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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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HenpotponHble aHTepoBupychl (Picornaviridae: Enterovirus):
AOMUHUPYHOLLKE TUMbI, OCHOBbI HEMPOBUPYNEHTHOCTH

MoHomapesa H.B. , Hosukosa H.A.

OBYH «Hwmxeropoackuii HAW anugemmonorumn n mukpobuonorum nm. akagemuka M.H. BrioxuHoin» PocnotpebHaasopa,
603950, r. HmxHun Hosropog, Poccus

Pe3tome

OHTEPOBMPYChI ABMSAKTCS OQHOM U3 Hanbornee YacTbIX NPUYMH MHAEKUMOHHBIX 3aboneBaHni LEHTpanbHON HEPBHOW
cuctembl (LIHC). Nx o6begnHseT reHeTndeckasn BapmabenbHOCTb, CMOCOBHOCTbL MHMLMPOBATDL LUMPOKUIA CMEKTP KIe-
TOK, B TOM YMCIIE KNETKM MUKPOMMMM MO3ra 1 acTpouuThl, a Takke nepcuctuposatb B TkaHu LIHC, obycnoenuBas
OTCpOYeHHble 1 XpoHNYeckune 3abonesaHus. B o63ope npeacraeneH matepyan o6 OCHOBaxX HEMPOBUPYNEHTHOCTU He-
NOMMOMMENUTHBIX SHTEPOBUPYCOB M Hambonee pacnpoCTpaHEHHbIX BO3OYAUTENSAX SHTEPOBUPYCHBIX HEMPOUHEKLMIA.

KnroueBble cnoBa: HeronuomMuenumHbie SHMeposuUpPyChbl; 3HMEePOB8UPYCHbIE HelpouHgeKyuu; cepo3HbIl me-
HUH2uUm,; ocmpeble essible napasnu4u

Onsa uutupoBaHusa: [loHomapesa H.B., HosukoBa H.A. HewpotponHble 3aHTepoBupychl (Picornaviridae:
Enterovirus): LOMUHWPYIOLLME TUMbI, OCHOBbI HENPOBUPYNEHTHOCTU. Bornpocskl supyconoauu. 2023; 68(6): 479—
489. DOI: https://doi.org/10.36233/0507-4088-205 EDN: https://elibrary.ru/kdllsv

®duHaHcMpoBaHue. ViccrnegosaHne NpoBeAeHo Ha cpeacTea dhedeparnbHoro blomkeTa, BbigeneHHble Ha uHaHCUpoBa-
HVe oTpacneBoii Hay4Hol nporpammel PocnoTpebHaasopa.

KoHdnukT nHTepecoB. ABTOPbI AeKNapupyloT OTCYTCTBME ABHBIX M MOTEHLMANbHBIX KOH(PIMKTOB UHTEPECOB,
CBsi3aHHbIX C Ny6rnvkauuen HacTosiLLeh CTaTbu.

Introduction lio enteroviruses (NPEVs), Enterovirus species A-D,

including more than 100 antigenically and genetically

The Enterovirus genus, a member of the large and di-  distinct types, are pathogenic for humans. The Entero-
verse Picornoviridae family, is subdivided into 15 species:  virus A species includes 25 types, the most numerous
Enterovirus A—L and Rhinovirus A—C. Among non-po-  Enterovirus B species combines 63 types, Enterovirus C
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species includes 23 types, and Enterovirus D species in-
cludes 5 types'. 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 (CVBI1-5,
CVA9, ECHO 6, 7, 9, 30, etc.). Enterovirus A NPEVs
(EV-A71, CA2, CVA6, CA10 and CVAL16, 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 /D 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, ¢ 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 CO,
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
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Russia since the beginning of the 21% century [13]. In
Russia, the largest outbreaks of E30-associated menin-
gitis were registered in 2003, 20062009 (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 (CVBS5) 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].
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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-AT1), 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 (BO-B5 and C0-CS5, 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 BS5 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 20" and early 21*
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
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(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
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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 a/p-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.
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