-
38 https://elibrary.ru/rszlbd

16. Бичурина М.А., Романенкова Н.И., Голицына Л.Н., Розаева Н.Р., 
Канаева О.И., Фомина С.Г. и др. Роль энтеровируса ECHO 30 в 
этиологии энтеровирусной инфекции на северо-западе России 
в 2013 г. Журнал инфектологии. 2014; 6(3): 84–91. https://eli-
brary.ru/padalz

17. Khetsuriani N., Lamonte-Fowlkes A., Oberst S., Pallansch M.A. 
Centers for Disease Control and Prevention. Enterovirus surveil-
lance – United States, 1970–2005. MMWR Surveill. Summ. 2006; 
55(8): 1–20.

18. Lee H.Y., Chen C.J., Huang Y.C., Li W.C., Chiu C.H., Huang C.G., 
et al. Clinical features of echovirus 6 and 9 infections in chil-
dren. J. Clin. Virol. 2010; 49(3): 175–9. https://doi.org/10.1016/j.
jcv.2010.07.010 

19. Zhu Y., Zhou X., Liu J., Xia L., Pan Y., Chen J., et al. Molecular 
identification of human enteroviruses associated with aseptic men-
ingitis in Yunnan province, Southwest China. Springerplus. 2016; 
5(1): 1515. https://doi.org/10.1186/s40064-016-3194-1 

20. Голицына Л.Н., Фомина С.Г., Новикова Н.А. Молекулярно-ге-
нетические варианты вируса ECHO 9, идентифицированные у 
больных серозным менингитом в России в 2007–2009 гг. Во-
просы вирусологии. 2011; 56(6): 37–42. https://elibrary.ru/ooqzuf

21. Лукашев А.Н., Резник В.И., Иванова О.Е., Еремеева Т.П., Кара-
вянская Т.Н., Перескокова М.А. и др. Молекулярная эпидемио-
логия вируса ECHO 6, возбудителя вспышки серозного менин-
гита 2006 года в Хабаровске. Вопросы вирусологии. 2008; 53(1): 
16–21. https://elibrary.ru/iisrvh

22. Иванова О.Е., Еремеева Т.П., Лукашев А.Н., Байкова О.Ю., Яр-
мольская М.С., Курибко С.Г. и др. Вирусологическая и клини-
ко-эпидемиологическая характеристика серозных менингитов 
в Москве (2008–2012 гг.). Эпидемиология и вакцинопрофилак-
тика. 2014; (3): 10–7. https://elibrary.ru/sghrgp

23. Papadakis G., Chibo D., Druce J., Catton M., Birch C. Detection 
and genotyping of enteroviruses in cerebrospinal fluid in patients in 
Victoria, Australia, 2007–2013. J. Med. Virol. 2014; 6(9): 1609–13. 
https://doi.org/10.1002/jmv.23885 

24. Shen H. Recombination analysis of coxsackievirus B5 genogroup C. 
Arch. Virol. 2018; 163(2): 539–44. https://doi.org/10.1007/s00705-
017-3608-6 

25. Trallero G., Casas I., Avellón A., Pérez C., Tenorio A., De La Lo-
ma A. First epidemic of aseptic meningitis due to echovirus type 13 
among Spanish children. Epidemiol. Infect. 2003; 130(2): 251–6. 
https://doi.org/10.1017/s0950268802008191 

26. Wang P., Xu Y., Liu M., Li H., Wang H., Liu Y., et al. Risk factors and 
early markers for echovirus type 11 associated haemorrhage-hepati-
tis syndrome in neonates, a retrospective cohort study. Front. Pedi-
atr. 2023; 11: 1063558. https://doi.org/10.3389/fped.2023.1063558

27. Nkosi N., Preiser W., van Zyl G., Claassen M., Cronje N., Maritz J., 
et al. Molecular characterisation and epidemiology of enterovi-
rus-associated aseptic meningitis in the Western and Eastern Cape 
Provinces, South Africa 2018-2019. J. Clin. Virol. 2021; 139: 
104845. https://doi.org/10.1016/j.jcv.2021.104845

28. Jiang C., Xu Z., Li J., Zhang J., Xue X., Jiang J., et al. Case report: 
Clinical and virological characteristics of aseptic meningitis caused 
by a recombinant echovirus 18 in an immunocompetent adult. 
Front. Med. (Lausanne). 2023; 9: 1094347. https://doi.org/10.3389/
fmed.2022.1094347 

29. Романенкова Н.И., Голицына Л.Н., Бичурина М.А., Розае-
ва Н.Р., Канаева О.И., Зверев В.В. и др. Заболеваемость энте-
ровирусной инфекцией и особенности циркуляции неполио-
миелитных энтеровирусов на некоторых территориях России в 
2017 году. Журнал инфектологии. 2018; 10(4): 124–33. https://
doi.org/10.22625/2072-6732-2018-10-4-124-133 https://elibrary.
ru/vvmeua

30. Pabbaraju K., Wong S., Chan E.N., Tellier R. Genetic character-
ization of a Coxsackie A9 virus associated with aseptic meningi-
tis in Alberta, Canada in 2010. J. Virol. 2013; 10: 93. https://doi.
org/10.1186/1743-422X-10-93

31. Smuts H., Cronje S., Thomas J., Brink D., Korsman S., Hardie D. 
Molecular characterization of an outbreak of enterovirus-associated 
meningitis in Mossel Bay, South Africa, December 2015 – January 
2016. BMC Infect. Dis. 2018; 18(1): 709. https://doi.org/10.1186/
s12879-018-3641-4 

32. Moliner-Calderón E., Rabella-Garcia N., Turón-Viñas E., Gi-
novart-Galiana G., Figueras-Aloy J. Relevance of enterovirus-
es in neonatal meningitis. Enferm. Infect. Microbiol. Clin. (Engl. 
Ed.). 2023; S2529-993X (22)00313-6. https://doi.org/10.1016/j.
eimce.2022.12.012 

33. Sun H., Gao M., Cui D. Molecular characteristics of the VP1 re-
gion of enterovirus 71 strains in China. Gut. Pathog. 2020; 12: 38. 
https://doi.org/ 10.1186/s13099-020-00377-2 



486486

PROBLEMS OF VIROLOGY (VOPROSY VIRUSOLOGII). 2023; 68(6)
https://doi.org/10.36233/0507-4088-205

REVIEWS

49. Зверев В.В., Новикова Н.А. Энтеровирус D68: молекуляр-
но-биологическая характеристика, особенности инфекции. 
Журнал МедиАль. 2019; (2): 40–54. https://doi.org/10.21145/2225-
0026-2019-2-40-54 https://elibrary.ru/ljyeyg

50. Анохин В.А., Сабитова А.М., Кравченко И.Э., Мартынова 
Т.М. Энтеровирусные инфекции: современные особенности. 
Практическая медицина. 2014; (9): 52–9. https://elibrary.ru/
tamufx

51. Almutairi M.M., Gong C., Xu Y.G., Chang Y., Shi H. Factors 
controlling permeability of the blood-brain barrier. Cell. Mol. 
Life Sci. 2016; 73(1): 57–77. https://doi.org/10.1007/s00018-
015-2050-8 

52. You Q., Wu J., Liu Y., Zhang F., Jiang N., Tian X., et al. HMGB1 
release induced by EV71 infection exacerbates blood-brain barrier 
disruption via VE-cadherin phosphorylation. Virus Res. 2023; 338: 
199240. https://doi.org/10.1016/j.virusres.2023.199240 

53. Lenz K.M., Nelson L.H. Microglia and beyond: innate immune 
cells as regulators of brain development and behavioral function. 
Front. Immunol. 2018; 13(9): 698. https://doi.org/10.3389/fim-
mu.2018.00698 

54. Forrester J.V., McMenamin P.G., Dando S.J. CNS infection and im-
mune privilege. Nat. Rev. Neurosci. 2018; 19(11): 655–71. https://
doi.org/10.1038/s41583-018-0070-8 

55. Ohka S., Sakai M., Bohnert S., Igarashi H., Deinhardt K., Schiavo 
G., et al. Receptor-dependent and -independent axonal retrograde 
transport of poliovirus in motor neurons. J. Virol. 2009; 83(10): 
4995–5004. https://doi.org/10.1128/JVI.02225-08 

56. Huang S.W., Huang Y.H., Tsai H.P., Kuo P.H., Wang S.M., Liu C.C., 
et al. A selective bottleneck shapes the evolutionary mutant spectra 
of enterovirus A71 during viral dissemination in humans. J. Virol. 
2017; 91(23): e01062-17. https://doi.org/10.1128/JVI.01062-17 

57. Chen B.S., Lee H.C., Lee K.M., Gong Y.N., Shih S.R. Enterovi-
rus and encephalitis. Front. Microbiol. 2020; 11: 261. https://doi.
org/10.3389/fmicb.2020.00261 

58. Wang L., Dong C., Chen D.E., Song Z. Coxsackievirus-induced 
acute neonatal central nervous system disease model. Int. J. Clin. 
Exp. Pathol. 2014; 7(3): 858–69.

59. Ohka S., Nomoto A. The molecular basis of poliovirus neuroviru-
lence. Dev. Biol. (Basel). 2001; 105: 51–8.

60. Racaniello V.R. One hundred years of poliovirus pathogene-
sis. Virology. 2006; 344(1): 9–16. https://doi.org/10.1016/j.vi-
rol.2005.09.015 

61. Baggen J., Thibaut H.J., Strating J.R.P.M., van Kuppeveld F.J.M. 
The life cycle of non-polio enteroviruses and how to target it. 
Nat. Rev. Microbiol. 2018; 16(6): 368–81. https://doi.org/10.1038/
s41579-018-0005-4 

62. Volterra A., Meldolesi J. Astrocytes, from brain glue to communi-
cation elements: the revolution continues. Nat. Rev. Neurosci. 2005; 
6(8): 626–40. https://doi.org/10.1038/nrn1722 

63. O’Neal A.J., Hanson M.R. The enterovirus theory of disease etiol-
ogy in myalgic encephalomyelitis/chronic fatigue syndrome: a crit-
ical review. Front. Med. (Lausanne). 2021; 8: 688486. https://doi.
org/10.3389/fmed.2021.688486 

64. Jacksch C., Dargvainiene J., Böttcher S., Diedrich S., Leypoldt F., 
Stürner K., et al. Chronic enterovirus meningoencephalitis in pro-
longed B-cell depletion after rituximab therapy: case report. Neurol. 
Neuroimmunol. Neuroinflamm. 2023; 10(6): e200171. https://doi.
org/10.1212/NXI.0000000000200171 

65. Pinkert S., Klingel K., Lindig V., Dörner A., Zeichhardt H., Spil-
ler O.B., et al. Virus-host coevolution in a persistently coxsackie-
virus B3-infected cardiomyocyte cell line. J. Virol. 2011; 85(24): 
13409–19. https://doi.org/10.1128/JVI.00621-11 

66. Fischer T.K., Simmonds P., Harvala H. The importance of 
enterovirus surveillance in a post-polio world. Lancet In-
fect. Dis. 2022; 22(1): e35-e40. https://doi: 10.1016/S1473-
3099(20)30852-5.

67. Chiu M.L., Luo S.T., Chen Y.Y., Chung W.Y. Duong V., Dussart P. 
et al. Establishment of Asia-Pacific Network for Enterovirus Sur-
veillance. Vaccine. 2020; 38(1): 1–9. https://doi.org/10.1016/j.vac-
cine.2019.09.111”10.1016/j.vaccine.2019.09.111

34. Liu Y., Zhou J., Ji G., Gao Y., Zhang C., Zhang T., et al. A novel 
subgenotype C6 Enterovirus A71 originating from the recombina-
tion between subgenotypes C4 and C2 strains in mainland China. 
Sci. Rep. 2022; 12(1): 593. https://doi.org/10.1038/s41598-021-
04604-x 

35. Romanenkova N.I., Nguyen T.T.T., Golitsyna L.N., Ponomare-
va N.V., Rozaeva N.R., Kanaeva O.I., et al. Enterovirus 71-asso-
ciated infection in South Vietnam: vaccination is a real solution. 
Vaccines (Basel). 2023; 11(5): 931. https://doi.org/10.3390/vac-
cines11050931 

36. Melnick J.L., Schmidt N.J., Mirkovic R.R., Chumakov M.P., Lav-
rova I.K., Voroshilova M.K. Identification of Bulgarian strain 258 
of enterovirus 71. Intervirology. 1980; 12(6): 297–302. https://doi.
org/10.1159/000149088

37. Abubakar S., Chee H.Y., Shafee N., Chua K.B., Lam S.K. Molec-
ular detection of enteroviruses from an outbreak of hand, foot and 
mouth disease in Malaysia in 1997. Scand. J. Infect. Dis. 1999; 
31(4): 331–5. https://doi.org/10.1080/00365549950163734 

38. Mao Q., Cheng T., Zhu F., Li J., Wang Y., Li Y., et al. The cross-neu-
tralizing activity of enterovirus 71 subgenotype C4 vaccines in 
healthy Chinese infants and children. PLoS One. 2013; 8(11): 
e79599. https://doi.org/10.1371/journal.pone.0079599 

39. Nguyen T.T., Chiu C.H., Lin C.Y., Chiu N.C., Chen P.Y., Le T.T.V., 
et al. Efficacy, safety, and immunogenicity of an inactivated, adju-
vanted enterovirus 71 vaccine in infants and children: a multiregion, 
double-blind, randomised, placebo-controlled, phase 3 trial. Lan-
cet. 2022; 399(10336): 1708–17. https://doi.org/10.1016/S0140-
6736(22)00313-0

40. Ковалев Е.В., Яговкин Э.А., Онищенко Г.Г., Симованьян Э.Н., 
Ненадская С.А., Твердохлебова Т.И. и др. Эпидемиологические 
и клинические особенности энтеровирусной (неполио) инфек-
ции 71 типа у детей в Ростове-на-Дону. Инфекционные болез-
ни: новости, мнения, обучение. 2018; 7(4): 44–51. https://doi.
org/10.24411/2305-3496-2018-14007 https://elibrary.ru/yphxnz

41. Ковалёв Е.В., Твердохлебова Т.И., Симованьян Э.Н. Молеку-
лярно-эпидемиологические и клинические аспекты энтерови-
русной инфекции на юге России. Медицинский вестник Юга 
России. 2023; 14(1): 83–92. https://doi.org/10.21886/2219-8075-
2023-14-1-83-92 https://elibrary.ru/efrjdb

42. Li J., Wang X., Cai J., Ge Y., Wang C., Qiu Y., et al. Non-polio 
enterovirus infections in children with central nervous system dis-
orders in Shanghai, 2016-2018: Serotypes and clinical character-
istics. J. Clin. Virol. 2020; 129: 104516. https://doi.org/10.1016/j.
jcv.2020.104516 

43. Munivenkatappa A., Yadav P.D., Nyayanit D.A., Majumdar T.D., 
Sangal L., Jain S., et al. Molecular diversity of Coxsackievirus A10 
circulating in the southern and northern region of India [2009-17]. 
Infect. Genet. Evol. 2018; 66: 101–10. https://doi.org/10.1016/j.
meegid.2018.09.004

44. Ivanova O.E., Shakaryan A.K., Morozova N.S., Vakulenko Y.A., 
Eremeeva T.P., Kozlovskaya L.I., et al. Cases of acute flaccid paral-
ysis associated with coxsackievirus A2: Findings of a 20-year sur-
veillance in the Russian Federation. Microorganisms. 2022; 10(1): 
112. https://doi.org/10.3390/microorganisms10010112 

45. Chiang K.L., Wei S.H., Fan H.C., Chou Y.K., Yang J.Y. Outbreak 
of recombinant coxsackievirus A2 infection and polio-like paralysis 
of children, Taiwan, 2014. Pediatr. Neonatol. 2019; 60(1): 95–9. 
https://doi.org/10.1016/j.pedneo.2018.02.003

46. Hu L., Zhang Y., Hong M., Fan Q., Yan D., Zhu S., et al. Phylogenetic 
analysis and phenotypic characterisatics of two Tibet EV-C96 strains. 
J. Virol. 2019; 16(1): 40. https://doi.org/10.1186/s12985-019-1151-7

47. Helfferich J., Knoester M., Van Leer-Buter C.C., Neuteboom R.F., 
Meiners L.C., Niesters H.G., et al. Acute flaccid myelitis and en-
terovirus D68: lessons from the past and present. Eur. J. Pedi-
atr. 2019; 178(9): 1305–15. https://doi.org/10.1007/s00431-019-
03435-3

48. Lopez A., Lee A., Guo A., Konopka-Anstadt J.L., Nisler A., Ro-
gers S.L., et al. Vital signs: surveillance for acute flaccid myeli-
tis – United States, 2018. MMWR Morb. Mortal. Wkly. Rep. 2019; 
68(27): 608–14. https://doi.org/10.15585/mmwr.mm6827e1 



487487

ВОПРОСЫ ВИРУСОЛОГИИ. 2023; 68(6)
https://doi.org/10.36233/0507-4088-205

ОБЗОРЫ

Information about the authors:
Natalia V. Ponomareva  – Ph.D. (Biology), Researcher of Laboratory of Molecular Epidemiology of Viral Infections, Academician I.N. Blokhina 
Nizhny Novgorod Scientific Research Institute of Epidemiology and Microbiology of the Rospotrebnadzor, Nizhny Novgorod, Russia.  
E-mail: natalia.ponomareva.rfc@gmail.com; https://orcid.org/0000-0001-8950-6259
Nadezhda A. Novikova – Dr Sci. (Biology), professor, Head of the laboratory of molecular epidemiology of viral infections Academician 
I.N. Blokhina Nizhny Novgorod Scientific Research Institute of Epidemiology and Microbiology of the Rospotrebnadzor, Nizhny Novgorod, Russia. 
E-mail: novikova_na@mail.ru  https://orcid.org/0000-0002-3710-6648
Contribution: Ponomareva N.V. – analysis of literary sources, writing of the text; Novikova N.A. – making edits, adjustments, approval of the final 
version of the review article. 

Received 02 November 2023
Accepted 14 December 2023
Published 29 December 2023

Информация об авторах:
Пономарева Наталья Вячеславовна  – канд. биол. наук, научный сотрудник лаборатории молекулярной эпидемиологии вирусных 
инфекций ФБУН «Нижегородский НИИ эпидемиологии и микробиологии им. академика И.Н. Блохиной» Роспотребнадзора, Нижний Нов-
город, Россия. E-mail: natalia.ponomareva.rfc@gmail.com; https://orcid.org/0000-0001-8950-6259 
Новикова Надежда Алексеевна – д-р биол. наук, профессор, ведущий научный сотрудник, заведующая лабораторией молекулярной 
эпидемиологии вирусных инфекций ФБУН «Нижегородский НИИ эпидемиологии и микробиологии им. академика И.Н. Блохиной» Роспо-
требнадзора, Нижний Новгород, Россия. E-mail: novikova_na@mail.ru; https://orcid.org/0000-0002-3710-6648 
Участие авторов: Пономарева Н.В. – анализ литературных источников, написание текста; Новикова Н.А. – внесение правок, корректи-
ровка, утверждение окончательного варианта обзорной статьи.

Поступила 02.11.2023
Принята в печать 14.12.2023

Опубликована 29.12.202 

https://orcid.org/0000-0002-3710-6648
mailto:natalia.ponomareva.rfc@gmail.com
https://orcid.org/0000-0001-8950-6259

