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INTRODUCTION

TO ENTEROVIRUSES
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A/ PICORNAVIRIDAE

The Picornaviridae family derives its name from its small size (pico meaning small in Latin,
unit measurement of 10™%) and its RNA genome, literally meaning small RNA virus.
Picornaviruses are small non-enveloped viruses with a single strand RNA genome of positive
polarity, and include many notable human and animal pathogens that have played important
roles in the development of modern virology. The International Committee on Taxonomy of
Viruses (ICTV) formally recognizes 12 distinct genera and 28 species in the Picornaviridae
family: Aphthovirus, Avihepatovirus, Cardiovirus, Enterovirus, Erbovirus, Hepatovirus,
Kobuvirus, Parechovirus, Sapelovirus, Senecavirus, Teschovirus, and Tremovirus. Table 1

shows the current genera in the Picornaviridae family.

The genus Aphthovirus comprises three species: bovine rhinitis B virus, equine rhinitis A virus,
and foot-and-mouth disease virus. Foot-and-mouth disease virus (FMDV) was the first animal
virus to be discovered in 1898. It causes foot-and-mouth disease (FMD), a highly contagious
disease that infects cloven-hoofed animals such as domestic cattle, swine and sheep, as well
as wild deer (1) FMD has debilitating effects that can cause drastic losses in meat and milk
production, and is thus of great agricultural and economic interest. During the 2001 FMD
epizootic in Great Britain, 6.5 million animals were slaughtered and losses were estimated to
be about £3.1 billion for the agricultural and food industry (2-3). FMDV is considered absent
in North and Central America, Australia, Japan, Chile and most of Europe but remains

present in Africa, South America, and parts of Asia and Europe.

The genus Kobuvirus consists of two species: Aichi virus and bovine kobuvirus. Aichi virus has

been isolated in children with non-bacterial gastroenteritis and from travellers to Southeast

Page | 8



Asian countries (4). Three other kobuviruses (porcine, murine and canine), as well as other

human and bat kobu-like viruses have been identified.

The genus Cardiovirus contains two species: Encephalomyocarditis virus and Theilovirus.
Serotypes of these species cause encephalitis and myocarditis in numerous host species
including mammals, birds, and insects. In particular, Theiler’s murine encephalomyelitis virus
(TMEV) can cause acute polioencephalomyelitis or chronic persistent demyelinating

infection of the white matter (5).

The genus Parechovirus consists of two species: Human parechovirus and Ljungan virus.
Human parechoviruses causes mild gastronintestinal and respiratory infections. Ljungan
virus has been associated with perinatal death in natural rodent reservoirs and laboratory

murine models, as well as, with intrauterine fetal death and diabetes in humans (6).

The genus Hepatovirus has one species: Hepatitis A virus (HAV) which causes acute liver
inflammation (7). It is often characterised by jaundice and is not associated with chronic
disease. It is primarily transmitted via by contact with infected household members,
foodborne and waterborne contaminations. Travel to countries with HAV endemicity and
poor sanitary conditions is a notable source of imported infections, and the HAV vaccine is

recommended to international travellers.

The genera Avihepatovirus, Sapelovirus, Senecavirus, and Tremovirus were officially
recognized as members of the Picornaviridae in 2009, and contain duck hepatitis A virus,
avian sapelovirus, porcine sapelovirus, simian sapelovirus, Seneca Valley virus (SVV), and

avian encephalomyelitis virus (8).
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Human rhinoviruses (HRV, Enterovirus genus) are highly prevalent respiratory pathogens,
and are the predominant cause of acute respiratory tract infections such as the common
cold. HRVs are frequently encountered worldwide and throughout life, and thus a major
cause of school and work absenteeism. More than 90% of children have experienced at least
one HRV infection by the age of 2 (9). Rhinoviruses were originally classified under the
original Rhinovirus genus, but have now been integrated into the Enterovirus genus on the
basis of their sequence homology. Rhinoviruses share an identical genomic organization and
have similar functional RNA secondary structures with Enteroviruses, but differ in their acid
tolerance, receptor usage, and cell tropism (10). More than 100 different HRV serotypes
have been described for the HRV-A and HRV-B species. A novel genetically distinct third
genotype HRV-C, comprising 49 designated serotypes, has now been recently recognized

(11).

A number of picornaviruses remained unassigned to a species or genus. They have been
found to infect bats (bat picornavirus), bluegill fishes (bluegill picornavirus), eels (eel
picornavirus), sheep (hungarovirus), mice (mosavirus, rosavirus), pigeons (pigeon
picornavirus), seals (seal picornavirus), turkeys (turkey hepatitis virus) and wild birds
(turdiviruses). Two human picornaviruses have also yet to be assigned: (i) human cosaviruses
(HCoSV, named for human common stool associated picornaviruses) were first described in
2008 in stool samples of South Asian children with nonpolio acute flaccid paralysis (AFP)
(12). HCoSV genetically resemble cardioviruses (32.7% and 46% aa identity in the P1 and 3D
regions respectively) and SVV (28.8% and 48.7% aa identity in the P1 and 3D regions
respectively). Five genetically divergent candidate species of cosaviruses (HCoSV-A to E) have
been proposed (13); (ii) human salivirus/klassevirus was identified in 2009 in paediatric
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diarrhoea patient samples tested negative for known diarrheal viruses (14-15). It shares the
greatest identity with kobuviruses, sharing 52.3% nt identity with Aichi virus across the

entire genome.

Genus Species Serotypes
Foot-and-mouth disease virus 7
Aphthovirus Equine rhinitis A virus 1
Bovine rhinitis B virus 1
Avihepatovirus Duck hepatitis A virus 1
CardioviFus Encc.eph_alomyocardltls virus 3
Theilovirus 12
Erbovirus Equine rhinitis B virus 3
Human enterovirus A 22
Human enterovirus B 60
Human enterovirus C 21
Human enterovirus D 4
S Simian enterovirus A 1
Enterovirus . .
Bovine enterovirus 2
Porcine enterovirus 2
Human rhinovirus A 77
Human rhinovirus B 25
Human rhinovirus C 49
Hepatovirus Hepatitis A virus 1
Kobuvirus Aichi virus 1
Bovine kobuvirus 1
- Human parechovirus 14
Parechovirus . .
Ljungan virus 4
Porcine sapelovirus 1
Sapelovirus Simian sapelovirus 3
Avian sapelovirus 1
Senecavirus Seneca Valley virus 1
Teschovirus Porcine teschovirus 1kl
Tremovirus Avian encephamyelitis virus 1

Table 1 : Current genera and species of the Picornaviridae family.
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B/ ENTEROVIRUSES

The genus Enterovirus contains 10 species: 4 human enteroviruses (HEV-A, HEV-B, HEV-C,
HEV-D), 3 human rhinoviruses (HRV-A, HRV-B, HRV-C), bovine enterovirus, porcine

enterovirus B and simian enterovirus A (Figure 1).

Human enteroviruses are important human pathogens that have marked the history and
development of modern virology. Poliovirus, in particular, has played a significant role since
its identification as the etiological agent of poliomyelitis in 1909 by Landsteiner and Popper.
Poliomyelitis is characterised by muscle weakness and loss of muscle control, and it is of
particular public health interest because it can cause disabling paralysis. Notable sufferers of
poliomyelitis include: Itzhak Perlman, Frida Kahlo, and Francis Ford Coppola. Franklin D.
Roosevelt, 32nd President of the United States, was said to be the most famous polio
survivor, but this diagnosis has since been challenged. At the turn of the 20th century,
localized epidemics started being reported in developed countries, but by the 1940s and
1950s, paralytic poliovirus infections were hitting pandemic proportions (16). In 1948, the
team of Enders, Weller and Robbins successfully cultivated poliovirus in nonneuronal tissue
cultures, the first time it had been grown and manipulated outside the body (17). This
significant breakthrough allowed scientists to grow cells and virus on a large scale, and thus
provided the basis for the discovery of poliovirus vaccines. It was also the first animal virus

to be analysed by X-ray crystallography (18).

The Salk formalin-inactivated vaccine (IPV) and the trivalent Sabin oral live-attenuated
vaccine (OPV) were licensed in 1955 and 1963 respectively (19-20). The success of these two

vaccines led the way for the organisation of poliovirus eradication campaigns. In 1988, the
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Global Poliovirus Eradication Initiative was launched by the World Health Organisation
(WHO), Rotary International, the Centers for Disease Control and Prevention (CDC) and
UNICEF. The WHO Region of the Americas (36 countries) was declared polio-free in 1994, the
WHO Western Pacific Region (37 countries) in 2000, and the WHO European Region (51
countries) in 2002 (21-23). In France, the last indigenous and imported cases were reported
in 1989 and 1995 respectively (24). Today, only four countries (India, Nigeria, Pakistan and
Afghanistan) are considered endemic (25). Nevertheless, minor outbreaks do occur in
neighbouring countries: China reported its first cases of wild poliovirus in 2011, in the
Xinjiang Uygur Autonomous Region which borders three of the endemic countries, including
Pakistan from where it has been shown to be imported (26). In conflict zones, such as

Democratic Republic of Congo, sporadic cases have also been reported.

The urgency of vaccine development propelled the poliovirus to become one of the best-
studied viruses and the subsequent model system for studying other RNA viruses and their
replication in eukaryotic cells. As such, poliovirus is the prototypic enterovirus and its study
is the basis for our understanding of enteroviruses. Poliovirus remains today at the forefront
of RNA virus research. In 2002, Cello et al demonstrated the chemical synthesis of poliovirus
cDNA by ligation of in vitro-synthesized oligonucleotides, in the absence of both a natural
template and live cells (27). Such an ability to design PV genomes allowed Coleman et al to

study virus attenuation by altering the natural codon usage (28).
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1/TAXONOMY

EV were originally classified according to their pathogenicity in man and in newborn mice: (i)
the poliovirus group that caused paralysis in humans; (ii) the coxsackie A viruses that
induced flaccid paralysis in mice; (iii) the coxsackie B viruses that provoked spastic paralysis
in mice; and (iv) the enteric cytopathogenic human orphan (Echo) virus group which had no
associated disease. It was quickly realised that this mode of classification was inadequate
due to significant overlaps in the biological properties of viruses in these groups, possibly
because mice were not natural hosts of enteroviruses (29). More recently identified EVs are
named using consecutive numbers. Within these groups, 64 distinct serotypes were
determined on the basis of their neutralisation by specific antisera in Lim Benyesh-Melnick
pools. The development of molecular typing techniques paved the way for the correlation of
enteroviral antigenic serotype and molecular genotype. In particular, nucleotide sequences
of the VP1 region have been demonstrated to correlate best with neutralisation-based
serotype, as it is the site of major epitopes associated with serotype-specific neutralisation.
Based on sequence identity of the region coding for the VP1 capsid protein, HEV are now
classified into four species: HEV-A, HEV-B, HEV-C including Poliovirus, and HEV-D. Members
of a species share at least 75% nucleotide (85% amino acid) identity in VP1, thus presenting a
more rapid method of distinguishing EV serotypes (30-31) (Figure 1). Serotype identification
on the basis of VP1 sequence has led to some modifications in enterovirus classification.
CVA9, previously classified as a coxsackie A virus based on pathology, is genetically more
similar to coxsackie B and other HEV-B viruses. E8 (strain Bryson) was initially typed in 1953
as a distinct serotype, but has since been reclassified as a strain of E1 serotype (32). The
genetic similarity between CVA11 and CVA15 and between CVA13 and CVA18 in the VP1
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region might account for the antigenic cross-reactivity observed for these two pairs, and has
led to their reclassification as variants of CVA11 and CVA13 respectively. Furthermore, one

classical HRV serotype, HRV-87, was shown to be a variant of Enterovirus 68 (EV68) (33).
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C"P 4 v
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Figure 1 : Phylogenetic and genetic relationships of Enteroviruses based on VP1 gene

sequence (31)
Frequency distribution of pairwise VP1 identity scores allow the distinction between

sequences of the same serotype or species.
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2/ EPIDEMIOLOGY

Human enteroviruses have no known extrahuman reservoirs or hosts.

2.1/ AGE

Age is an important factor in enterovirus transmission, severity of illness and outcome.
Enteroviruses are the major cause of aseptic meningitis in both paediatric and adult
populations in developed countries. Most primary infections occur during childhood due to
the worldwide circulation of non-polio enteroviruses, and as such, higher rates of disease
tend to be reported in children. Young children are the major source of enteroviral
transmission in families (34). Encephalitis and aseptic meningitis associated with nonpolio
enterovirus infection is most frequently reported in children 5 to 14 years old. In the
particular case of poliovirus, the World Health Organisation guidelines for acute flaccid
paralysis surveillance require coverage for children less than 15 years of age. Most diseases
associated with enteroviruses tend to present more severely in adults than in children,

leading to an overrepresentation of severe disease in adults.

2.2/ TRANSMISSION

Enteroviruses are primarily transmitted by faecal-oral and respiratory routes. They infect
enteric and respiratory tract epithelial cells which facilitate direct excretion of viruses into
the environment. They face the selection pressures of local secretory and cell-mediated gut
immunity, and are acid stable, remaining infectious at pH values equal to or inferior to 3.0.
Enteroviruses can survive for months in favourable environmental conditions (neutral pH,
moisture, low temperature). At 20°C, poliovirus has been shown to be infectious at humidity

levels greater than 50%, but decreases rapidly in infectivity if humidity falls below 40% (35).
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The classic mode of EV transmission is the faecal-oral route with intermediate transmission
via hands or fomites contaminated with faecal material. Direct contact with an EV-infected
individual usually consists of hand contact with contaminated secretions and results in
autoinoculation to the facial orifices. This is important considering young children are
probably the most important hosts. Children regularly contaminate each other via soiled

toys in day care centre, or even paediatric office waiting rooms (36-37).

Waterborne and foodborne transmission derive from the classic faecal-oral route, where
water is the contaminated intermediate. It is considered minimal in developed countries
where potable and used water are kept separate, but may predominate in areas with poor
sanitary levels (38). EV can be transmitted by drinking contaminated water or eating food
prepared with contaminated water or by contaminated persons. Transmission may also
occur in contaminated recreational waters. Enteroviruses have been isolated in public
swimming pools and wading pools in the presence of recommended chlorine levels (residual
free chlorine 0.4ppm) and in the absence of coliform bacteria (39). Aseptic meningitis
outbreaks have been associated with public swimming areas in Italy and in Germany (40-41).
In a recent study by Begier et al, concurrent outbreaks of E30 and CVALl infections in

travellers returning from Mexico were associated with swimming in seawater (42).

Respiratory transmission may occur by direct of hand- or fomites-mediated inoculation of
contaminated respiratory secretions into the mouth, nose or eye. This is the primary mode
of transmission of the agents of acute hemorrhagic conjunctivitis (AHC), EV70 and CVA24

variant (43).
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Severe presentations of EV infection in neonates have been associated with bloodborne
vertical transmission from mother to foetus (44). Other forms of bloodborne transmission

such as blood transfusion and mosquito bites do not seem to play a role in EV transmission.

2.3/ SEASONALITY

There is worldwide circulation of EV, with the exception of poliovirus. Enteroviral seasonality
is influenced by geographical latitude: in temperate climates, EV activity has been noted to
peak in summer and early autumn, whilst circulation is year-round in the tropical and
semitropical regions. In France, a nationwide effort for enterovirus surveillance showed that
between 2000 and 2004, the number of EV infections starts increasing each year in summer
and early fall, with a peak in July before gradually petering out (45) (Figure 2). In a 35-year
surveillance study of enteroviruses in the United States, Khetsuriani et al detected a
prominent summer-fall seasonality in EV cases, with 77.9% of all detections reported
between June and October (46). Similar summer peaks have been described in Tunisia and

Brazil (47-48).
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Figure 2 : Seasonal pattern of EV circulation, France 2000-2004 (45)
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2.4/ IMPORTANT SEROTYPES

The prevalent serotype varies from year to year and it is not uncommon that several
serotypes co-circulate. Recent surveillance studies describe a predominance of HEV-B
serotypes, with E30 in particular, often one of the most frequent EV serotype isolated. This is
reflected in the occurrence of E30-associated aseptic meningitis outbreaks, such as in
Belgium in 2000, in Taiwan in 2001, in Brazil in 2001, in France in 2005, in Spain in 2006, and

in Japan in 2007 (48-53).

Another HEV-B serotype, E13, has emerged as a global epidemic serotype in recent years.
Before 2000, E13 had never been associated with outbreaks, only sporadically. In the United
States, E13 accounted for 24% of all reported EV isolates in 2001, compared to 1.6% in 2000
(54). In Japan, 65 strains of E13 were isolated in 2001 and 2002, before which E13 has only
been detected once (55). This was also the case described in Spain, where 135 E13 isolates
were identified in 2000 alone (56). Furthermore, E13 has persisted since its re-emergence,
and was the primary serotype detected during an outbreak of aseptic meningitis described in

France in 2006 (52).

Enterovirus 71, a HEV-A serotype, has also emerged as a significant public health threat over
the last two decades, but large-scale outbreaks have been confined to the Asia-Pacific
region. EV71 is the main etiological agent of hand, foot and mouth disease (HFMD), which is
usually considered a benign disease. However, it can cause serious complications of the
central nervous system and result in fatal infections. In Taiwan in 1998, 129,106 cases of
HFMD or herpangina were reported, including 405 cases with neurological disease and 78

deaths (57). Other outbreaks with neurological complications and/or fatal cases have been
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described in Singapore in 1997, in Western Australia in 1999, in Japan in 2006 and in China in
2008 (58-61). No epidemic EV71 activity has been reported in Europe since the 1970s but
sporadic cases have been increasingly isolated in France, Germany and the Netherlands (62-

66).

In Finland in 2008, an untypical outbreak of HFMD (317 cases) was reported in an adult
population. However, the main causative serotypes detected were CVA6 and CVA10 (67).
CVAG6 has previously been associated with an outbreak of herpangina and HFMD in Taiwan

(68). These serotypes are considered rare, and may circulate endemically.
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3/ DIAGNOSIS

Most EV infections are subclinical. Enteroviruses mainly infect the human gastrointestinal
tract, but display few of the prominent gastrointestinal symptoms such as vomiting or
diarrhoea. Many of the EV-associated diseases are likely to be secondary infections of
nongastrointestinal cells (69). Furthermore, most symptoms are relatively generic.
Nevertheless, EV testing can be prescribed if the patient is a young child, if infection occurs
during the described EV seasonality, if an EV outbreak is currently underway, and if
neurological symptoms suggest meningitis or encephalitis. The convenience of molecular
diagnosis and the economy of sample use allow clinicians to prescribe EV testing with

greater ease.

Laboratory detection of EV is performed today by the 'gold standard' method of a pan-EV
guantitative RT-PCR (70). Amplification is targeted at the highly conserved domain V in the
5'NCR, thus capable of detecting all EV serotypes. The use of a fluorophore-coupled probe
that anneals to another highly conserved motif in the target region allows accurate

detections in real time, further reducing the time needed for diagnosis.

EV strains were previously identified by the classical method of seroneutralisation using Lim-
Benyesh-Melnick (LBM) antiserum pools after virus isolation (71). However, this technique is
time-consuming and incomplete method (given the identification of newer serotypes and
the lack of the new antisera in LBM pools) has been replaced by molecular methods. Today,

serotyping is performed by amplification of the VP1 capsid protein coding region (31).
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4/ GENOME STRUCTURE

Enteroviruses are small, non-enveloped viruses that have a spherical shape of about 30nm in
diameter. Enteroviruses share a same genome structure: a single-stranded RNA of positive
polarity of approximately 7400 nucleotides (Figure 3). It is covalently linked to a virus-
encoded oligopeptide (VPg) at its 5' terminus which is implicated in the initiation of viral RNA
replication. The enteroviral genome consists of a highly conserved 5' non-coding region
(5'NCR), a coding region with a single open reading frame (ORF) which encodes a 250-kDa
polyprotein, followed by a short 3' non-coding region (3'NCR) and a polyadenylated tail (72).
The coding region contains a single open reading frame (ORF) which encodes a 250-kDa
polyprotein, subsequently cleaved by virus-encoded proteinases into its structural and

nonstructural proteins (73).

IRES
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Figure 3 : Genome structure of human enteroviruses.

4.1/ NON-CODING REGIONS

The structural integrity of the 5' non-coding region (5'NCR) is essential for efficient viral
replication of enteroviruses. The current model defines seven secondary structural domains
(Figure 4) (74). Domain | is the characteristic cloverleaf element that is required for the

initiation of negative-strand RNA synthesis. Domains Il to VI contain the cis-acting internal
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ribosome entry site (IRES), although studies have shown that only domains I, IV and V are
required to act as a functional IRES. The IRES is responsible for recruiting ribosomes directly
to a downstream AUG codon, in order to initiate the cap-independent translation
mechanism. The 5'NCR also plays an important role in virulence, such that mutations in the
5'NCR decrease multiplication efficiency and virulence and alter cell tropism. This is best
demonstrated in the Sabin vaccine, the three strains of which are attenuated by nucleotide
substitutions in domain V of the 5'NCR (75-77). The sequence of domain Il has also been
shown to be a virulence determinant for CVB3 and PV. Domain IV contains a conserved
hairpin loop with a 5'-ACCCC-3' motif that serves as an important recognition feature for

poly(rC) binding protein (PCBP), as well as the GNRA tetraloop.
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Figure 4 : Structural model of the CVB3 5’non-coding region (74)
Domain I, IV and V make up the minimal IRES. The PCBP recognition motif and GNRA

tetraloop are shown in yellow. The annealing sites for diagnostic RT-PCR are shown in red.
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The enteroviral 3'NCR is highly conserved among members of a species (70-99% identity) but
highly divergent otherwise (<62% identity). It is necessary for efficient enterovirus
replication and is the site of initiation of negative-strand RNA synthesis (78). Analysis of a
mutant lacking the entire genome 3'NCR showed decreased viral fitness, which resulted
from a defect in positive-strand RNA synthesis, suggesting that it is also involved in positive-
strand synthesis. Predicted structures in the 3'NCR include three structural domains in the
form of stem-loops (X, Y and Z) in HEV-A and HEV-B, and two (X and Y) in HEV-C and HEV-D.
Enteroviruses cluster in the 3'NCR according to the number of structural domains, such that

it mirrors the clustering observed in the 5'NCR.

The poly(A) tail is essential for the efficient replication of EV such that negative-strand
synthesis increases with the length of the poly(A) tail (79). The team of Silvestri et al showed
that the difference of a single adenosine residue in a poly(A)(13) tail increased negative-
strand synthesis by tenfold compared to a poly(A)(12) tail. A poly(A) tail of 20 bases allows

optimal efficiency of RNA synthesis.

4.2/ STRUCTURAL PROTEINS

The P1 region encodes the structural proteins VP4, VP2, VP3 and VP1 that form the

enteroviral capsid of icosahedral symmetry.

VP4 is small and entirely internal in the mature virion. It is covalently linked to myristic acid
(n-tetradecanoic acid) at a glycine residue of the amino terminus. The myristyl groups
interact with amino acid side chains of VP4 and VP3 and plays a role in virus assembly and in
the stability of the capsid (80). VP1, VP2 and VP3 are structurally similar (Figure 5): each
consists of 250 amino acids arranged as an eight-stranded antiparallel B-barrel with two

Page | 24



flanking a-helices (81). The B-barrels are joined at one end by four short loops such that it is
wedge-shaped, allowing the capsid proteins to pack tightly around the symmetry axes. The
uppermost three loops of the barrel are exposed, forming a peak at the fivefold axis. The
exposed loops of VP1 constitute major neutralizing antibody sites (82). The peak at the
fivefold axis is surrounded by a 15 A deep canyon (24 A deep and 30 A wide) that is the
putative site of binding. A hydrophobic pocket within the b-barrel of VP1 lies just beneath
the floor of the canyon and is normally occupied by a lipid pocket factor. This factor must be
displaced by interaction with the receptor for uncoating and release of RNA can occur. This
pocket can also be filled by lipophilic antiviral compounds, which stabilize the capsid and

prevent conformational changes associated with uncoating.

N

Figure 5 : Structure of capsid proteins VP1, VP2 and VP3 (102)
All three surface capsid proteins are structurally similar, and share a common eight-
stranded B-barrel structure represented in (a).
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4.3/ NONSTRUCTURAL PROTEINS

The P2 region encodes nonstructural proteins 2A, 2B and 2C. 2A is a small trypsin-like
proteinase that cleaves at the VP1/2A junction, separating the structural P1 from the non-
structural protein precursors. 2A protease is also responsible for the inhibition of host cell
synthesis by cleaving elF-4G (83-84). 2B and its precursor 2BC are responsible for enhancing
membrane permeability in infected cells. 2B contains an cationic amphipathic helix domain
that interacts with cellular membranes and forms the viroporin complex (85-86). 2C is the
most strongly conserved protein in the enteroviral genome. It has well-documented
nucleoside triphosphatase activity (ATPase and GTPase) and contains three known
conserved motifs: an amino-terminal amphipathic helix, a NTP-binding site, and a putative
zinc finger (87). These motifs are also often found in proteins of the helicase superfamily Il,
thus 2C is often attributed a putative helicase function. However, this helicase activity has

yet to be demonstrated despite numerous studies.

The P3 region encodes the nonstructural proteins 3A, 3B, 3C and 3D. It is thought that
protein 3A acts as the scaffold of the viral replication complex of unknown structure and
composition (88). 3B is the precursor of VPg, whose uridylylation is essential for viral RNA
synthesis (89). 3C is the catalytic core of the protease that releases the capsid proteins. It
can fold and behave as a protease even while uncleaved in the polyprotein. It cleaves the
host cell elF5B initiation factor, as well as at its own N-terminus to generate 3AB and 3CD
(90-91). 3CD processes the P1 region, cleaving between VP0O-VP3 and VP3-VP1. 3D is the 53
kDa viral RNA-dependent RNA polymerase and requires a primer for viral protein synthesis.
It contains the palm, thumb, and fingers domains commonly used to describe polymerases,

with a characteristic core structure of RNA polymerases (92). It lacks a proofreading
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mechanism such that it has a high error rate frequency in the order of 10-3 to 10-4 (93). This
error rate is believed to contribute to the high genetic diversity observed in enteroviruses.
However, a more recent study by Freistadt et al measuring the fidelity of 3D polymerase

proposed that EV genetic variation is not due to intrinsically low polymerase fidelity (94).

Page | 27



5/ VIRAL REPLICATION CYCLE

Figure 6 provides an overview of the enteroviral replication cycle.

5.1/ CELL ATTACHMENT

Host range and cell tropism are dependent on receptor recognition. Viral attachment of EV is
mediated by a variety of host cell receptors located in the canyons surrounding the fivefold
axes of symmetry. The poliovirus receptor (PVR, or CD155) is recognized by all three
poliovirus serotypes (95-96). Cellular binding sites for coxsackieviruses include the
intercellular adhesion molecule-1 (ICAM-1, or CD54) which is expressed on respiratory
epithelial cells, and the coxsackievirus and adenovirus receptor (CAR) which is strongly
expressed in the developing central nervous system (97-98). CD155, CD54 and CAR are
transmembrane glycoproteins belonging to the immunoglobulin superfamily, containing
two, three and five extracellular immunoglobulin-like domains respectively. In all three
receptors, the N-terminal domain D1 contains the virus recognition site, distal from the

plasma membrane.

The cell attachment of echoviruses is mediated by integrin VLA-2 (CD49b/CD29), a cell
surface glycoprotein that is also responsible for interaction with collagen and laminin (99).
The capacity to bind echoviruses has been mapped to the a2 subunit, within the | domain
(100). Decay accelerating factor (DAF, or CD55) is a glycoprotein that regulates the activity of
the complement system, and protects host cells from attack by the immune system . It also
functions as a cellular receptor for certain enteroviruses, including CVB3, CVB5, E7 and E12
(101). Different viruses can bind to different domains of the functional region: the binding
site on CVB3 differs from that on echoviruses. The presence of DAF receptors are not
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sufficient for cell entry and may require the presence of a co-receptor, such as in the case of

CVA21.
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Figure 6 : Replication cycle of the enterovirus (102)
Enteroviral replication occurs entirely in the cytoplasm of the host cell.
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5.2/ UNCOATING OF THE VIRAL GENOME

Enteroviruses replicate exclusively in the cytoplasm of the target cell. Purified genome RNA
is infectious, indicating that the stage of viral RNA genome release into the cell cytoplasm is
essential for the initiation of replication, but that viral structural proteins are not needed.

Despite being the focus of many studies, the exact mechanism of uncoating remains unclear.

It is generally accepted that native 160S viruses sustain an irreversible conformational
change upon binding to the cell receptor at physiological temperatures (102). The viral
capsid is destabilised and the internal VP4 protein is released. The hydrophobic amino
terminus of VP1 capable of binding to liposomes, is extruded to the surface. The resulting
135S virions with an altered structure are known as A particles. Upon longer incubation
periods, 80S particles without genomic RNA are formed, but it has not yet been shown if this
is part of the uncoating process. The team of Bostina et al have shown by cryo-electron

tomography that RNA release occurs near the twofold symmetry axis (103).

The team of Brandenburg et al used fluorescent labels to trace the path of capsid proteins
and RNA in live Hela cells, and determined uncoating to take place within 20 minutes of cell
receptor attachement and by a pathway independent of clarithrin- and caveolin-mediated
endocytosis (104). However, the team of Coyne et al described the detection of virus in
caveolin-containing vesicles of human brain microvascular endothelial cells, suggesting that
poliovirus may use different entry mechanisms according to cell type. However, the
poliovirus particle-to-pfu ration is relatively high and complicates our understanding of the

uncoating process as it is unsure if the observed viral particles are infectious or defective.
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5.3/ VIRAL PROTEIN TRANSLATION AND PROCESSING

The synthesis of viral proteins is preceded by the inhibition of host cell protein synthesis.
Host cell mRNAs rely on cap-dependent initiation of translation, which is directed by the elF-
4F (eukaryotic Initiation Factor 4F) complex and comprises initiation factors elF-4A, elF-4E
and elF-4G. This complex recruits 40S ribosomal subunits to the 5' cap of cellular mRNAs,
where it scans for the AUG start codon. Protein synthesis begins when the initiator tRNA
charged with methionine associates with the complex and a 60S ribosomal subunit
completes the 80S ribosome. When EV infection occurs, the 2A protease cleaves elF-4G
(formerly p220) such that host cell protein synthesis is inhibited. (105). However, it has been
suggested that the cleavage of elF-4G is necessary but insufficient for host cell shutoff (106).
The team of Kuyumcu-Martinez et al demonstrated that the 3C protease expression in Hela
cells caused the partial cleavage of poly(A) binding protein (PABP) and the subsequent
inhibition of host cell mMRNAs. They proposed that host translation shutoff is mediated by

both elF-4G cleavage by 2A protease and PABP cleavage by 3C protease (107).

Cap-independent translation is initiated via the type | IRES located in the EV 5'NCR. A
conserved polypyrimidine tract contains a cis-acting RNA element (CRE, UUUCC motif) that is
essential for translation (108). Trans-acting host cell factors bind to the IRES and help recruit
the 40S ribosomal unit that scans for the authentic AUG codon. The EV genome is translated
as a single, large polyprotein that undergoes co- and post-translational processing into its
viral protein components (Figure 7). 2A protease hydrolyes a tyrosine-glycine bond at its
own amino terminus to separate the structural P1 and nonstructural P2-P3 regions (91). This
cleavage must occur for subsequent processing of the capsid proteins to proceed (109). The

3C protease precursor and the 3CD precursor then cleave the glutamine-glycine bonds
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between the nonstructural proteins and between the structural proteins respectively (110-

111). Myristoylation of the polyprotein is required for efficient processing by 3CD (80).

VP4 I - >7 2B 2C SA _
3CD 3C 3C
+ 3 + +
P1 P2 P3
? 3C 3C 3C
+ + +
VPO . - 24 2BC 3AB
= 10 I H

Figure 7: Polyprotein processing into viral proteins.

Viral proteases 2A, 3C and 3CD precursor cleave the translated polyprotein into its
components. The cleavage sites of 2A and 3C are the tyrosin-glycine dipeptide and the
glutamine-glycine dipeptide respectively.

5.4/ VIRAL RNA SYNTHESIS

The viral positive-strand genomic RNA is a template for both protein translation and RNA

replication. The replication cycle occurs entirely in host cell cytoplasm and begins with the

synthesis of negative-strand RNA intermediate. 5'NCR cloverleaf structure is necessary for

the stability of ribonucleicprotein complexes with viral and cellular proteins. A CRE in the

ORF acts as a template for the uridylylation of the virus-encoded VPg (112). In the poliovirus,

this CRE is a stem-loop RNA structure located in the 2C region and is conserved in all human

enteroviruses. VPg is covalently linked to two uridine residues to form VPgpUpUgy in a
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reaction catalysed by the 3D polymerase. The VPg-linked poly(U) at the 5'terminus of
negative-strand RNA complements the poly(A) tail at the 3'terminus of positive-strand RNA
to form a poly(A)-poly(U) duplex, such that they are reciprocal templates and prime RNA
synthesis (113). VpgpUpUoy is necessary for priming positive-strand replication and negative-
strand RNA is used as a template for the synthesis of 40-70 copies of positive-strand progeny

genomes.

5.5/ ASSEMBLY AND RELEASE OF VIRAL PROGENY

One molecule of each capsid protein, VPO, VP1 and VP3, comprise the immature protomer
(114). Five protomers assemble into a 14S pentamer and twelve pentamers form the capsid
(Figure 8). The immature virion is formed by direct association of the capsid with the viral
RNA, or by formation of an empty capsid into which viral RNA is injected (89). VPO is cleaved
into VP4 and VP2 to produce the mature infectious virion. The enteroviral capsid of
icosahedral symmetry is composed of sixty copies of each structural protein, the structure of

which has been illustrated by X-ray crystallography (115-117).

Figure 8 : Structure of the mature poliovirus particle (117)
A) X-ray crystallography visualization. B and C) The details of one protomer is shown, with
capsid proteins VP1, VP2 and VP3 in blue, yellow and red respectively.
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6/ CLINICAL ASPECTS OF ENTEROVIRUS INFECTIONS

6.1/ CLINICAL MANIFESTATIONS

Most enteroviral infections are asymptomatic or subclinical. When disease does result, EV
can cause a wide spectrum of clinically distinct illnesses. This includes milder syndromes
such as hand, foot and mouth disease, herpangina, and acute haemorrhagic conjunctivitis.
On the other end of the spectrum, their neurotropism can cause serious, potentially life-
threatening central nervous system complications such acute flaccid paralysis, aseptic
meningitis and encephalitis. It has also been suggested that EV infection contribute to acute
and chronic myocarditis, pleurodynia, and diabetes. Generally, there is no direct association
between an individual serotype and a particular pathology. Exceptions whereby such an
association exists, include CVA24 or EV70 and acute haemorrhagic conjunctivitis; PV or EV71

and acute flaccid paralysis; and EV71 and CVA16 and hand, foot and mouth disease.

Some EV-induced illnesses are mild and usually self-limiting. Herpangina is characterised by
sudden fever and sore throat, caused by lesions on the soft palate and tonsils. Hand, foot
and mouth disease is associated with the exanthema of the hand, feet and mouth (118).
Acute haemorrhagic conjunctivitis involves periorbital swelling, excessive tearing and

keratitis that can lead to eventual visual impairment (119).

However, EV can also cause serious neurological complications. Poliomyelitis is a paralytic
disease and is classified depending on the involvement of spinal cord or brainstem (spinal or
bulbar paralysis respectively) or both (bulbospinal paralysis) (120-121). Spinal polio is the
most common form of paralysis and involves the destruction of motor neurons and spinal
gray matter. The absence of nerve stimulation eventually leads to muscle atrophy and flaccid
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paralysis. Bulbar polio affects motor cranial nerves and results in facial weakness and

difficulties swallowing and talking.

EV infection has been identified as the primary cause of aseptic meningitis, the nonbacterial
inflammation of the meninges, in both children and adults. Infected individuals often
experience fever, headache, photophobia, rash and meningeal signs (122). Aseptic
meningitis is usually self-limiting and has a more favourable prognosis than encephalitis.
Encephalitis implicates infection of brain parenchyma and causes more severe neurological
symptoms such as seizures. Meningoencephalitis, the association of both aseptic meningitis

and encephalitis, is not uncommon.

There is also cause to believe that EV may be implicated in myocarditis, the inflammation of
the myocardium. Acute myocarditis was present during the autopsies of newborns who died
of overwhelming group B coxsackieviruses and EV negative-strand RNA has been detected in
valvular tissue of chronic rheumatic heart disease patients (123-124). Furthermore, EV
infection may play a part in insulin-dependent diabetes, since anti-coxsackie B virus IgM has
been detected in a significant number of newly-diagnosed diabetes (125). The team of Yoon

et al produced a transient form of diabetes in monkeys after inoculation with CVB4 (126).

6.2/ HOST IMMUNE RESPONSE

The efficacy of a functional immune response is important for the outcome of EV infections.
This is particularly true in immunodeficient patients and neonates who are susceptible to

severe forms of EV diseases (127-128).
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In vitro studies showed that NF-kB (nuclear factor-kappa B) is activated early after EV
infection. Host defense mechanisms such as NF-kB-mediated expression of cytokines and
interferons are also triggered. However, the downstream effects of NF-kB are inhibited by

enteroviral proteases 2A and 3C by cleavage of the p65-RelA component of NF-kB (129).

The B-cell humoral immune response is vital in neutralizing extracellular enterovirus (130). It
consists of anti-enteroviral immunoglobulin (Ig) that is rapidly produced upon infection. IgM
titers can persist for months, and years in the case of 1gG and IgA. Since the majority of EV
infections are asymptomatic, detectable levels of IgM can be found in healthy individuals.
Sufficient levels of anti-enteroviral IgA can be transferred passively from mother to child via
breast milk (131). Antigenic epitopes are found mainly on the surface capsid proteins, such
as the BC loop in the VP1 protein. Cell surface Toll-like receptor 4 (TLR4) and intravesicular
TLR3 are involved in the anti-enterovirus immune response (132). TLR3-knockout mice
developed more severe myocarditis and suffered increased mortality when challenged with

CVB3 (133).

The T-cell immune response plays a role in clearing intracellular enteroviral infection. CD4+
and CD8+ cytotoxic T-cells have been found in human individuals who have received PV
vaccination. However, the expression of antigens by major histocompatibility complex

(MHC) class | is inhibited in PV infected cells, which decreases T-cell activity (134).

6.3/ VACCINE

The only enterovirus for which a vaccine exists is the poliovirus. Two vaccines provide
protection from poliovirus infection: The Salk formalin-inactivated vaccine (IPV) and the
trivalent Sabin oral live-attenuated vaccine (OPV), licensed in 1955 and 1963 respectively
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(19-20). Vaccine use culminated in the near-eradication of PV, which only persists

endemically in four countries today.

The Sabin OPV was initially favoured for several reasons: (i) it replicates efficiently in the
human gastrointestinal tract, the primary site of infection, but not in nervous system tissue;
(ii) the possibility of oral administration of vaccine facilitated mass vaccination campaigns;
and (iii) provides longer lasting immunity than the Salk vaccine, as well as providing herd
immunity in non-vaccinated individuals (135). However, despite its many advantages, the
use of OPV has one major drawback: given the potential of PV to mutate and to recombine
in order to maintain fitness and viability, the live-attenuated vaccine can be considered
genetically unstable. Its reversion to a more virulent neuropathogenic form has been
detected in approximately 1 in 750 000 vaccinations, and causes vaccine-associated paralytic
poliomyelitis (VAPP) (136). The Sabin vaccine is also the potential source of circulating
vaccine-derived polioviruses (cVDPV), defined as OPV isolates with a VP1 nucleotide
sequence divergence of more than 1% from that of the reference vaccine strain, and can be
generated by recombination of vaccine strains and closely related HEV-C serotypes (137).
Furthermore, immunodeficient vaccine recipients can become chronically infected and
become long-term excretors of immunodeficient vaccine-derived polioviruses (iVDPV) but
this remains extremely rare (138). The occurrence of cVDPV and iVDPV has created what is
known as the 'OPV paradox': OPV use has prevented wild PV infections but is now
responsible for the remaining forms of poliomyelitis. OPV use needs to be discontinued if

complete eradication is to be achieved (139).

As of 2003, the public health benefit of OPV was still deemed by the WHO to outweigh the

occasional risk of VAPP. Given the decline in wild poliovirus incidence and the relative
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proportional increase in VAPP, the feasibility of using IPV as the primary polio vaccine has
been further assessed (140-141). In contrast to OPV, IPV does not contain infectious virus
and has no possibility of reversion. Intramuscular administration of IPV provides reduced
intestinal immunity. IPV is also more expensive to produce, and the current production
capacity is not sufficient for the 425 million doses estimated to replace OPV completely (142-
143). IPV has been used in developed countries to replace OPV in the immunisation
schedule, with virtually no evidence of VAPP. After such a switch in New Zealand in 2003,
children found to excrete OPV strains before the change no longer did so a month after

(144). The use of IPV remains unrecommended by the WHO in developing countries.

Since 1999, no wild PV2 strain has been detected (138). Wild type 1 and type 3 viruses still
circulate but with a much reduced genetic diversity. Most wild PV lineages circulating in
1985 have been eradicated, with only one distinct PV1 lineage present in India today for
example. Eradication efforts were first focused on the use of monovalent type 1 poliovirus
vaccine, but this resulted in the re-emergence of PV3 in the population (145). Bivalent OPV is

currently being used in India (146).

A new strategy has been implemented in the search for a better poliovirus vaccine with
fewer associated risks. Due to the degenerative nature of the genetic code, adjacent amino
acids can be encoded by many different pairs of codons. However, a bias in codon pair usage
is such that certain codons are used more or less frequently than others. The team of
Coleman et al synthesized PV genomes with rare codons while conserving the amino acid
sequence of wild-type PV in a process called 'synthetic attenuated virus engineering' (28).
They demonstrated that underrepresented synonymous codon pairs negatively affected

translation and exhibited an attenuated phenotype. These attenuated polioviruses were
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capable of providing immunity in mice. Such a technique could represent a new strategy for

attenuating other viruses.

There is currently no vaccine available for nonpolio enteroviruses.

In the post-poliovirus eradication period, EV71 has emerged as an important neurotropic
human enterovirus. While illnesses caused by other nonpolio enteroviruses tend to be mild
and self-limiting, fatal EV71 infections have been described worldwide. There is thus a
conscientious effort to look into developing an effective EV71 vaccine (147). The strategies
that successfully generated the poliovirus vaccines have been implemented on an EV71
model. Inactivation by heat or formalin treatment of vaccine strains has been shown to
confer protection against wild-type EV71 challenge in suckling mice after passive transfer of
serum from adult mice inoculated with the inactivated vaccine strain (148-149). However, an
increased dose of antigen and adjuvant is required to counterbalance the inactivation for
viable levels of protection. The team of Arita et al also produced an EV71 strain (S1-3')
attenuated by mutations based on those found in the attenuated poliovirus vaccine strain, in
the 5'NCR and 3D regions. Monkeys inoculated with S1-3' strain survived a subsequent
challenged with a lethal dose of the virulent parent strain, but did suffer from mild
neurological symptoms (150-151). However, concerns regarding the conversion of a live
attenuated vaccine strain to a neurovirulent revertant such as that witnessed for PV also

surround EV71.

To avoid the risk of reversion, other teams have also considered vaccines consisting of either
only a few 'subunit' viral proteins or empty virus-like particles (VLPs) (149, 152). This strategy

is based on the stimulation of the immune responses to the virus upon interaction with viral
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proteins, but does not run the risk of reversion since no intact copies of the viral genome are

present.

6.4/ ANTIVIRAL TREATMENT

Despite the medical and socio-economic impact of enterovirus infections, there are currently
no commercial antiviral treatments available. In theory, every step of the viral replication
cycle is potentially a target for inhibiting enteroviruses. Antiviral drugs have been developed
that target structural and non-structural proteins have shown to be interesting candidates

for enterovirus treatment (153-155).

Assembly and release

Hydantoin prevents the encapsidation of viral RNA progeny. When tested at a concentration
of 25 pg/mL, it inhibited PV1 and PV2 replication by at least 95% and PV3 and CVA21 by

more than 99%. Resistance of poliovirus to hydantoin was mapped to the 2C region (156).

Capsid-binding proteins

One important feature of the viral capsid is the presence of a canyon with an underlying
hydrophobic cavity. The canyon acts as a major site for virus-cellular receptor binding, and
harbours the receptors for poliovirus, echovirus, and coxsackievirus. The hydrophobic pocket
beneath it is the target binding-site for capsid-binding compounds, and is accessible through
a pore in the canyon floor. This structure is located at the fivefold axis of symmetry, and

occurs 60 times per capsid.
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A wide range of synthetic compounds have exhibited in vitro antiviral activity by binding the
capsid specifically in this hydrophobic pocket: rhodamine, flavonoids, chalcones,
aralkylamino-pyridines, oxazolinyl isoxazole compounds from Sterling-Winthrop (known as
WIN compounds). They block viral replication by inhibiting virus-cell attachment and/or
uncoating of the genome (153). The exact mechanism of inhibition is unknown, but several
hypotheses have been proposed: the binding of molecules in the hydrophobic pocket
induces increased capsid structure rigidity that is unfavourable for uncoating (Figure 9); It
may also exert conformational perturbations in the canyon floor such that capsid
attachment is suboptimal; the canyon and pocket act as ion flow channels and the capsid-

binding compounds physically block ion flow and inhibits pH-dependent uncoating.

Receptor binding No receptor binding

ICAM-1

Figure 9 : Mechanism of action of WIN compounds (153)

Capsid-binding antiviral molecules inhibit viral replication by binding an internal hydrophobic
pocket of VP1. This induces conformational changes that block virus-cell receptor interaction
and increase structure rigidity to prevent uncoating.

The most extensively analysed series of molecules that target early events of viral replication
are the WIN compounds, among which Pleconaril, an accidentally discovered WIN

compound, showed particular promise as an anti-enteroviral drug. Pleconaril (3-{3,5-

Page | 41



demethyl-4-[[3-methyl-5-isoxazolyl}propyl]phenyl]-5-[trifluoromethyl]-1,2,4-oxadiazole) acts
as an inhibitor of EV with an IC50 <0,03uM, and has been shown to inhibit not only
prototype strains but also clinical isolates of commonly isolated EV serotypes (157-158).
Rotbart et al reported on the preliminary outcomes of pleconaril use by compassionate
administration for the treatment of potential life-threatening enterovirus infections, such as
chronic enterovirus meningoencephalitis. 78% of patients had a favourable clinical response
associated temporally with pleconaril treatment, with minimal adverse effects (159).
However, concerns about its safety have delayed its approval for commercialisation by the

American FDA.

Pleconaril is not effective against EV71. A group of pyridyl imidazolidinones such as BPROZ-
194, designed based on pleconaril and other WIN compounds, have demonstrated antiviral
activity against EV, including EV71, CVA24, CVA9 and E9. BPR0Z-194 inhibits viral replication
at the early stages of the cycle and a single amino acid mutation at position 192 in the VP1
region from a valine to a methionine residue has been found to confer resistance to the

inhibitory effects of BPR0OZ-194 in EV71 (160).

WIN 54954 has been tested against CVA21 in phase | trials, and shown to be effective in

reducing the severity of symptoms and decreasing viral titers in nasal secretions (161).

V-073 is a capsid-binding molecular reported to have broad-spectrum anti-enteroviral
activity developed primarily for nonpolio enterovirus infections. V-073 demonstrated to
have potent in vitro anti-poliovirus activity against all PV strains tested to date, with an EC50

between 0.003 uM and 0.126 uM (162). Preliminary testing in mice showed that V-073 does
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not have detrimental impact when used concurrently with primary or booster immunization

with IPV (163).

Protease inhibitors

2A and 3C are enteroviral proteases that play a vital part in the maturation of viral progeny
by co- and post-translational processing. Proteinase 2A is responsible for the cleavage of elF-
4G to inhibit host cell protein synthesis while 3C is the catalytic core of the proteinase that

releases the capsid proteins.

Thiol alkylating agents such as iodoacetamide and N-ethylmaleimide, were shown to inhibit
79% and 84% of 2A protease activity respectively in a study by Konig et al (164). The anti-
enteroviral effects of pan-caspase inhibitors, such as Z-VAD-FMK, on proteases 2A and 3C

resulted in the decrease in both viral RNA and viral proteins (165).

Peptidic aldehydes that inhibit 3C protease activity were designed to mimic 3C substrates,
based on the cleavage specificity of the enzyme for the P1-GIn-P1'-Gly bond contained in the
compound (166). Rupintrivir (AG7088) has also been shown to specifically inhibit viral 3C
function, while having no effect on cellular serine and cysteine proteases. Furthermore,
rupintrivir is effective against representative members of all four human enterovirus species,
with EC50 values ranging from 7 to 183 nM (153). Both single-dose and multiple-dose

intranasal rupintrivir levels were safe and well-tolerated in healthy volunteers (167).

Targeting viral RNA replication

Guanidine hydrochloride is one of the most extensively studied anti-picornavirus molecules.

Barton et al showed that guanidine inhibits a 2C function that is required for the initiation of
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negative-strand synthesis, but not positive-strand RNA synthesis nor RNA elongation (168).
Resistance and/or dependence to guanidine has been mapped in poliovirus to the 2C region
in the form of a mutated asparagine and methionine at positions 179 and 187 respectively
(169-170). Similarly, resistance of E9 to HBB (2-(a-hydroxybenzyl)-benzimidazole) has been
mapped to mutations in the 2C region (171-172). However, the combined use of guanidine
and HBB resulted in a synergistic effect, suggesting different inhibitory mechanisms for
either drug. The thiazolobenzimidazole derivative TBZE-029 has been shown to effectively
inhibit the replication of CVB3 (EC50 < 1.2 pg/mL). Resistance to TBZE-029 has also been
mapped to the nonstructural 2C region. Curiously, the in vitro ATPase activity of 2C does not

appear to be inhibited (173).

Nucleoside analogs that increase the error rate of 3D polymerase have also be tested. One
such cytidine analog, 5-nitrocytidine, has been shown to inhibit RDRP in poliovirus, resulting
in the loss of viral viability. The resistance phenotype to amiloride, a cellular ion transport

blocker, has been attributed to mutations in the 3D region (153).

Some interferons (IFN) have been used in the treatment of many viral infections. Out of 17
type | IFNs tested by Yi et al, IFN-4, IFN-6, IFN-14, and IFN-16 displayed potent anti-EV71
activity (174). In particular, IFN-14 induced downstream antiviral effectors to provide
superior antiviral effect. Most conventional IFNs were less effective or ineffective. However,
bioinformatics analysis identified proteins in the IFN response pathway such as IRF9 that can
be cleaved by enteroviral 3C protease, hindering thus the antiviral activity of IFN. It has
been proposed that IFN can be combined with rupintrivir for a strong synergy effect in anti-

EV71 treatment (175).
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Arbidol is an antiviral molecule developed in Russia and used for the prevention and
treatment of viral respiratory infections such as influenza infection, in both adult and
paediatric populations (176). Arbidol (ethyl-6-bromo-4-[(dimethlyamino)-methyl-]-5-
hydroxy-1-methyl-2-[(phenylthio)methyl]-indole-3-carboxylate hydrochloride monohydrate)
inhibits virus-mediated fusion of viral and cellular membranes, by stabilizing the viral
envelope glycoprotein, haemagglutinin (HA) against the low pH transition to its fusogenic
state (177-178). Arbidol has also been shown to be effective against Chikungunya virus,
targeting in particular the E2 envelope protein (179). Curiously, the antiviral activity of
Arbidol has been shown to be effective against non-enveloped viruses such as enteroviruses
and rhinoviruses (180-181). Arbidol is a broad-spectrum antiviral agent that deserves more

attention for the development of anti-enteroviral treatment.

However, drug resistance arises rapidly because of EV genetic diversity. By mirroring the
strategy of using drug combinations with different mechanisms as in HIV antiviral therapy, it

may be possible to delay or even prevent emergence of drug-resistant varieties.
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7/ ENTEROVIRUS EVOLUTION

The molecular mechanism for enterovirus evolution couples mutation due to error rate of

the viral polymerase and homologous recombination.

7.1/ REPLICATIVE RECOMBINATION

Homologous recombination involves the swapping of genetic elements between two
enteroviral genomes during replication (182-183). The mechanism is commonly considered
to be 'copy choice', in which the viral RNA-dependent RNA polymerase and the nascent
strand switch templates during minus-strand RNA synthesis at highly homologous regions
(184). Strand switching is precise such that there are no insertions or deletions at the
crossover site. This precision has been verified by recombination analysis in non-coding
regions, such that the conservation of reading frame does not supersede any imprecise
recombination (185). Recombination can occur throughout the genome, but may give rise to
recombinants with altered fitness. Viable recombination has been shown to occur principally
in the non-structural region and strictly within a species, making naturally occurring
recombination a reliable species criterion (186-188). No consensus sequence motifs for
crossover sites have been determined. It has been suggested that the polymerase-template
complex comes to a premature pause during minus-strand transcription, due to stable
secondary structure elements. This unpairs a few bases of the nascent strand and the
disassociated 3' terminus anneals to a different template strand. Strand elongation

continues to produce the recombinant genome.

Phylogenetic analysis of the 5'NCR shows clustering into two groups, with group | 5'NCR
found in HEV-C and HEV-D and group Il 5'NCR found in HEV-A and HEV-B (189). It has been
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proposed that the four distinct genetic lineages originally evolved by point mutations from a
common enteroviral ancestor, but during the course of evolution, HEV-A viruses replaced
their original 5'NCR by that of HEV-B viruses during a recombination event or vice versa

(Figure 10A).
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Figure 10 : Recombination in Enteroviruses (190-191)

(A) Proposed recombination event between the 5’NCR and the rest of the genome.

(B) Bootscanning analysis of complete E30 genome shows the diversity in the structural regions
and the similarity in the nonstructural regions when compared to other serotypes.
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Full-genome bootscanning analysis of circulating HEV-B strains with prototype EV strains
showed that only the capsid-coding P1 region of modern strains displayed high similarity
(bootstrap values > 70%) to the corresponding prototype virus, with calculated
recombination points in or close to the VP4 and 2A regions (190-191) (Figure 10B).
Phylogenetic analysis for each genomic region in modern strains showed that they grouped
reliably with prototype strains in the VP1 region, and to a lesser extent VP2. However, the
modern strains studied share highly similar NSP regions: the sequences were less divergent
and amino acid variability was the lowest in the 2C and 3D regions, demonstrating how
common an occurrence recombination is among enteroviruses. The inconsistent topology of
phylogenetic trees for the 2AB and VP4 regions underscore their roles as recombination hot

spots.

The evolutionary overview of enteroviruses appears to be considered as genome fragments
in a global reservoir, subjected to independent evolutionary forces and recombination

events.

Identification of serotype only determines that the structural part of its genome is >70%
similar to a prototype strain. There is currently still insufficient evidence to show that the
shared NSP region is driven by a selection pressure due to the higher 'efficiency' of the
encoded proteins. Should virulence determinants be shown to situate outside the structural

genome region, standard VP1 typing would provide incomplete and misleading results.

7.2/ NON-REPLICATIVE RECOMBINATION

Viable recombinant viruses have also been produced from non-replicating and non-
translatable regions of the EV genome (192-193). Using two parental poliovirus strains, one
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containing lethal modifications in the 5'NCR and the other lacking the polyprotein and
3'NCR, such that infectious progeny can only be produced if recombination occurs, the team
of Gmyl et al detected viable recombinants with different crossover points. Furthermore,
these crossover points did not map to homologous regions in the parental strains. Further
analysis using parental strains with interruptions within the 3D region such that the presence
of the RNA-dependent RNA polymerase encoded by 3D is dependent on recombination
events that preserved the correct reading frame, demonstrated the occurrence of precise
nonreplicative recombination. This phenomenon implies the cleavage of phosphodiester
bonds , possibly by endonuclease or cryptic ribosome-like activity, and the exposed termini

are cross-ligated.

7.3/ THE CASE OF POLIOVIRUS RECOMBINATION

Poliovirus recombination is of particular clinical interest in the context of global poliovirus
eradication. It has been widely reported that recombination occurs between the three live
OPV strains, with recombinant type 2 and type 3 Sabin strains accounting for up to 50% and
67% of VAPP cases respectively in a study by Furione et al (194). Recombination between
vaccine strain polioviruses and wild poliovirus or other circulating HEV-C has also been
increasingly studied, since outbreaks involving such recombinants have been reported
worldwide (195). During an outbreak of pathogenic circulating vaccine-derived polioviruses
in 2001-2002 in Madagascar, the team of Jegouic et al isolated type 2 strains with
recombination sites in the 2A region, demarcating a 5' half derived from Sabin 2 and a 3'

portion that greatly resembled CVA17 and CVA13 (196).
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C/ LABORATORY DIAGNOSIS AND SURVEILLANCE

1/ ENTEROVIRUS DETECTION

1.1/ CELL CULTURE TECHNIQUES

The acid stability and absence of a lipid envelope contribute to the environmental stability of
EV, which can thus, be isolated from a variety of clinical samples such as cerebrospinal fluid,
stool and pharyngeal swabs. Before the advent of molecular diagnostic tools used today, the
reference technique for EV laboratory detection was virus isolation in cell culture. No single
cell line is sufficient for the isolation of all serotypes; a combination of at least four different
cell lines has been recommended for sufficient serotype coverage (197-199). The
characteristic cytopathic effect (CPE) of enteroviral infection is easily observed by light
microscopy, in the form of rounded cells that detach from the culture dish and eventually
undergo lysis. Subsequently, isolates were identified by the classical method of
seroneutralisation using Lim-Benyesh-Melnick (LBM) antiserum pools. The cell culture
technique is also relatively slow, often requiring 3 to 6 days for CPE to appear. Cell culture is
also limited by low viral titers in some sample types such as CSF and by the difficulty of
isolating certain serotypes that grow poorly or not at all in cell cultures. For example, CVA1,
CVA19 and CVA22 have never been successfully grown in cell culture, requiring instead the
intracranial inoculation of suckling mice (200). This is a difficult and impractical technique
because it is time-consuming and requires animal maintenance. Nevertheless, cell culture
remains a primordial step for the identification of EV serotype by seroneutralisation

protocols.
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1.2/ MOLECULAR TECHNIQUES

The limitations of cell culture lead to the development of molecular diagnostic techniques.
PCR amplification techniques for the universal detection of EV allow clinicians to deliver a
less time- and labour-intensive diagnosis. Primers are used to reverse transcribe and amplify
domaine V of the 5'non-coding region, a highly conserved region among all enteroviruses,
such that all serotypes are detected (Figure 4). The amplified products could then be
visualised in ethidium bromide-stained agarose gels. Diagnosis by RT-PCR has been
demonstrated to be highly specific, and consistently more so than cell culture (201-202).
Today, laboratory detection of EV is performed by the 'gold standard' method of a pan-
enterovirus quantitative RT-PCR (70). In addition to the primers targeting 5'NCR, the use of a
fluorophore-coupled probe provided accurate detections in real time, further reducing the
time needed for diagnosis. However, EV detection remains genus-specific and does not allow

the identification of their serotype.

1.3/ SEROLOGICAL TECHNIQUES

The use of serological tests, such as immunoassays, has been limited. However, the great
diversity of EV serotypes and the lack of a shared antigen increase the likelihood of cross-

reactions between different viral serotypes, often rendering such tests uninterpretable.
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2/ ENTEROVIRUS SEROTYPE IDENTIFICATION

Serotype identification is vital for epidemiological purposes such as monitoring the
emergence and spread of rare and highly pathogenic serotypes. This is especially pertinent
in paediatric populations and in polio-free countries where there is a need to distinguish

between vaccine strain polioviruses and nonpolio enteroviruses.

2.1/ CLASSIC SERONEUTRALIZATION

Conventional serotype identification is inherent in the detection assay by LBM mixed
antiserum pools (71). Each isolate was screened against 24 antisera in seven intersecting
pools, such that each serotype produced a specific pattern of neutralization (Figure 11).
However, this method of detection and identification is suboptimal: LBM pools available
from the WHO were raised against prototype strains isolated in the 1950s and 1960s, and
may fail because of antigenic drift, recombination or the presence of multiples serotypes in
the tested sample (203). The time-consuming and labour-intensive seroneutralisation

method using LBM pools has been shown to be insufficient for EV serotyping today.
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TABLE I
Composition of combination serum pool

Combination Pool Antisera® Present in Pools Waither of Sers
0ol
A A9 E18 E2 E10 B1 El B3 E12 8
B A9 El1 E5 E13 E19 B4 E3 T
C El11 El4 E2 E6” B2 B3 E8 7
D El4 E15 E5 E7 B1 B5 E3 E12 8
E E15 E16 E6” E9 E19 E1l B3 E8 8
F E16 E17 E7 E10 B4 E3 E12 7
G E17 E18 E9 El13 B5 B2 ES8 7

* A = Coxsackie A; B = Coxsackie B; and E = ECHO.

TABLE II

Distribution of monkey typing sera in combination pools, and neutralization patterns obtained
with prototype viruses

: Serum Poolst _—
Type Serum*® Dilution Prototype Virus Tested | Neyiralization
oSerom| , | 3 | ¢ | D|E]|F]| @G

A9 0 | X | X Grigg AB
Ell 50 X | X Gregory BC
El4 50 X | X Tow CD
E15 50 X | X Charleston 96-51 | DE
E16 50 X | X Harrington EF
E17 50 X | X | CHHE-29 FG
E18 5 | X X | Metcalf AG
E2 100 X X Cornelis AC
E5 100 X X Noyce BD
E6” 32 X X D’Amori CE
E7 100 X X Garnett DF
E9 100 X X | Bourne EG
E10 100 | X X Lang AF
E13 100 X X | Hamphill BG
B1 32 X X Conn-5 AD
E19 50 X X Burke BE
B5 200 X X | Faulkner DG
El 200 X X Farouk ABEG}
B4 160 X X Texas-13 BF
B2 125 X | Ohio-1 CG
B3 320 X X X Nancy ACE
E3 500 X X X Berardi BDF
E8 500 X X | Bryson ACEGH
E12 500 X X X Travis ADF

Number of sera in

pool................ 8 7 7 8 8 7 7
Serum concentration
of pools. ........... 1:21) 1:21} 1:19| 1:24) 1:20] 1:24{ 1:23

* A = Coxsackie A; B = Coxsackie B; and E = ECHO.
1 X indicates inclusion of serum in pool named at top of column.

Figure 11 : Serotype identification using Lim Benyesh-Melnick pools (71)
Table | show the distribution of 24 antisera into seven pools with which virus isolates are tested.
Table Il shows the neutralization pattern expected with serum containing different EV serotypes.

Page | 54



2.2/ MOLECULAR GENOTYPING TECHNIQUES

PCR-based methods have increasingly been solicited to provide information on EV species or
serotype. Studies based on different genomic regions of enteroviruses have been

undertaken to varying degrees of success (204).

Phylogenetic analysis of partial 5'NCR nucleotide sequences showed that human
enteroviruses grouped into two distinct clusters with a minimum of 70% nucleotide identity
within each: (i) group | cluster containing PV, CVA21, CVA24 and EV70 (HEV-C and HEV-D);
and (ii) group Il cluster containing coxsackie B viruses, echoviruses, CVA16 and EV71 (HEV-A
and HEV-B) (189). Individual strains of the same serotype did not group together. This
reflects the high level of conservation in the 5'NCR, but revealed the 5'NCR to be inadequate

for serotype identification.

In a study by Ishiko et al, VP4 nucleotide sequences were studied to determine a phylogeny-
based identification process (205). EV prototype strains clustered according to the four
human enterovirus species, with nucleotide identity scores within each cluster ranging from
61.8% to 77.3% and poliovirus forming a stable subgroup within the HEV-C cluster. When
this method was extended to clinical isolates, the team was able to distinguish between

CVA24 and EV70 in patients with AHC.

Since EV serotype has been classically defined by neutralization, and VP1 contains major
neutralization epitopes, VP1 sequence was theorised to correlate with serotype. In a study
carried out by Oberste et al, partial or complete sequences of the VP1 structural gene from
both prototype strains and clinical isolates were shown to correlate unambiguously with EV
serotype. 37 out of 53 prototype serotypes tested were detected by this method (30).
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Furthermore, pairwise nucleotide and amino acid identity comparison scores were
distributed in three defined peaks, corresponding (from highest to lowest) to viruses of the
same serotype, viruses of same species but different serotype and viruses of different
species. This can be used as a computationally non-intensive method to assign serotype:
sequences of at least 75% nucleotide or 85% amino acid identity can be considered to
represent strains of the same serotype, if the next highest-scoring sequence of different
serotype is 70%. This method was used to identify new serotypes from previously

‘untypeable’ specimens (206-207).

The team of Caro et al also studied a 1452 bp region encompassing the 3’end of VP1, the 2A
and 2B regions, and the 5’end of 2C as a tool for genome variability analysis, with the 3’end
of VP1 sufficient for providing serotype information (208). However; a comparative study
carried out by Kottaridi et al using different RT-PCR protocols targeting different genomic
regions showed that this method was suboptimal compared to the VP1 method previously

described (209).

The central portion of VP2 coding region was also recently analysed by the team of Nasri et
al (210). The region was chosen based on its sufficiently high genetic variability, but it is not
as hypervariable as VP1 such that flanking primers could be designed with fewer degenerate
positions. 55 field isolates 'untypeable' by seroneutralisation were amplified in the VP1 and
VP2 regions for comparison: the serotype determined by both methods was concordant in
48 of them. Six strains could not be amplified in the VP1 region, four of which however were
successfully typed in the VP2 region. This technique was further validated by a comparative

study of 50 ‘untypeable’ specimens in both the VP2 and VP1 regions: VP2 typing was
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successful in 45% of the specimens, but VP1 typing yielded non-specific amplifications that

rendered the assay inconclusive (211).

To circumvent the cell culture technique and its shortcomings as previously described,
methods have been proposed for the direct amplification from clinical specimens. Achieving
practical levels of sensitivity and specificity is particularly problematic, especially in CSF
samples which typically contain very low viral titers. As a result, such methods frequently
oblige the use of nested or semi-nested secondary amplifications. Furthermore, the use of
highly degenerate, inosine-containing primers to counter the variability of VP1 sequence
between serotypes can often yield nonspecific amplification host cell nucleic acids. Despite
these obstacles, direct VP1 amplification from CSF samples has been tested, albeit with
varying results ranging from 64-65% (49, 51) to 96% success (52). Tavakoli et al resorted to
using four different protocols in order to amplify their clinical samples (212). Leitch et al also
described a rapid PCR-based method using primers without inosine that specifically targeted

the VP1 region of either HEV-A or HEV-B (213).

The most common sequencing technique used for serotyping purposes is based on Sanger's
chain termination method, using didesoxynucleotides as DNA chain terminators.
Pyrosequencing is a real-time ssDNA sequencing technique that involves the detection of
pyrophosphate released during elongation by chemiluminescent enzymes, and has been
used in fast sequencing assays of short DNA segments. Silva et al successfully identified EV
serotype of 194 isolates and clinical samples from the National Reference Laboratory for
Poliomyelitis and Enterovirues at the Robert Koch Institute by pyrosequencing, including

samples with mixed viruses of different species and classically 'untypeable' isolates (214).
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In order to directly amplify VP1 of all serotypes with sufficient sensitivity and specificity
directly from clinical specimens, Nix et al used the consensus degenerate hybrid
oligonucleotide primer (CODEHOP) approach (215-216). A CODEHOP primer consists of a
nondegenerate consensus clamp in the 5' end and a degenerate consensus core in its 3'
portion, such that the clamp increases stability of the primer-template duplex, allowing
greater annealing temperatures for the minimization of nonspecific amplification, and the

degenerate core targets all EV serotypes.

However, since EV-associated diseases are generally not serotype-specific, serotype
identification has little influence on clinical management and is not systematically
performed. Instead, species-specific amplification has been proposed as an interesting tool
to rapidly screen clinical specimens and isolates for species of particular interest, in order to
focus subsequent serotype identification. The team of Oberste et al successfully amplified
89.3% of previously uncharacterised nonpolio enterovirus isolates with species-specific
primers in the 3'NCR, all of which the species identity was corroborated by partial VP1

sequencing (217).
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3/ EV LABORATORY PROCESSING IN MARSEILLE, FRANCE
Figure 12 illustrates the processing of clinical samples registered in the Laboratory of
Virology, University Hospital La Timone (Marseille, France) and for which the EV diagnostic

test had been prescribed.

A| <2000 | [ 20002004 |

[ classicRT-PCR | [ real-time pan-EVRT-PCR |
EV consensus kit (Argene)

| cell culture |
(MRCS5, BGM, Vero, KB) (MRCS5, BGM, Vero, Hep2) (MRCS, BGM, Vero, Hep2)

y
[ Evaluation of cytopathic effect (CPE) |

Indirect immunofluorescence assay (IFA)
Monoclonal mouse anti-EV antibody (5-D8/1, Dako)
Secondary goat anti-IgG mouse fluorescein conjugate

B
CSF salmples Other sample types
| (e.g. stool, pharyngeal swab, nasal swab)
GeneXpert RT-PCR
(using Xpert EV kit)

Routine diagnostic pan-enterovirus RT-PCR

|

positive

EV71-specific RT-PCR

Figure 12 : Processing flowchart of clinical samples
(A) EV diagnostic processing, 1985-2005
(B) EV diagnostic processing, present
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Prior to 2000, EV diagnosis consisted of growing samples in cell culture. Cell lines used for
this purpose were MRC5 (human foetal lung fibroblasts), BGM (Buffalo green monkey kidney
cells), Vero (African green monkey kidney cells) and KB (human laryngeal carcinoma cells).
Once cytopathic effect was observed by light microscopy, the presence of EV antigen was
verified by immunofluorescence assay using a monoclonal mouse anti-EV antibody (clone 5-

D8/1, Dako) and a secondary goat anti-lgG mouse fluorescein conjugate.

From 2000 to 2004, EV diagnosis was achieved by classic RT-PCR using the Enterovirus
Consensus kit (Argene). Samples were also inoculated on MRC5, BGM, and Vero cell lines as
previously described, with the exception of KB cell line that was replaced by the similar Hep2
cell line (Human laryngeal carcinoma cells). Cell cultures were also evaluated by CPE and

immunofluorescence assay.

From 2005 onwards, EV diagnosis was carried out using a real-time pan-enterovirus RT-PCR
adapted by Watkins-Riedel et al to the Tagman format. Samples were also inoculated on
MRC5, BGM, Vero and Hep2 cell lines, and cell cultures were evaluated by CPE and

immunofluorescence assay.

The rapid detection of the presence of EV RNA in CSF samples is crucial for the provision of
appropriate patient care. As such, the real-time pan-enterovirus RT-PCR diagnostic assay has
since been implemented in two point-of-care (POC) laboratories connected with the core

virology laboratory. Since 2008, CSF samples have been systematically tested at the POC
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level for EV RNA using the Xpert EV kit on the GeneXpert integrated system (Cepheid) and

verified with the routine real-time RT-PCR diagnostic assay (218) (Figure 12B).

Since May 2010, clinical samples tested EV-positive by diagnostic RT-PCR are screened the
following day using a EV71-specific real-time RT-PCR assay adapted from Tan et al with a

modified hybridization probe (219).

Internal control

All nucleic acid extraction, reverse transcription and real-time RT-PCR were monitored by
using a quantitated solution of bacteriophage MS2 (220). PCR detection of MS2 was
performed using the same reagents on the same cycler with the same cycling programme as
is used for EV detection. Diagnostic PCR results were validated if MS2 detection assay
yielded a positive result with a Ct value not higher than one standard deviation as compared

to the mean Ct value observed for the whole PCR plate
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3.1/ EXPERIMENTAL STRATEGY

Given that the Laboratory of Virology of the Public Hospital of Marseille has a well-
maintained and accessible virus strain bank spanning 1985 to 2005, the decision to create a

viable sequence database came naturally.

Cell lines

We reproduced archived EV strains in the cell line in which they were originally isolated.
MRCS5 cells (Human foetal lung fibroblasts) were cultured in Basal Medium Eagle (BME), 10%
decomplemented Foetal Bovine Serum (dFBS), 1% L-Glutamine (L-GLN), 1% Penicillin-
Streptomycin (PS). Hep2 (Human laryngeal carcinoma cells), KB (Human laryngeal carcinoma
cells), Vero (African green monkey kidney cells) and BGM (Buffalo green monkey kidney
cells) cell lines were grown in Minimum Essential Medium Eagle (MEM), 5% dFBS, 1% L-GLN,

1% PS. All cell cultures were incubated at 37°C under 5% CO,.

Genomic amplification
Reverse transcription was carried out with Reverse Transcriptase MultiScribe (Applied

Biosystems) with random hexamers. Each viral cDNA was then amplified in the VP1, 2C and
3D regions using region-specific primers (Table 2). Amplification products were visualized by

2% agarose gel electrophoresis and ethidium bromide staining, purified then sequenced on

an ABI Prism 3130 DNA Sequencer (Applied Biosystems).
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With the exception of the work done on the Marseille VP1 database, a semi-nested PCR
assay adapted by the French National Reference Centre for Enteroviruses from Nix et al was
used when a virus could not be isolated from culture.

Phylogenetic analysis

All sequence chromatograms were analysed with Sequencher 4 software (Gene Codes
Corporation). Multiple sequence alignments were realized with EBI ClustalW2
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) on default settings and manually edited
with BioEdit (221). The nucleotide sequences were translated into and aligned as amino
acids. Using the programme DAMBE (http://dambe.bio.uottawa.ca/dambe.asp), nucleotide
sequences were aligned against the amino acid sequences. Phylogenetic trees were
constructed with MEGA version 3.1 (Molecular Evolutionary Genetics Analysis)(222). For
VP1, 2C and 3D, this was achieved using the Neighbor-Joining method on a Jukes-Cantor
model. Partial VP1 sequences (<400 nucleotides) were omitted from phylogenetic analysis.
Pairwise distance matrices were drawn to calculate p-distance, the proportion of nucleotide
sites at which the two sequences differ for the totality of the sites compared. The

consistency of tree topologies was tested by bootstrapping in 1000 pseudoreplicates.

Recombination analysis

Nucleotide alignments were used for bootscanning in  SimPlot v.3.5.1.
(http://sray.med.som.jhmi.edu/SCRoftware/simplot/), using a 500-nt sliding window in 20-nt
steps (Neighbour-joining method, Kimura 2-parameter model) and 100 pseudoreplicates.
Signals of >70% of the observed permuted trees were taken to indicate potential

recombination events.
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RESULTS AND DISCUSSION
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ARTICLE #1
A Retrospective Overview of Enterovirus Infection Diagnosis and Molecular Epidemiology in

the Public Hospitals of Marseille, France (1985-2005)

Foreword

Human Enteroviruses circulate worldwide, and are the major cause of aseptic meningitis
outbreaks in both paediatric and adult populations. In the Northern Hemisphere, outbreaks
associated with nonpolio enteroviruses have been described with a summer-early autumn
seasonality. The prevalent serotype may vary from year to year, and there is often co-
circulation of several serotypes. Recent epidemics of aseptic meningitis in France have been

attributed primarily to Echovirus 30 (E30) (45, 223-224).

Enterovirus surveillance is carried out primarily in the context of poliovirus eradication, for
the identification of imported cases in regions certified polio-free. In France, a sentinel
laboratory network for the surveillance of Enteroviruses (Réseau de Surveillance des
Enterovirus, RSE) was implemented to determine circulation patterns of different
enterovirus serotypes, in addition to providing poliovirus surveillance. The ten most
frequently isolated circulating serotypes belonged to the HEV-B species: (in decreasing

order) E30, E13, E6, CVB5, E11, CVB4, E9, E7, CVB1 and CVB2 (45).

In Marseille, the need for enterovirus surveillance has led to the creation and compilation of
a comprehensive database of human enteroviruses isolated in the Public Hospitals of
Marseille (AP-HM). Clinical EV strains isolated between 1985 and 2005 were sequenced in
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the VP1 coding region and analyzed systematically for epidemiological information as well as
trends in laboratory diagnostic techniques. This study is likely to be the largest retrospective

study including molecular data of circulating enteroviruses ever undertaken.
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Abstract

Human enteroviruses (HEV) are frequent human pathogens and, associated in particular with large outbreaks of aseptic
meningitis. Here, we have compiled a database of clinical HEV isolates from the Public Hospitals of Marseille, from 1985 to
2005. Amongst 654 isolates that could be characterized by complete sequencing of the VP1 gene, 98% belonged to species
HEV-B; the most frequently isolated serotypes were Echovirus E30, E11, E7, E6 and E4. The high incidence of E30 and the
recent emergence of E13 are consistent with reports worldwide and peak HEV isolation occurred mostly in the late spring
and summer months. The proportion of echoviruses has decreased across the years, while that of coxsackieviruses has
increased. Stool (the most frequent sample type) allowed detection of all identified serotypes. MRC5 (Human lung
fibroblasts) cell line was the most conducive cell line for HEV isolation (84.9% of 10 most common serotype isolates, 96.3%
in association with BGM (Buffalo green monkey kidney cells)). Previous seroneutralization-based serotype identification
demonstrated 55.4% accuracy when compared with molecular VP1 analysis. Our analysis of a large number of clinical strains
over 20 years reinforced the validity of VP1 serotyping and showed that comparative p-distance scores can be coupled with
phylogenetic analysis to provide non-ambiguous serotype identification. Phylogenetic analysis in the VP1, 2C and 3D
regions also provided evidence for recombination events amongst clinical isolates. In particular, it identified isolates with

dissimilar VP1 but almost identical nonstructural regions.
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Introduction

Human enteroviruses (HEV, family Picornaviridae) are small non-
enveloped viruses with a single-stranded RNA genome of positive
polarity. The genome 1is approximately 7.4 kb long. Four
structural proteins, VP1 to VP4, are assembled to form the virion
capsid of icosahedral symmetry. The most conserved regions of the
enteroviral genome are the 5'non-coding region (5'NCR) and the
RNA-dependent RNA polymerase [1-2]. 64 distinct human
serotypes were previously identified on the basis of their
pathogenic potential and neutralization by specific antisera. They
were then later reclassified into four species based on sequence
identity of the region coding for the VP1 capsid protein. The four
species are (1) HEV-A, (i) HEV-B, (i) HEV-C including Poliovirus
(PV), and (iv) HEV-D [3-4].

Laboratory detection of enteroviruses is performed today by the
‘gold standard’ method of a pan-enterovirus real-time RT-PCR in
the 5'NCR, which allows the detection of all enteroviruses but not
the identification of their serotype [5]. Conventional serotyping
consists of neutralization tests with Lim Benyesh-Melnick
antiserum pools raised against prototype strains [6]. Modern day
serotype identification is based on virus isolation in cell culture and
the nucleotide sequence of the region coding for VP1 protein. VP1

@ PLoS ONE | www.plosone.org

sequences from prototype strains have been demonstrated to
correlate best with neutralization-based serotype, as it is the site of
major epitopes associated with serotype-specific neutralization
[7-8]. More recently, molecular protocols aiming at identifying
the HEV serotype directly from clinical samples have been
proposed [9-12].

HEV cause a wide spectrum of illnesses ranging from mild
(hand, foot and mouth disease, gastroenteritis, acute haemorrhagic
conjunctivitis) to severe and potentially life-threatening (acute
flaccid paralysis) [13-14]. Most enteroviral infections are asymp-
tomatic or subclinical but their neurotropism can cause serious
central nervous system complications such as aseptic meningitis
and encephalitis. Enteroviruses are the major cause of aseptic
meningitis in both pediatric and adult populations [15-16]. There
is currently no antiviral treatment available for HEV infection
[17].

There is worldwide circulation of enteroviruses, except for
poliovirus which remains endemic in only four countries (Pakistan,
India, Nigeria and Afghanistan) [18]. Seasonal aseptic meningitis
outbreaks due to non-polio enteroviruses have been noted to peak
i summer till early autumn in the Northern Hemisphere [19].
While the prevalent serotype varies from year to year, with co-
circulation of several serotypes a common observation, recent

March 2011 | Volume 6 | Issue 3 | 18022



epidemics have been attributed primarily to Echovirus 30 (E30)
[20-24]. The molecular mechanism for enterovirus evolution
couples mutation due to viral polymerase error and homologous
recombination by template switching [25]. The evolutionary
overview of enteroviruses appears to be considered as genome
fragments in a global reservoir, subjected to independent
evolutionary forces and recombination events [26—28].

Here, we have compiled a comprehensive database of HEV
isolated at the Public Hospitals of Marseille (AP-HM), France,
spanning 1985 to 2005 with VPI nucleotide sequences of clinical
HEV strains. We systematically analyzed it for epidemiological
information as well as trends in laboratory diagnostic techniques.

Results

Frequency of HEV isolation

Of 828 secondary cell cultures tested positive for HEV by
immunofluorescence, 654 (79%) were successfully sequenced in
the VP1 region and attributed their serotype. We identified 9 years
with significantly high HEV isolation frequency during which the
number of monthly isolates exceeded the upper control limit at
99% confidence level (UCL99=6.71, p<0.01) (Figure 1), 8 of
which saw peak HEV isolation between May andAugust, in the
late spring and summer months. The only exception was in 1987
when peak HEV isolation occurred in September and October, in
the fall. Isolation levels in 2000 and 2005 were of great amplitude,
and coincide with the occurrence of HEV epidemics in Marseille.
HEV isolates in 2000 (n=191) peaked in the summer months,
with 93.2% (n=178) occurring between May and August. 50.3%
of the isolates in 2000 were attributed to the serotype E30 (n = 96),
15.7% to E13 (n=30) and 7.9% to E11 (n=15). In 2005, only

Enterovirus Diagnosis and Molecular Epidemiology

6.7% (n=24) of all cases were isolated and typed as a result of a
change in hospital diagnostic protocol. Nevertheless, the 2005
epidemic is evidenced by the number of cases diagnosed
Enterovirus-positive with real time RT-PCR (n=78, 151, 76 for
May, June and July respectively). HEV isolates during the
remaining peaks comprised numerous serotypes, including E30,
El1, E7, E18 and CVB5, without clear predominance of any one
serotype.

Serotype patterns

Opverall, the 10 HEV serotypes most commonly isolated
between 1985 and 2005 all belong to the HEV-B species: in
decreasing frequency, E30, E11, E7, E6, E4, E13, CVB)5, El4,
CVB3 and E18 (Figure 2) and account for 77.1% of isolates with
known serotype. The 5 most frequently encountered serotypes,
E30, E11, E7, E6 and E4 account for 56.7% of all isolates, and
remain the most prevalent serotypes even after factoring out the
2000 and 2005 epidemics. HEV-B accounted for 98% of all
1solates.

Long-term circulation patterns varied for individual serotypes.
Some serotypes have disappeared from Marseille: the last reported
cases of CVA13, CVAL7, El, E2, E3, E12, E14, E31, E32, EV74
and PV all precede 1992. On the other hand, other serotypes have
appeared with varying frequencies: CVA24 has been isolated with
extremely low frequency (4 isolates since 1996), in contrast with
E13 which reappeared in 2000 as an epidemic serotype. Only a
single E13 infection was reported in Marseille prior to the 2000
outbreak. Serotypes such as E30, E7, E6 and E4 demonstrate
more endemic patterns, with persistent isolation levels over 20
years. E30 in particular, has a strong propensity for epidemic
eruptions and was the most commonly identified enterovirus
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Figure 1. Monthly distribution of Enterovirus isolates (1985-2005), and Enterovirus-positive RT-PCR diagnostic cases (2004-2005).
We identified 9 years of significantly high HEV isolation frequency during which the number of monthly isolates exceeded the upper control limit at
99% confidence level (UCL99=6.71, p<<0.01). Peak isolation levels were mostly between May and August, except in 1987 in September and October.

2 epidemics were also recorded in 2000 and 2005.
doi:10.1371/journal.pone.0018022.g001
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Figure 2. Distribution of Enterovirus serotypes isolated in Marseille, 1985-2005. The 10 most common serotypes isolated between 1985
and 2005 in Marseille account for 77.1% of all cases. Shown in red: (in decreasing order) E30, E11, E7, E6, E4, E13, CVB5, E14, CVB3 and E18. The top 5

most frequently encountered serotypes alone account for 56.7%.
doi:10.1371/journal.pone.0018022.g002

during seven years of the study period (1987, 1988, 1996, 2000,
2001, 2002 and 2005).

Classification and Regression Tree (CART)

The CART technique classified our data into groups through a
series of splits that best differentiated observations of the data
(Figure 3). The main discriminatory feature was the year of
isolation which allowed the definition of 3 temporal periods: 1985—
1987, 1988-2000 and 2001-2005. Paying attention to the change
in proportion of each virus group across these 3 periods we
observed that: (i) Poliovirus has gradually disappeared; (ii)
Frequency of HEV-A and other HEV-C and remained consis-
tently low (=2%); (i) The proportion of coxsackieviruses has
increased from 4.9% to 24.8%, and (iv) The proportion of
echoviruses have decreased from 89.2% to 73.5%.

EV isolation by sample type and cell line

Stool is used most frequently in suspected HEV infections over
20 vyears, save the 2000 and 2005 epidemics during which
cerebrospinal fluid (CSF) was highly solicited. Stool samples
allowed detection of all serotypes, including most of the non HEV-
B serotypes and, notably, all the PV. Further examination of the
most common HEV serotypes revealed that 84.9% of the clinical
strains showed preferential growth in MRC) cells, in particular the
echoviruses. The additional use of BGM cells enhanced total
recovery to 96.3% and allowed better detection of group B
coxsackieviruses and Polioviruses (Figure 4).

Accuracy of serotype identification by seroneutralization

The serotypes of 204 clinical samples initially determined at the
time of virus isolation by neutralization tests were challenged by
VPI nucleotide sequencing. Only 113 (55.4%) were corroborated

@ PLoS ONE | www.plosone.org

by nucleotide sequence. Considering only serotypes with at least 4
strains, this technique was largely accurate (75-91%) for E20, E30,
E24, CVB2 and E5. It was average (50-60%) for E14, CVB5, E7,
E4 and E6 and poor (26.7-28.6%) for CVA9 and E11. No PV
strain was detected using the neutralization technique. The 4
strains that were ultimately designated as PV1 by their VPI
sequences were initially typed as E20, E21, E24 and an

adenovirus.

Phylogenetic analysis of clinical strains

Near full-length VP1 nucleotide sequences (777 nucleotides) of
HEV clinical strains were analysed in a phylogenetic tree together
with prototype reference sequences and VP1 homologues from
NCBI GenBank This overall topology of four distinct clusters
corresponding to the four HEV species is consistent with
phylogenies previously described [8]. By visualizing the frequency
of p-distance scores as a percentage of total scores, clinical VP1
scores fell into three established ranges: variants of the same
serotype (=0.25), sequences of different serotype but of the same
species (>0.25 and <<0.42) and finally, sequences of different
species (=0.42) (Figure S1). Overall, only 0.05%, 0.14% and
0.8% of the three categories respectively were exceptions to these
definitions.

Molecular evolution of EC30 and EC13

The molecular evolution of E30 was studied in detail by
phylogenetic analysis including 159 E30 VPI sequences from the
Marseille database (Figure 5). The phylogenetic tree presented 5
temporal clusters, with all Marseille strains clustering together in
group 5 (bootstrap 74%) and the majority in a stable subgroup
characterized by their period of isolation (2000-2005). Pairwise
p-distance showed that the greatest nucleotide disparity between
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| HEVisolates, Marseille 1985-2005 |
]

1985-1987 1988-2000 2001-2005
" 3.9% = (0.3% " 0%
" 4.9% u20% " 16.6% = 0.6% " 1.8%

" 89.2%

" 82.5% " 73.4%

mEchovirus  mCoxsackievirus ~ ® Poliovirus  ®HEV-A/HEV-C

Figure 3. Classification by year of isolation. The Classification and Regression Tree (CART) split the data by year of isolation, describing 3
temporal periods: 1985-1987, 1988-2000 and 2001-2005. The change in proportion was observed for each virus group, with HEV-B further divided
into Echoviruses and Coxsackieviruses, while Poliovirus was regarded as separate from HEV-C.

doi:10.1371/journal.pone.0018022.g003

clinical isolates was 0.157, between samples #553 and #497, both
isolated in 2002 but which cluster differently in the phylogenetic
tree. Notably, the clinical isolate #553 and the prototype strain
Giles isolated in 1960 differed genetically by 0.255, which sits just
beyond the intra-serotype threshold of 0.25. Its persistent
circulation and the extent of its associated epidemics have
generated a large genetic diversity within E30, and may go some
way to account for this exceptional genetic distance.

The molecular evolution of E13 was also further studied by
phylogenetic analysis including 36 E13 VPI sequences from the
Marseille database (Figure 6). All but two clinical E13 strains
were isolated between 2000 and 2002, and clustered in one distinct
group together with European and Asian strains from the same
period. Within this group, clinical isolates differed in p-distance by
no more than 0.036. In contrast, the greatest genetic distance

100%
sk N B
80% H B
0% H B N
500t H B B
500t H B BN
40% H B B
% H EH B
20% H H B
o H B B

. H B B

E30 E11 E13 E7 E6 E4

observed between clinical isolates was 0.242, between #369
isolated in 1987, and #375 isolated in 2000.

Evidence for recombination

To examine the extent of intraspecies recombination, we
designed primers that targeted portions of the 2C and 3D regions
that distinguished HEV-B serotypes phylogenetically from other
species. Of 65 HEV-B strains tested, 59 (90.8%) were successfully
amplified and sequenced in the 2C region and 61 (93.8%) in the
3D region. Phylogenetic trees were constructed for the VP1, 2C
and 3D genes (Figure 7). Incongruent tree topologies and
inconsistent interserotype clustering show that the genetic
relationship between different serotypes is not conserved through-
out the genome. The maximum nucleotide distance in the VP1,
2C and 3D regions was 0.42, 0.262 and 0.271 respectively. To

CVB5 E14

CVB3 E18

"MRC ®=BGM ®VERO ®Hep+KB

Figure 4. Isolation of the 10 most common Enterovirus serotypes by cell line. MRC5 cells were the most conducive culture line for 84.9% of
the samples, with the addition of BGM cell lines enhancing total sample recovery up to 96.3% and covering all serotypes.

doi:10.1371/journal.pone.0018022.g004
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genetically from #497 (circle) and prototype Giles (square) by 0.157 and 0.312 respectively.
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reflect this higher level of conservation in the nonstructural region,
all p-distance scores were normalized by expressing them as a
percentage of the maximal p-distance in nucleotides for each

region within HEV-B.

Three serotypes (E13, CVB3 and E30) with more than 4
antigenic variants in our study set were examined to evaluate

@ PLoS ONE | www.plosone.org 5

intraserotype genetic relationships. Regardless of p-distance, all
strains clustered according to their serotype in the VP1 region, as
is expected since VP1 is the basis of serotype designation. E13
strains differed little genetically in all regions, by 0-8.3% in VPI,
0-14.9% in 2C and 0-7.7% in 3D. Phylogenetic trees also showed
consistent grouping in all regions for these strains, all isolated in
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2000. There is thus no evidence for recombination among clinical
E13 strains in Marseille. In contrast, CVB3 strains were more
genetically distant, with 5.2-47.1% in VPI1, 52.3-80.2% in 2C and
13.7-81.2% 1 3D. Their greater diversity is reinforced by
inconsistent clustering across the genome. It is thus highly possible
that recombination events have occurred involving the nonstruc-
tural region of CVB3 strains. E30 on the other hand, is a more
complex case: three strains isolated between 1987 and 1988
demonstrated little divergence with maximum p-distance of 4.3%,
5% and 8.5% in the VP1, 2C and 3D regions respectively and
consistent clustering with one another in all regions. However, the
remaining E30 strains presented greater genetic distance, by 0—
20.7% in VPI, 64.1-75.2% in 2C and 62-88.6% in 3D. This
disparity is also observed in their variable phylogenetic positions
across the genome.

This pattern is exemplified by E30 strains #405559 and
#404728, both isolated in 2000 and which are identical (p-
distance =0%) in their VP1 nucleotide sequence but differ by
73.3% and 74.2% in their 2C and 3D sequences respectively.
Interestingly, the exact opposite clustering pattern was observed in
7 strains: 1 E30 (#406559), 1 CVA9 (#406891), 1 E25 (#406788)
and 4 E13 (#406401, #406050, #406119 and #406241) strains
differed by a maximum 92.6% in their VP1 region, but only by
14.9% in 2C and 8.5% in 3D. Phylogenetic analysis showed
reliable grouping (bootstrap =100%) in both the 2C and 3D
regions for our cluster of interest.

Discussion

The present study describes the frequency of enteroviral
serotypes isolated in Marseille between 1985 and 2005. Entero-
viruses are known to circulate in the summer and autumn months
in temperate regions [19,29-30]. In Marseille, we observed that
HEV isolation peaked in the spring and summer months, notably
during the 2000 and 2005 epidemics when unusual levels of HEV

@ PLoS ONE | www.plosone.org

activity were detected as early as May. The last natural case of
poliovirus in Marseille was described in 1988, in line with its
complete elimination in France and the European continent in
1990 [31]. E30 was the most frequent enterovirus isolated in
Marseille, in accordance with epidemiological data collected by
the RSE, the sentinel laboratory network for the surveillance of
Enteroviruses in France [30]. This high incidence also reflects
similar circulation levels and the occurrence of E30-associated
aseptic meningitis epidemics in 2000-2001 in North and South
America, Europe and Asia [23-24,32]. The general distribution of
E30 is temporally consistent with other European strains included
in our analysis, and supports a microevolution as a continuous
cline with rare re-emergence of more ancient strains. Unlike E30,
E13 was considered a rare serotype with no outbreaks associated
with this virus and had only ever been isolated once in Marseille
prior to 2000. Its sudden emergence as a predominant serotype
was also observed in other countries: in the United States, E13
accounted for 24% of all reported HEV isolates in 2001,
compared to 1.6% in 2000 [33]. In Japan, E13 had only been
1solated once before 2001, during which 65 strains were isolated
[34]. E13 was first identified in Spain during an aseptic meningitis
outbreak in 2000 [35].

Regarding the strategies and methodologies used during the
study period for detection and characterization of enteroviruses, a
number of observations could be made. Firstly, stool has been the
most frequently used sample type for enterovirus isolation, and the
most useful since it allowed the isolation of all serotypes. Secondly,
MRC5 was the most conducive cell line for enterovirus isolation,
and coupling with BGM cell line, resulted in a more extensive
coverage for HEV-B strains. Thirdly, seroneutralization-based
HEV typing showed 55.4% accuracy when compared to VPI
sequence analysis. This divergence in identification may be
explained in part by technical insufficiency of the seroneutraliza-
tion typing protocol (e.g. cross reacting activity, use of pools raised
against strains prevalent more than 30 years ago). Another possible
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Figure 7. Phylogenetic trees of HEV-B in the VP1 (A), 2C (B) and 3D (C) regions. Inconsistent topologies suggest possible recombination
events, especially in the case of E30 (red) and CVB3 (green). E13 clinical isolates (blue) however, differed little genetically across the genome,
suggesting the absence of major recombination events. Our cluster of interest includes 7 strains (4 E13, 1 E30, 1 CVA9 and 1 E25) that group reliably
(bootstrap 100%) in the 2C and 3D regions but not in the VP1 region.

doi:10.1371/journal.pone.0018022.g007
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explanation could be the presence of more than 1 serotype in a
patient sample, whereby the dominant serotype during its
reproduction in culture for VPI sequencing is different from the
dominant serotype during initial culture for diagnostic seroneu-
tralization. It has also been highlighted that poliovirus might be
present in working stocks of other viruses, even when unambig-
uously identified and labeled [36].

The validity of VP1 serotyping protocol and pairwise genetic
distance analysis has been primarily established with enterovirus
prototype sequences or with clinical sequences spanning a short
period of time [7]. Our analysis of a large number of clinical
isolates over 20 years reinforces the pertinence of this technique
that allows the identification of most HEV sequences using the
simple computationally non-intensive genetic distance calculation.
Furthermore, in the few instances whereby the genetic diversity
within a serotype can be so significant as to exceed the 0.25
threshold, as observed in E30, genetic distance can be coupled
with the phylogenetic analysis of VP1 to provide a non-ambiguous
identification of HEV, a strategy previously validated with the
delineation of Hepatitis C virus genotypes [37-38].

The serotypic identification of enteroviruses is challenged by the
existence of recombination events [39-40]. Isolates sharing similar
VP1 genes but differing in other parts of the genome may display
different epidemiological or clinical properties. Phylogenetic topolo-
gies of different portions of the enteroviral genome describe HEV
strains with genetically consistent VPl regions and more mter-
changeable 2C and 3D regions, particularly demonstrated by E30
and CVB3 strains from Marseille. This suggests that closely related
VP1 regions can be associated with divergent 2C and 3D regions.
The mechanism of RNA recombination in enteroviruses is
commonly accepted to involve template switching during RNA
synthesis, with recombination points most frequently identified within
the nonstructural region [28,41]. In contrast, we observed the
opposite trend in an unusual cluster of 7 strains: #406891_CVA9,
#406401_E13, #406050_E13, #406119_E13, #406241_E13,
#406788_E25 and #406559_E30 showed little similarity in the
VP1 region, but a marked resemblance in the nonstructural region.
This suggests the circulation of highly similar HEV strains which
differ primarily in the region by which they are attributed serotypes.
Considering that all 7 strains were isolated during the 2000 Marseille
epidemic during which the E30 and E13 serotypes were particularly
prominent, this genetic similarity could explain the emergence of E13
as an epidemic serotype by a recombination between circulating 1113
and epidemic E30 strains. This might also account for the lack of
direct correlation between serotype and pathology, such as how
several (VP1l-defined) serotypes can provoke the same clinical
manifestations. A new model of enteroviral genetics has been
suggested, such that enteroviruses should be regarded as a pool of
independently evolving genomic fragments [42]. We show that
clinical strains of enteroviruses circulating over 20 years lend credence
to this model by showing the inadequacies of the current model of
demarcated serotypes.

In this work, serotypes from the HEV-B species account for
98% of all isolates in Marseille. This echoes HEV-B levels
described in Spain (89.3%) [43], in the United States (89.5%) [19]
and in Tunisia (92.2%) [44], studies which also used cell culture to
first 1solate the virus in the typing process. However, the use of cell
culture techniques may distort any derived epidemiological data
since some HEV serotypes (Coxsackievirus A and certain
numbered HEVs) do not grow or grow poorly in cell culture,
and suggests that the proportion of circulating non HEV-B
serotypes has been underestimated. Such a study of clinical
samples in a clinical virology laboratory is sure to encounter some
limitations, in part by the bias associated with cell culture
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techniques, but also by other factors such as patient sample
referral and enteroviral disease presentations that might not be
actively investigated. This work should thus be more accurately
regarded as a clinical profile of HEV-B serotypes in Marseille. As
such, we feel the need to reinforce efforts for identifying HEV
directly from clinical samples, bypassing the need for cell culture
systems.

Materials and Methods

Marseille HEV strain collection and sequence database

Enterovirus samples. All samples taken for diagnostic
purposes are accessible for research under French national
regulations regarding biomedical research (Loi Huriet-Sérusclat
(loi 881138)) without requiring neither specific written consent
from the patient nor approval from an ethics committee. All
clinical samples were obtained from the Laboratory of Virology,
University Hospital La Timone (Marseille, France) from 1985 to
2005. Specimen types comprised of nasopharyngeal swabs, stool,
cerebrospinal fluid, saliva and bronchoarterial specimens.

Cell lines. MRC) cells (Human fetal lung fibroblasts) were
cultured in Basal Medium Eagle (BME), 10% decomplemented
Fetal Bovine Serum (dFBS), 1% L-Glutamine (L-GLN), 1%
Penicillin-Streptomycin (PS). Hep2 (Human laryngeal carcinoma
cells), KB (Human laryngeal carcinoma cells), Vero (African green
monkey kidney cells) and BGM (Buffalo green monkey kidney
cells) cell lines were grown in Minimum Essential Medium Eagle
(MEM), 5% dFBS, 1% L-GLN, 1% PS. All cell cultures were
incubated at 37°C under 5% CO,.

Enterovirus diagnosis. (i) Prior to 2000, HEV diagnosis
consisted of growing samples in cell culture in MRC5, BGM, Vero
and KB cell lines. Once cytopathic effect (CPE) was observed, the
presence of HEV antigen was tested by immunofluorescence with
a monoclonal mouse anti-EV antibody (clone 5-D8/1, Dako) and
a secondary goat anti-IgG mouse fluorescein conjugate [45]; (ii)
From 2000 to 2004, diagnosis was achieved by classic RT-PCR
using the Enterovirus Consensus Kit 5 (Argene) and inoculation of
samples onto MRC5, BGM, Vero and Hep?2 cell lines which were
similarly evaluated by CPE and immunofluorescence; (iii) From
2005 onwards, a real-time pan-enterovirus RT-PCR was used
(adapted from [5]) along with the inoculation of samples onto
MRC5, BGM, Vero and Hep2 cell lines which were similarly
evaluated by CPE and immunofluorescence. For all samples, the
cell line in which CPE was most rapidly observed was recorded
and the virus isolates stored in the Marseille Public Hospitals virus
collection. Globally, from 1985 to 2005, the same cell culture
detection and isolation protocol was performed based on the use of
MRC5, Vero and BGM cells, which represent 96.5% of all isolates
(cf Results section). The only change during the period was the
replacement of KB with Hep2 cells from 2000 onwards, and which
represent 0.5% and 3% of all isolates respectively).

Seroneutralization. A portion of HEV-positive samples
(n=204) processed between 1985 and 1994 were typed by
seroneutralization with Lim-Benyesh-Melnick antiserum pools [6].

VP1 Sequencing. Strains recorded in the Marseille HEV
collection were reproduced in the cell line in which they were
originally isolated from culture. Supernatant was clarified by
centrifugation and extracted using the EZ1 Virus Mini Kit (Virus
Card 2.0) in an EZ1 BioRobot (QIAGEN) according to the
manufacturer’s protocol. Reverse transcription was carried out
with Reverse Transcriptase MultiScribe (Applied Biosystems) with
random hexamers. Each viral cDNA was then amplified by nested
Tag DNA Polymerase PCR (Invitrogen) using 2 VPl-specific
primer pairs (adapted from [7]). Amplification products were
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visualized by 2% agarose gel electrophoresis and ethidium
bromide staining, then purified with QIAquick PCR Extraction
or Gel Extraction kits (QIAGEN). Sequencing was carried out
using a Big Dye Terminator Cycle Sequencing Reaction kit and
an ABI Prism 3130 DNA Sequencer (Applied Biosystems).

Marseille HEV sequence database. VPl sequences were
obtained and their serotype identified by phylogenetic analysis
(n=654). They were archived in the Marseille HEV VP1 database in
the following format: #Reference number_Year_Sample type_Cell
line_Serotype. No written patient consent was required as all strains
were characterized for etiological purposes.

2C and 3D sequencing. HEV-B strains from the HEV
database (n = 65) were chosen to be representative of serotypes and
years for the period surveyed. 2C, coding region for the helicase/
NTPase; and 3D, coding region for the RNA-dependent RNA
polymerase, were chosen as representative of the P2 and P3
regions respectively. We designed primer pairs to specifically
amplify HEV-B serotypes, targeting portion of the 2C and 3D
regions that phylogenetically distinguished HEV-B from other
HEV species. RT-PCR was performed as described above, using
the specific primer pairs 2C-F (TTYGAYGGITAYAARCARCA)
and 2C-R (GGiICCYTGRAAIARIGCYTC) or 3D-2F (TTYT-
GGWSIAARATHCCIGT) and 3D-R (CKiACRTGRTCYTGiG-
TRTT). Amplification products were visualized, purified and
sequenced as described above.

Sequence analysis

Phylogenetic analysis. All sequence chromatograms were
analysed with Sequencher 4 software (Gene Codes Corporation).
Multiple sequence alignments were realized with EBI ClustalW2
(http://www.ebi.ac.uk/ Tools/clustalw?2/index.html) [46] on default
settings and manually edited with BioEdit [47]. The nucleotide
sequences were translated into and aligned as amino acids. Using the
programme DAMBE (http://dambe.bio.uottawa.ca/dambe.asp)
[48], nucleotide sequences were aligned against the amino acid
sequences. Phylogenetic trees were constructed with MEGA version
3.1 (Molecular Evolutionary Genetics Analysis) [49]. For VPI1, 2C
and 3D, this was achieved using the Neighbor-Joining method on a
Jukes-Cantor model. Partial VP1 sequences (<400 nucleotides) were
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omitted from phylogenetic analysis. Pairwise distance matrices were
drawn to calculate p-distance, the proportion of nucleotide sites at
which the two sequences differ for the totality of the sites compared.
The consistency of tree topologies was tested by bootstrapping in
1000 pseudoreplicates.

Statistical analysis of epidemiological data

A Classification and Regression Tree (CART) was established to
determine characteristic features of the dataset as a series of if-then
logical conditions [50]. The monthly frequency of Enterovirus
isolations was plotted on a control chart for count data (Poisson
distribution) estimating an upper control limit with p *3c
(99.73% confidence) [51-52]. Statistical analysis was carried out
using the R.2.10.1 environment (http://www.r-project.org) and
the qcc package [53].
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different serotypes but the same species (>0.25 and <0.42), or
sequences of different species (=0.42).
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Discussion

Our systematic analysis of circulating EV serotypes in Marseille over 20 years has resulted in
several major observations: Similar to RSE findings, the ten main serotypes in Marseille are
members of the HEV-B species. The most frequently encountered serotype is E30, whose
high incidence is reflected worldwide. Emergence of E13 considered a rare serotype prior to
2000 in Marseille. This epidemic serotype has also been increasingly observed in other
countries: in the United States, E13 accounted for 24% of all reported EV isolates in 2001, a

marked increase from 1.6% in 2000 (54).

Furthermore, the analysis of circulation patterns and laboratory strategy has allowed
guidelines for streamlining diagnostic procedures in terms of time and manpower without
sacrificing sensitivity. While no single cell line has been described as sufficient for the
isolation of all serotypes, the use of MRC5 and BGM cell lines provides extensive coverage of
enterovirus serotypes. Detection also begins earlier than described as well, since EV isolation

peaked in the spring and summer months, even as early as May in Marseille.

The strategy of EV serotype identification based on genetic and phylogenetic analysis has
previously been proposed by Oberste et al (31). However, this has been established primarily
with prototype sequences or partial clinical sequences spanning a short period of time
(1991-1998). Our analysis of over 600 clinical isolates over 20 years reinforces the validity of

this technique.

The current overview of enterovirus evolution is modelled as a global reservoir of genomic
fragments, in which genetically similar structural regions associate with more divergent
nonstructural regions (183). However, the opposite trend was observed in an unusual cluster
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of 7 strains (1 CVA9, 1 E25, 1 E30 and 4 E13) isolated during the epidemic in 2000, with
different VP1 but highly similar 2C and 3D regions, suggesting that the emergence of
epidemic E13 serotype could be due to recombination between circulating E13 and epidemic

E30 strains.
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ARTICLE #2

Impact of diagnostic procedures on patient management and hospitalization cost during the

2000 and 2005 enterovirus epidemics in Marseille, France

Foreword

Enteroviruses are responsible for a wide spectrum of human illnesses, the majority of which
are mild and self-limiting. However, severe presentations such as meningoencephalitis, can
be dangerous in neonates, immunocompromised patients or patients with pre-existing
medical conditions. Two large outbreaks were reported in Marseille in 2000 and 2005 (223).
In between these events, an important change in the laboratory diagnosis of EV infections
was implemented: in 2000, laboratory diagnosis was based on cell culture and to a lesser
extent, on classic RT-PCR amplification; in 2005, this was performed with a real-time RT-PCR

assay.

Viral and epidemiological characteristics of both outbreaks were analysed and compared,
especially in the period of time necessary for diagnostic result delivery and the impact on

subsequent management of patients.
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Abstract

Enteroviruses are frequent aetiological agents of central nervous system infections in humans. In 2000 and 2005, two large outbreaks of
Echovirus 30 (a member of species human enterovirus B) were observed in the University Hospitals of Marseilles (France). Between the
two epidemics, the diagnostic protocols for enterovirus infection were modified, moving from viral cultures and classic RT-PCR in 2000
to real-time RT-PCR in 2005. We compared some viral and epidemiological characteristics of the 2000 and 2005 outbreaks with special
attention to diagnostic procedures and to the subsequent clinical management of patients. Despite similar virological and epidemiological
characteristics during both outbreaks, our results show that real-time RT-PCR techniques used in 2005 noticeably shortened the period
of time necessary to deliver diagnostic results and suggest that this was associated with a decrease in the duration of hospitalization for
positive cases. In conclusion, this study suggests that the improvement of enterovirus diagnosis had a major financial impact on the man-
agement of the 2005 epidemic in Marseilles and may constitute an interesting example of how new diagnostic methods in microbiology

can be self-financed through improvement in patient management.
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culoneuritis) can be encountered, particularly in neonates,
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immunocompromised patients or patients with pre-existing
medical conditions or underlying illnesses. However, in the
vast majority of cases the disease is mild and self limiting, with
a large number of asymptomatic or pauci-symptomatic infec-

. tions [1]. No antiviral treatment is currently available and vac-
Introduction

cination is not used against EVs other than polioviruses,
because of the multiplicity of the antigenic types implicated in

The enteroviruses (EVs) are a genus of the family Picornaviridae
which includes six species (representing over 70 serotypes)
isolated from man: human enteroviruses A-E (HEV-A-HEV-E)
and polioviruses [I]. During human infection, EVs which nor-
mally replicate in the intestinal tract may spread to other
organs, and in particular to the central nervous system.
Accordingly, EVs are the most frequent causes of aseptic
meningitis in both paediatric [2] and adult [3] populations. In
temperate regions, EVs circulate widely and cause seasonal
epidemics of meningitis in the summer and autumn with
sporadic cases during inter-epidemic periods [4]. Severe
presentations (meningoencephalitis, encephalitis and polyradi-

human infections and the lack of cross-reactive immunity.
During the past decades, echovirus 30 (EV-30), a member
of the species human enterovirus B (HEV-B), has been respon-
sible for meningitis outbreaks with increasing frequency.
More specifically, large outbreaks were observed at the Uni-
versity Hospitals of Marseilles (France) in 2000 [5] and 2005.
Interestingly, an important change in the management of hos-
pitalized EV-infected patients occurred between the two epi-
demics: in 2000, the laboratory diagnosis of EV infections
was mainly based on viral cultures and partially on classic
RT-PCR amplification, while in 2005 virus detection was

mainly achieved using a real-time RT-PCR technique. In the
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present study, we compare some viral and epidemiological
characteristics of the 2000 and 2005 outbreaks with special
attention given to the period of time necessary to deliver
diagnostic results and the subsequent clinical management of
patients.

Patients and methods

Patients

Population studied. During the 2000 and 2005 outbreaks, 195
and 387 cerebrospinal fluid (CSF) samples from patients with
clinical presentations suggesting EV infection were analysed.
All patients were hospitalized in the University Hospitals of
Marseilles, France.

Definition of confirmed cases. As previously proposed and dis-
cussed [5], confirmed cases of EV nervous system involve-
ment were defined by the presence of (i) signs of meningeal
irritation and/or other central nervous system involvement
and/or febrile polyradiculoneuritis and (ii) positive culture or
RT-PCR in CSF.

Laboratory diagnosis

Diagnosis of EV infection. Diagnosis was achieved using (i)
inoculation of CSF samples onto human lung embryonic
fibroblast MRC5 and continuous kidney Buffalo green mon-
key (BGM) cell lines (2000 and 2005 outbreak patients), (ii)
classic RT-PCR using the Enterovirus Consensus kit (Argene,
Verniolle, France) (2000 outbreak patients) and (iii) a real-
time RT-PCR method adapted from Watkins-Riedel et al. [6]
(2005 outbreak patients).

Genetic characterization of EVs. Genetic identification of sero-
types was accomplished with cell culture isolates. During the
2000 outbreak, a first screening used restriction fragment
length polymorphism (RFLP) analysis of PCR amplicons [7]
for the identification of isolates closely related to the domi-
nant EV-30 strain. A number of these EV-30 isolates and all
isolates with different RFLP profiles were subsequently char-
acterized by sequencing. A 785-bp PCR product located in
the VPl gene was synthesized and sequenced as reported
previously [5], and then compared with a reference VPI
database for serotype determination [8]. In 2005, all isolates
were sequenced using this method.

For the analysis of EV-30 isolates, sequences obtained
from cell culture isolates were combined with a choice of
relevant EV-30 VP| sequences retrieved from the GenBank
database and aligned using the cLusTALW programme [9]. Phy-
logenetic analysis was performed with MEGA version 3.1

[10] using the Kimura 2-parameter algorithm for distance
calculation and the Neighbor-Joining method for tree
construction. An EV-21 sequence (China 1999, GenBank
accession number AB268240) was used as an outgroup.

Results

Diagnosis of EV infection and viral characteristics of con-
firmed cases

In 2000, all samples (n = 195) were tested using cell culture
and 106 were also tested using RT-PCR. A total of 139 con-
firmed cases was identified: 22 cases were detected using
classic RT-PCR only, 70 using cell culture only and 47 using
both methods. Among | |7 isolates from confirmed cases, 95
were EV-30 (81%) and 22 belonged to other serotypes of
HEV-B (19%). Thirty-one isolates of EV-30 were further
characterized by sequencing of the VP| gene sequence.

In 2005, 186 confirmed cases were identified, mainly using
real-time RT-PCR and 24 isolates were obtained from these
samples. The VPI region of these isolates was sequenced
and corresponded to 18 EV-30 (82%) and six isolates from
other serotypes of HEV-B (18%). In all cases, viruses isolated
in cell culture were also detected using real-time RT-PCR.

A total of 49 EV-30 VPI sequences was obtained for analy-
sis (31 strains from 2000 and 18 from 2005). A phylogenetic
reconstruction is shown in Fig. I. The tree indicates that all
VPI| genes of 2000 and 2005 EV-30 strains were closely
related and had a recent common ancestor. They belonged to
a unique recent lineage identified by a 99% bootstrap
resampling value. Genetic pairwise distances within this lineage
were lower than 5%; in comparison, the genetic variability
among all EV-30 isolates included in our tree was
approximately 15%. Isolates from 2000 were organized as
two distinct (but closely related) clusters (denoted 2000a and
2000b in Fig. I). Isolates from 2005 belonged to a unique clus-

ter which appeared as a sister group to the 2000b cluster.

Epidemiological characteristics of confirmed cases

The distribution of confirmed cases by age group was similar
during the 2000 and 2005 outbreaks (Fig. 2). The median age
was | 1.2 years in 2000 and 10.0 in 2005, with a majority of
confirmed cases occurring in patients younger than 15 years.
The gender ratio (M/F) was 1.6 in 2000 and |.4 in 2005.

Period of time necessary to deliver diagnostic results

In 2000, the mean time necessary for providing results to cli-
nicians was 12.4 + 4.3 days, i.e. 11.6 £ 3.9 days in the case
of positive results (n = 139) and 14.3 + 5.3 days in the case

of negative results (n =56). The average delay was
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FIG. |. Genetic relationship between 2000
and 2005 EV-30 isolates. The phylogenetic tree
was built using Kimura 2-parameter algorithm
and the Neighbor-Joining method. Bootstrap
resampling values (500 replications) are
indicated at main nodes. Abbreviations: AUS,
BLR, Byelorussia; CAN, Canada;
CHN, China; DEU, Germany; DNK, Denmark;
EST, Estonia; FIN, Finland; FRA, France; GEO,
Georgia; ISR, Israel; ITA, Italia; JAM, Jamaica;
JPN, Japan; MRS, Marseilles (France); NLD, the

Australia;
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Netherlands; PHL, Philippines; POL, Poland;
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8.9 £ 4.2 days for classic RT-PCR results, i.e. 9.3 =
for positive results (n = 69) and 8.1

4.5 days
* 3.6 days for negative
results (n = 37). In 2005, all results were provided using the
real-time RT-PCR assay. The mean time necessary for pro-
viding results to clinicians was |.9 £ 0.8 days, similar for
positive (n = 186) and negative results (n = 201).

Length-of-hospital stay

In 2000 and 2005, the mean lengths-of-hospital stay (LOS) in
1.8 days,
respectively. This difference is significant (Student’s test), i.e.

confirmed cases were 54 + 4.8 days and 2.2+

hospitalizations were significantly shorter in 2005.

Discussion

Numerous previous studies have tried to model and docu-
ment the clinical and economic impact of EV PCR diagnosis.
Differentiating EV positive and negative patients is important
[I1-14] as the recommended treatments and the cost
related to LOS or diagnostic and therapeutic interventions
are different. A convergent line of arguments also suggests
that results must be available early in the management of
patients to impact significantly on patient care in the
subgroup of EV-infected patients [12,15-17]. However, this
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is intrinsically difficult to evaluate as, in any given study, it is
not easy to establish that the groups of patients receiving
either early or delayed diagnosis are comparable. Indeed,
previously published studies have not provided precise infor-
mation on the clinical, epidemiological and virological charac-
terization of these groups.

The two successive enterovirus epidemics observed in
Marseilles in 2000 and 2005 offered an interesting opportu-
nity for a comparative study including a large number of
patients. Analysis of the two outbreaks showed that the epi-
demiological characteristics of the patients were similar (age
and gender ratio) and that, in both cases, a large majority of
cases were a result of infection by EV-30 (over 80%). In addi-
tion, genetic analysis of the VPI gene of several EV-30 iso-
lates from 2000 and 2005 suggested that predominant strains
that circulated during these two outbreaks were genetically
closely related. Therefore, the characteristics of the patient
management could have been expected to be very similar on
both occasions.

However, we observed that the average duration of hospi-
talization of confirmed cases was significantly shorter in 2005
than in 2000. This had important direct financial implications.
The overall direct cost of hospitalization at the University
Hospitals of Marseilles during the 2000 EV outbreak has been
estimated previously to be 541 EUR per patient per day [5].
Using this value for the calculation of costs, we could evaluate
the cost of hospitalization of the 186 confirmed cases in 2005
at 221 377 EUR, using the actual average duration of hospital-
ization observed in 2005 (i.e. 2.2 days), and at 543 380 EUR,
using the average duration of hospitalization observed in 2000
(i.e. 5.4 days). In other words, decreasing LOS from 5.4 to
2.2 days in the group of confirmed cases allowed us to save
approximately 322 000 EUR.

& L cases by age groups during the 2000 and 2005

enterovirus outbreaks.

A retrospective analysis of the characteristics of the 2000
and 2005 epidemics revealed that a major change in the
management of virological diagnosis occurred between the
two outbreaks. In 2000, diagnosis relied mainly on cell cul-
tures inoculated with CSF samples. Using that technique, the
mean time necessary for providing results to clinicians was
12.4 £ 4.8 days (in particular, negative results could not be
delivered before 14-17 days). Only about half the samples
received were tested using classic RT-PCR and, even in this
case, the average delay was 8.9 days, reaching 9.3 days for
positive results (which were systematically double checked
to avoid false-positive results because of PCR contamina-
tion). As a result, the mean time for obtaining a positive
result from the laboratory (approximately 10 days) was
longer than the average time of hospitalization of confirmed
cases. Consequently, the aetiological diagnosis was obtained
most of the time after the patient’s discharge and recovery.
In contrast, during the 2005 epidemic, all positive diagnoses
were delivered to the clinicians on the basis of the result of
real-time RT-PCR. This technology allowed very rapid provi-
sion of results and, in particular, did not require the verifica-
tion of positive results. As a result, the mean time for
obtaining a diagnosis in 2005 dropped to |.9 days and was
similar for both negative and positive results. Importantly, it
became shorter than the average duration of hospitalization
of confirmed cases (2.2 £ 1.8 days). It can also be observed
that the rapid availability of the diagnostic results was
associated with an increase in demand: in 2000: 139 out of
195 samples (71%) were positive vs. 186 out of 387 (48%) in
2005, indicating that clinicians had spontaneously extended
the indications for EV diagnosis.

It is not possible to infer from this observation a direct
cause and effect relationship between the improvement of
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the aetiological diagnosis and the shortening of the average
time of hospitalization. Other factors, such as subtle differ-
ences in the virulence of the viruses or the effect of the
experience acquired during the first outbreak, might be
invoked partially to account for modifications in patient
management. However, the hypothesis that obtaining an
early diagnosis of EV infections has played a significant role
in reducing LOS is highly plausible. This assumption was
reinforced by interviews with clinicians in charge of hospi-
talized EV-infected patients, who confirmed that obtaining a
rapid positive diagnosis of EV infection modified the man-
agement of patient care. Patients, or relatives of young
patients, suffering from enterovirus meningitides could
receive early reassuring information, unnecessary antibiotic
or anti-herpetic treatments could be stopped earlier and,
importantly, the absence of severe presentations associated
with a biological diagnosis of EV infection allowed patients
to be discharged earlier.

The authors are aware of some weaknesses in the pres-
ent study. It was not possible to be certain of the compa-
rability of the groups studied, although we can advance a
number of epidemiological and virological arguments to sup-
port this. The retrospective evaluation of clinical cases
explains the absence of several important parameters (e.g.
the avoidance of antibiotic or antiviral treatments or reduc-
tion in the duration of administration, the reduction in
radiological investigations, the reduction in nosocomial
infections (I) and finally the reduction in global cost for
hospitalized EV-infected patients). Similar methodological
problems were encountered in previously published studies.
However, a number of investigations have also tried to
evaluate some of these parameters prospectively[l3,17].
Overall the results have suggested that obtaining an early
aetiological diagnosis by molecular methods permits health-
care services to shorten the duration of hospitalization, and
also to decrease unnecessary diagnostic and therapeutic
interventions, and consequently to reduce significantly the
global cost of the clinical management of hospitalized EV-
infected patients. However, it is clear that savings are more
significant when the proportion of positive EV diagnoses is
high, i.e. in the context of EV outbreaks or during the sea-
sonal period of sustained EV circulation.

In conclusion, our study of two successive important EV
outbreaks in southeast France supports previously pub-
lished studies which suggested an important impact of
enteroviral rapid molecular diagnosis on patient manage-
ment and resultant health care savings. In the specific con-
text of our study, the cost of the molecular diagnosis
using real-time RT-PCR, despite an increase in requests for

aetiological diagnosis, represented only a small percentage

of the saving achieved by the implementation of rapid
molecular testing. This constitutes a modest but interesting
example of how new diagnostic methods in microbiology
can be self-financed through the improvement of patient
management.
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Discussion

Epidemiological characteristics, such as distribution by age group and ratio were similar
during both outbreaks. The breakdown of isolated serotypes was also similar: HEV-B
serotypes were identified in all isolates, 81-82% of which were attributed to E30 alone.
Phylogenetic analysis indicated that all E30 strains from the 2000 and 2005 outbreaks are

genetically similar and had a common ancestor.

However, we observed a marked decrease in the mean time necessary for providing
diagnostic test results depending on the detection technique used: (i) in 2000, cell culture
and classical RT-PCR techniques required 12.4 + 4.3 days and 8.9 + 4.2 days respectively; and
(i) in 2005, real-time RT-PCR results were available within 1.9 + 0.8 days. Concordantly, the
mean lengths-of-hospital stay (LOS) decreased significantly from 5.4 + 4.8 days in 2000 to 2.2
+ 1.8 days in 2005. Furthermore, the difference in time needed to provide positive and

negative results was negligible with real-time RT-PCR.

Diagnostic results should be delivered as early as possible in order to better manage patient
care. This has shown to have an additional benefit of reducing the average duration of
hospitalization, as well as the overall direct cost of hospitalization at the University Hospitals

of Marseille. Decreasing LOS has reduced hospital spending by approximately 322 000 Eur.

While it is not possible to infer a direct causal relationship between the improvement of
enterovirus diagnosis and the decrease in LOS, there is cause to believe that new diagnostic
technologies contribute to obtaining an early diagnosis and plays a significant role in

reducing hospital stay.
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ARTICLE #3 (submitted)

Screening and detection of Human Enterovirus 71 infection by a real-time RT-PCR assay in

Marseille, France, 2009-2011

Foreword

Human enterovirus 71 (EV71) has emerged as a public health threat over the last two
decades (57, 225-226). It is recognized as the primary etiological agent of hand, foot and
mouth disease (HFMD) and can cause severe neurological disease, especially in children
under 5 years of age. While major epidemics associated with various genogroups have been
reported in the Asia-Pacific region, only EV71 viruses of C1 and C2 genogroups have been
sporadically isolated in Europe (64-66). Continuous enterovirus surveillance is of utmost
importance, considering that the introduction of genetic variants distinct from the European

lineages has the potential to provoke large-scale epidemics.

There is a thus a need to develop techniques capable of detecting EV71 rapidly and
specifically, with the additional requirement of differentiating EV71 from the antigenically
and clinically similar but less neurotropic CVA16. To this end, the team of Tan et al designed
a real-time RT-PCR hybridization probe assay targeting the VP1 region for amplification that
detected as few as 5 EV71 viral copies (219). The team of Wu et al developed a high-
throughput multiplex bead suspension array that identified EV71 subgenogroups based on

single nucleotide polymorphisms within the VP1 region (227).
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In the context of enterovirus surveillance, we undertook the molecular screening of EV71 in
clinical samples tested positive by routine pan-enterovirus diagnostic assay between January

2009 and September 2011.
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Abstract

Enterovirus-positive samples diagnosed in Marseille (January 2009-September 2011) were screened
for EV71 by real-time RT-PCR. EV71 was detected in three children below the age of two with no
history of overseas travel; two of these cases were associated with severe clinical presentation.
Viruses demonstrated genetic similarity with other European genogroup C2 strains. Strain
MRS/09/3663 complete sequencing revealed 97.6% identity across the entire genome with a 2008
Singapore isolate, without signs of possible recombination events. To our knowledge, this is the first
detection of EV71 infection in Marseille, France, that confirms the current circulation of EV71 in

France.
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Picornaviridae; Enterovirus 71; Genogroup C2 viruses; Enterovirus; hand, foot and mouth disease
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Enterovirus 71 (EV71, family Picornaviridae, species Human Enterovirus A, classified into genogroups
based on the VP1 capsid sequence) is a frequent etiological agent of hand, foot and mouth disease
(HFMD), along with Coxsackievirus A16 (CVA16). Unlike CVA16, EV71 can cause neurological
complications (e.g., brainstem rhombencephalitis, neurogenic pulmonary oedema), especially in
children under 5 years of age. It is the most common nonpolio enterovirus associated with
poliomyelitis-like paralysis (1). EV71 has emerged as a significant public health threat, with major
epidemics reported in the Asia-Pacific region over the last two decades but none in Europe since the
1970s. Nevertheless, the possibility of genetic variants provoking epidemics in Europe underlies the
continuous enterovirus surveillance. In this context, we describe the molecular screening for EV71 in
EV-positive samples between 2009 and 2011 in the Public Hospitals of Marseille, France, and report

the molecular characterisation of detected strains.

8041 samples registered in the Microbiology Department between January 2009 and September
2011 were processed as illustrated (Figure 1). Cerebrospinal fluids (CSF, 70.9% of samples) were
tested for EV RNA with the Xpert® EV kit (GeneXpert®, Cepheid) and confirmed using the routine
pan-enterovirus real-time RT-PCR test (2-3). Other samples types (e.g. stool, pharyngeal swabs...)
were directly tested with the routine diagnostic assay. 682 (8.5%) samples tested EV-positive: 77.5%
were sampled during the seasonal peaks of EV incidence (May-August); the male-to-female ratio was

1.73:1; 70% were obtained from patients below 10 years old (24% <1 yo, 46% 1-9 yo).

Prospective EV71 screening was carried out over two periods of peak EV activity (May-October 2010,
May-September 2011): 174 patients with a positive pan-enterovirus assay were tested by a EV71-
specific real-time RT-PCR assay adapted from Tan et al, with a modified hybridisation probe (FAM-
attggagcatcatcaaatgctagtga-TAMRA) and a specific external control (4-5). Two samples tested EV71-
positive (June 2010; April 2011). Retrospective screening was carried out on 182 EV-positive samples

between 2009 and May 2010, yielding one additional EV71-positive sample (June 2009).
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Case MRS/09/3663 was a 22-month-old female patient (10kg) hospitalised in June 2009. She was

febrile and experienced loss of consciousness (ca 2 min), ocular revulsion, eye deviation to the right,
and generalised tonic-clonic seizure (ca 15 sec). The post-critical phase included stiffness,
hyperextension of the left arm, and persisting ocular revulsion. She was intubated, extubated after
12h. CSF WBC count was 7/mm? and RBC count was 20/mm®. EV71 was detected in pharyngeal swab.
The patient was discharged 3 days after admission and showed no sequelae.

Case MRS/10/8229 was a 1-month-old female patient (4.7kg) admitted in June 2010 with fever and

appetite loss, without neck stiffness. CSF analysis revealed hyperproteinorrhachia (1.07g/L),
glycorrhachia (2.9g/L), WBC count was 6/mm? and RBC count 2400/mm?. EV71 was detected in stool
and CSF samples. The patient remained febrile for two days, was discharged 3 days after admission
and showed no sequelae.

Case MRS/11/8134 was a 3-month-old female patient admitted in April 2011 with persistent fever,

diarrhoea, altered neurological status, convergent strabismus, and left eyelid ptosis. She was
intubated, extubated two days later. CSF analysis revealed hyperproteinorrhachia, WBC count was
8/mm?® and RBC count 2000/mm?. EV71 was detected in pharyngeal swab. The patient was

discharged 4 days after admission and showed no sequelae.

Two EV71-positive samples were isolated in BGM cells (strains MRS/09/3663 and MRS/11/8134), and
their VP1 completely amplified for genogroup identification (297 aa). Sample MRS/10/8229 was
partially amplified (118 aa) directly from CSF, using a semi-nested PCR assay. VP1 phylogenetic
analysis showed that MRS/09/3663, MRS/10/8229 and MRS/11/8134 clustered with strains of the C2
subgenogroup (bootstrap 91%, Figure 2a), including strains isolated in Australia (1995-1999), USA
(1995-1997), Japan (1997-2004, 2009-2010), Netherlands (1997-2010), Taiwan (1998, 2008), Great
Britain (1999-2010), France (2000-2009), and Germany (2006-2007). MRS/09/3663 and

MRS/11/8134 shared 90.2-98.7% identity with C2 strains, amongst which European strains from
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2006-2008 were the most genetically similar. The closest non-European strains were isolated in
Japan (2009-2010) and Singapore (2008). Notably, C2 subgenogroup includes a fatal EV71 infection

reported in Brest, France (2007) sharing 97.9-98.2% identity with the Marseille strains.

The complete genome of strain MRS/09/3663 was amplified, gel-purified and sequenced: the
genome is 7395 nt long. Phylogenetic analysis of the complete genome sequence showed that
MRS/09/3663 grouped with a strain isolated in Singapore in 2008 (bootstrap 100%, 97.6% identity)
(Figure 2b). Bootscanning analysis indicated that similarity to this strain is consistent across the

entire genome, without evidence for recombination events.

The last EV71-associated epidemics in Europe were reported in Bulgaria (1975) and Hungary (1978)
(6-7). In Marseille, a study of EV isolates did not identify EV71 between 1985 and 2005 (8). More
recently, studies of sporadic cases in Europe identified mostly viruses from subgenogroup C1 from
1998 to 2006, and then, increasingly, C2 viruses since 2006 (9). The latter have been linked to severe
neurological disease during the 1998 outbreaks in Taiwan and Australia (10). However, the VP1
A170V substitution suggested to be associated with increased neurovirulence was absent in the
Marseille strains, in the fatal Brest strain, in other available European C2 strains and in fatal B3 and
B4 strains from Malaysia and Singapore (11-12). There is consequently no firm evidence that
virulence is associated with genogroup or with this specific substitution. C4 genogroup viruses, which
have been increasingly identified in the Asia-Pacific region and associated with lethal infection and
adult-onset encephalitis, are less frequent in Europe: in 2004, 2 cases were isolated in Austria, 1 in

France, and 1 in Germany (13-17).

The current study reports the first detection of EV71 infection in Marseille, Southern France. None of
the patients had a recent history of travel prior to disease onset, confirming that C2 genogroup

viruses currently circulate in France and are, based on phylogenetic analyses, likely to have been
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introduced from the Asia-Pacific region. In contrast with EV71 strains isolated in Asia, no evidence for
recombination was identified following complete genome characterisation (18). Case reports indicate
that EV71 currently circulating in Europe has the potential to cause severe presentations with
neurological complications. A close epidemiological monitoring of EV71 infections, including follow-

up of genogroup patterns is recommended.
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Figure Legends

Figure 1: Flowchart for clinical specimens processing

CSF: Cerebrospinal fluid; BGM: Buffalo Green Monkey renal cells; MRC5: Human foetal lung
fibroblasts; IFA: Immunofluorescence assay

Figure 2: Phylogenetic and genetic analyses of the detected EV71 strains

(a) In the VP1 coding region, MRS/09/3663, MRS/10/8229, and MRS/11/8134 clustered reliably
(bootstrap 91%) with sequences of the C2 subgenogroup, that included FJ824734, a fatal strain
isolated in France in 2007.

(b) Full-length MRS/09/3663 grouped reliably (bootstrap 100%) with FJ172159, isolated in 2008 in
Singapore.

(c) MRS/09/3663 was used as the query sequence with a 500-nt sliding window and steps of 20 nt.
Signals between 75% and 100% were observed across the entire genome with FJ172159 exclusively.

No other evidence of possible recombination events was observed.



Registration of clinical samples in
the laboratory

Prescription of Enterovirus test

v
I I

CSF samples Other sample types
I (e.g. stool, pharyngeal swab, nasal swab)
GeneXpert RT-PCR
(using Xpert EV kit)

Routine diagnostic pan-enterovirus RT-PCR

positive

EV71-specific RT-PCR

positive

Cell culture (BGM/MRCS cell lines)

I I

negative IFA positive IFA
VP1 sequencing from VP1 sequencing from
clinical sample supernatant
Complete genome
sequencing

Figure 1: Flowchart for clinical specimens processing
CSF: Cerebrospinal fluid; BGM: Buffalo Green Monkey renal cells; MRC5: Human foetal lung

fibroblasts; IFA: Immunofluorescence assay

Figure 2: Phylogenetic and genetic analyses of the detected EV71 strains

(a) In the VP1 coding region, MRS/09/3663, MRS/10/8229, and MRS/11/8134 clustered reliably
(bootstrap 91%) with sequences of the C2 subgenogroup, that included FJ824734, a fatal strain
isolated in France in 2007. (b) Full-length MRS/09/3663 grouped reliably (bootstrap 100%) with
F1172159, isolated in 2008 in Singapore.(c) MRS/09/3663 was used as the query sequence with a
500-nt sliding window and steps of 20 nt. Signals between 75% and 100% were observed across the
entire genome with FJ172159 exclusively. No other evidence of possible recombination events was

observed.
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Discussion

Of EV-postive clinical samples screened both prospectively and retrospectively, three
samples tested positive for EV71. All three viruses identified belong to the European C2
genogroup (up to 98.7% identity in VP1) and were detected in female patients between 1
and 22 months of age. Full-length genome analysis of strain MRS/09/3663 revealed great
genetic similarity with a strain isolated in Singapore in 2008, with no evidence for genetic
recombination across the entire genome. None of the patients had a recent history of
international travel, and genetically similar C2 viruses have been described in other regions
of France, suggesting that EV71 C2 genogroup viruses currently circulate in France and are

likely to have been introduced from the Asia-Pacific region.

EV71 has the potential to provoke large-scale epidemics upon the introduction of genetic
variants distinct from the European lineages. Viruses of the C4 genogroup are less common
in Europe, but have been increasingly associated with outbreaks and fatal infections in the
Asia-Pacific region (60, 228). Cross-immunity may develop for viruses of similar genogroups,
and the alternation between predominant genogroups may favour a more efficient
propagation in the population. In Taiwan, every major EV71 outbreak has been associated
with a change between genogroup B and C viruses. Furthermore, recombination events may

also give rise to recombinants that are distinct from viruses in circulation.

EV71 infections have been increasingly reported in France, including a case of fatal
pulmonary oedema associated with acute severe respiratory distress reported in a 17-
month-old boy (229). This underlines the importance of monitoring EV71 circulation and

changes in genogroup patterns outside the Asia-Pacific region.
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PERSPECTIVES (ongoing work)
Real-time RT-PCR detection of all EV71 genogroups

In Marseille, enterovirus testing proceeds as follows: upon registration of clinical specimens,
routine pan-enterovirus diagnostic testing is carried out at the point-of care (POC)
laboratory; EV-positive samples are then screened for EV71 the following day using our
adapted real-time RT-PCR assay. In order to better monitor EV71 emergence, EV71 testing at

the POC level is currently under evaluation.

However, the primers designed by Tan et al are highly specific, with neither degenerate
positions nor inosine residues incorporated. Yet, our analysis of all available VP1 sequences
highlighted the disparity in nucleotide sequence in the target annealing sites of their primers
and probes. There is thus a possibility that more divergent EV71 strains may be overlooked

by our current protocol.

We recovered and aligned all EV71 full-length VP1 nucleotide sequences available in
GenBank (n=1956 as of ot September 2011). Phylogenetic trees were constructed using the
neighbor-joining method on the Jukes-Cantor substitution model and genogroup was
attributed according to VP1 phylogeny with sequences described in Solomon et al
(n=49).Based on this alignment, we degenerated the EV71 primers and probe previously
used in our study. Next, we designed synthetic consensus DNA fragments that correspond

with the amplified region of each EV71 subgenogroup (length = 204 bp).

Our objective is to test both the specific and the degenerate systems in a real-time RT-PCR

assay, and compare the level the ability of each to detect all EV71 genogroups.
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Analysis of 5’NCR RT-PCR diagnostic sequence for rapid EV species and PV identification

Clinical virologists have reinforced efforts to identify EV serotype directly from clinical
samples by molecular techniques. In particular, it is important to develop tools that rapidly
differentiate polioviruses from nonpolio enteroviruses. The team of Kilpatrick et al
developed a real-time RT-PCR assay using degenerate poliovirus group-specific primers

targeting the VP1 region, and detected all PV isolates tested (230).

There is generally no direct association between an individual serotype and a particular
pathology. Serotyping has little influence on the clinical management of patients, and is not
systematically performed in most laboratories. Furthermore, recombination events have
challenged the validity of serotyping techniques based solely on capsid-encoding region
(182). However, since recombination occurs in nature exclusively among members of the
same species, it is plausible that species identity may hold some fundamental biological

significance.

The highly sensitive diagnostic pan-EV assay detects all enteroviruses but does not allow the
identification of serotypes. We attempt to evaluate the nucleotide sequence of the 5'NCR
diagnostic end product as a tool for the rapid identification of EV species and in particular,

PV.

We compiled all complete genome sequences for human enteroviruses available in GenBank
(n=696 as of 13 September 2011) and aligned using ClustalW on default settings. VP1
nucleotide sequence was used to attribute EV serotype and species. 5’NCR sequence was
analysed using an in-house programme based on the recognition of significant nucleotide
motifs and on genetic distance-directed partition alignments.
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We also included for analysis clinical samples diagnosed EV-positive in the Laboratory of
Virology, University Hospital La Timone (Marseille, France) from January 2010 to July 2011.
Specimen types comprised nasopharyngeal swabs, stool, CSF, saliva and bronchoarterial
specimens. Archived strains from the Marseille EV database previously described were also
included in the study set. Diagnostic 5'NCR amplification products were purified and
sequenced. The VP1 region was then amplified directly from the corresponding original
clinical specimen (or isolate in the case of strains from the Marseille EV database) using a
semi-nested PCR protocol adapted from Nix et al by the French National Reference Centre

for Enterovirus (Annex 1).

Currently, our programme is able to distinguish between group I(HEV-C, of which PV is a
subgroup, and HEV-D) and group Il (HEV-A and HEV-B) 5’NCRs, using a computationally less
intensive method than phylogenetic analysis. Within group Il, no clear distinction can be
made between HEV-A and HEV-B. In group |, we attempt to distinguish between PV and HEV-
C viruses. This is complicated by recombination events between PV and other members of

the HEV-C species.

Our objective is to determine if 5’NCR could allow the rapid identification of PV group. Since
the majority of EV identified in Europe belong to HEV-A and HEV-B, our test could help to
assign priority and better allocate resources for serotyping. Analysis of 5’NCR diagnostic
sequence could represent a rapid and hassle-free method streamlining EV surveillance

efforts and rapidly detect potentially uncommon serotypes.
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D/ CONCLUSIONS

Enteroviruses are responsible for a wide array of clinically distinct pathologies in both adult
and paediatric populations, certain of which may result in fatal neurological complications.
Today, EV surveillance is performed in the context of post-polio eradication vigilance, and
provides important epidemiological data for nonpolio enteroviruses. It forms the basis for
this work, which is focused on the aspects of laboratory diagnosis, molecular identification

and epidemiology.

In Marseille, surveillance efforts culminated in the compilation and analysis of a database of
654 enterovirus strains isolated between 1985 and 2005. Data included the month and year
of original isolation, the sample type from which and the cell line in which the strain was
isolated, as well as VP1 nucleotide sequence and corresponding serotype. This is likely to be
the largest retrospective study including molecular data ever undertaken. HEV-B species
accounted for 98% of all isolates, including the most commonly isolated E30 and the
emergent E13 serotypes. Our analysis of clinical isolates over 20 years also validates the VP1
serotyping strategy based on genetic and phylogenetic analysis previously proposed with
prototype strains. Furthermore, phylogenetic analysis of different genomic regions identified
strains of different serotypes which were genetically similar in the nonstructural regions
despite distinct VP1 regions. This observation contradicts the current model of enterovirus
recombination and could suggest the emergence of epidemic E13 as a result of an inter-

serotypic recombination event.

Two large outbreaks of E30 were described in 2000 and 2005, in between which the EV

diagnostic protocol used in the Public Hospitals of Marseille was modified. The transition
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from cell culture and classic RT-PCR techniques in 2000 to real-time RT-PCR in 2005 was
analysed, especially in terms of the time needed to deliver diagnostic results and subsequent
management of patients. Our results showed that the outbreak in 2005 was characterised by
a significant decrease in result delivery time, as well as in the duration of hospital stay, such

that it contributed to a reduction in spending for patient management.

Analysis of clinical strains between 1985 and 2005 did not detect the circulation of EV71 in
Marseille. EV71 is a neurotropic serotype that has caused major epidemics of hand, foot and
mouth disease in the Asia-Pacific region, but not in Europe. We adapted a real-time
molecular assay for EV71 screening in 356 samples which had been tested EV-positive. Three
cases of EV71 infection were detected between 2009 and 2011, all of which involved C2
genogroup viruses in patients with no history of travel prior to disease onset. Genetically
similar C2 viruses have also been isolated elsewhere in France, confirming that C2
genogroup EV71 viruses currently circulate in France, and are likely to have been introduced

from the Asia-Pacific region with no evidence of recombination.

Enteroviruses have the potential to cause frequent epidemics, due to their great genetic
diversity and their propensity for re-emergence. Less common serotypes such as CVA6 have
been recently associated with disease in Europe. There is thus a need to maintain EV
surveillance. By studying serotype circulation patterns and trends in laboratory strategy, it is
possible to optimise surveillance in terms of time and manpower. Furthermore, the
development of more sensitive and efficient detection techniques can contribute to
subsequent reductions in spending on patient management, as well as increasing

surveillance coverage.
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1. BUT ET DOMAINE D’APPLICATION

Déterminer le sérotype et le génotype des Enterovirus (EV) associés aux infections a EV diagnostiquées par RT-PCR

générique ou isolement de virus en culture. Cette technique est applicable aux prélévements biologiques (LCRs,

prélévements respiratoires, selles, prélévements cutanés...) et aux souches isolées en culture.

2. METHODOLOGIE GENERALE

Cette technique repose sur ’amplification par RT-PCR et le séquencage de la région 5° (300-350 pb) du géne 1D

codant pour la protéine de capside VP1. Il s’agit d’une version optimisée au CNREV de la technique de génotypage

générique du CDC (Nix et al., JCM, 2006, 44 :2698-2704) permettant en théorie I’amplification et le séquencage de

tous les sérotypes d’EV. Le sérotype est déterminé par comparaison de la séquence obtenue pour un EV donné avec

les séquences d’EV contenues dans la base de données GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

L’amplification des fragments a séquencer est réalisée au CNREV, tandis que le s€quengage est confié a une société

extérieure (Genoscreen, Lille ; Biofidal, Vaulx en Velin).

ARN échantillons cliniques ou souches
l Prise d’essai =5 pl
ADNCc

!, Prise d’essai = 10 pl

-1A 1B [1c| 1D |[2aleB| 2c

Prise d’essai = 1 ou 5l
PCR2 F—

}

Séquencage

}

Analyse Blast (et) analyse phylogénétique
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3. REACTIFS UTILISES POUR L’AMPLIFICATION DE LA REGION 5’ DU GENE VP1

Remarque préliminaire :

A T’exception des enzymes et de la RNaseOut, tous les autres réactifs sont aliquotés dés la premiére utilisation de

fagon a ne pas étre décongelés plus de 2 fois.

3.1 Amorces

Réaction Nom des Séquence Position Géne
amorces

AN32 GTY-TGC-CA 3009-3002

RT AN33 GAY-TGC-CA 3009-3002 D
AN34 CCR-TCR-TA 3111-3104
AN3S RCT-YTG-CCA 3009-3002

PCRI 222 CIC-CIG-GIG-GIA-YRW-ACA-T 2969-2951 1D

224 GCI-ATG-YTI-GGI-ACI-CAY-RT 1977-1996 1C

PCR2 ANSS8 TAC-TGG-ACC-ACC-TGG-NGG-NAY-RWA-CAT 2977-2951 D
ANS89 CCA-GCA-CTG-ACA-GCA-GYN-GAR-AYN-GG 2602-2627

Commentaires :

Les amorces sont synthétisées et purifiées par HPLC (Eurogentec). A réception, les amorces lyophilisées sont

stockées a -20°C (congélateur CGL3 du secteur 1 (A3-2-LOG-011) en attendant leur reprise. Les solutions mére a

100 uM sont reconstituées avec de 1’eau PPI (3706433, Aguettant), aliquotées sous 20pl et stockées a -20°. Les

solutions de travail a 10 pM sont reconstituées avec de 1’eau PPI, aliquotées sous un volume de 5 pl pour les

amorces utilisées dans la RT, de 80 pul pour celles utilisées dans la PCR1, de 65 pl pour celles utilisées dans la PCR2

et stockées a -20°C. Les boites d’amorces sont annotées comme suit: nom de 1’amorce, concentration, volume des

aliquots, numéro de lot de I’amorce, date de reprise.

3.2 Réactifs utilisés pour la RT et les PCRs

Réactions Réactifs Fournisseurs Références
Superscript 111
Invitrogen 18080-085
DTT
RT

dNTPs 5SmM each Eurogentec NU-0010-50

RNaseOut™ Recombinant Ribonuclease Invitrogen 10777-019

PCRI AmpliTag® DNA polymerase Applied Biosystems N808-0166
dNTPs 5SmM each Eurogentec NU-0010-50

PCR2 FastStart DNA Polymerase Roche Applied Science 12032937-001

dNTPs 5SmM each Eurogentec NU-0010-50
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3.3 Réactifs pour électrophorése en gel d’agarose

Agarose Sigma A9539-500G
TBE 5x Sigma T6400-4L
Syber®Safe DNA Gel Strain Invitrogen S33102
Marqueur poids moléculaire 1000 pb Promega G3161

4. AMPLIFICATION DE LA REGION 5’ DU GENE VP1

4.1 Extraction des échantillons et souches

L’extraction s’effectue sur I’automate EasyMag de Biomérieux selon le mode opératoire INO14 MOP EASYMAG
03. La lyse des échantillons s’effectue en secteur 2 sous le PSM de la piece A3-02-MIC-2-013F s’il s’agit de
préleévements biologiques (LCRs, prélévements respiratoires, selles, biopsies) ou sous celui de la piece A3-02-MIC-
2-014A s’il s’agit d’isolats. Le programme d’extraction utilisé pour les prélévements biologiques et les souches est le
Specific B (qui remplace le protocole Specific A depuis juin 2010). Le volume extrait pour chaque échantillon ou
souche est de 200ul. Le pré-traitement avant extraction se fait selon le mode opératoire IN0O14 MOP EASYMAG

03. L’¢lution de I’ARN s’effectue sous 70ul (cf tableau). L’ARN est aliquoté et stocké a -80°C (congélateur CGL
80/9).

Remarque : Pour les prélévements biologiques qui ont une charge virale faible et pour lesquels le génotypage serait
mis en défaut (absence d’amplification, amplification trop faible pour permettre le s€quencgage), une ré-extraction de

I’échantillon peut-étre envisagée avec le programme Generic en éluant sous 25 pl.

TyP? de Prétraitement Volun‘le Progranllme Volume silice Yoll{me

prélévement extrait extraction €lution

LCRs Ajout matrice plasmatique 200ul Specific B 50ul 70ul

Prélevements Fluidification par PK 20041 Specific B 50ul 70ul

respiratoires

Biopsies Fluidification ;?ar PK apres broyage 200ul Specific B 140ul 70ul

mécanique

Selles Lyse déportée et centrifugation 200ul Specific B 50ul 70ul
Y P & (surnageant) P H H

Souches Dilution au 1/100° 200ul Specific B 50ul 70ul
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4.2 Synthése d’ADNc (RT)

En secteur 1 (pi¢ce A3-02-LOG-2-011):

- Noter le nom des échantillons sur chaque tube de 0,2 ml

- Préparer le mix sur portoir réfrigéré, dans un tube de 0,6 ml, sous la hotte réservée aux CNR

- Vortexer briévement le mix

- Distribuer 5 pl de mix dans chaque tube sur portoir réfrigéré

Réactifs Concentration | Concentration finale | volume pour
initiale (Qté finale*) 1 échantillon
Tampon 5x Ix 2 ul
DTT 0,1M 0,01 M 1 pul
H20 0,4 ul
dNTP 5 mM 0,1 mM 0,2 ul
AN32 al0puM 1 pmol* 0,1 pul
AN33 al0puM 1 pmol* 0,1 pl
AN34 al0puM 1 pmol* 0,1 pul
AN35 al0puM 1 pmol* 0,1 pul
RNaseOut 40 U/ul 20 U* 0,5 ul
Superscript 111 200 U/ul 100 U* 0,5 ul

Rq :Pr n échantillons et 2 témoins (positif et négatif), prévoir un volume pour n+3 réactions

En secteur 2 (pi¢ce A3-02-MIC-2-014B) :

- Installer les tubes de 0.2 ml sur portoir réfrigéré sous le PSM dédié

- Ajouter 5 pl d’ARN extrait (échantillons, souches, témoin positif) ou Spl d’eau (témoin négatif)

- Me¢élanger par aspiration — refoulement

En secteur 3 (pié¢ce A3-2-MIC-2-011) :

- Centrifuger rapidement les tubes

- Mettre les tubes dans le thermocycler (Mastercycler Personal, Ependorf)

- Lancer le programme de RT (RTNIX)

- En fin de RT, réaliser la PCR 1 ou stocker I’ADNc a -20°C (stockage a +4°C si la PCR1 est réalisée dans
un délai de 24h aprés la RT)

RT Nix (durée: 1h 05 min)

Etapes Température Durée
Hybridation amorces 22°C 10 min
Reverse transcription 50°C 50 min

95°C 5 min
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4.3 PCR 1

En secteur 1 (pi¢ce A3-02-LOG-2-011):

Préparer le mix sur portoir réfrigéré, dans un tube de 1.5 ml, sous la hotte réservée aux CNR

Réactifs Concentration Concentration finale | volume pr
initiale (Qté finale*) 1 éch
H20 22,5 ul
Tampon 10 x Ix 5ul
222 al0puM 50 pmol* 5ul
224 al0puM 50 pmol* 5ul
dNTP 5mM 0,2 mM 2 ul
Taq DNA pol SU/ul 2,5U% 0,5 ul

Remarque : prévoir le méme nombre de tubes que pour la RT.

En secteur 2 (pi¢ce A3-02-MIC-2-014B) :

Vortexer brievement le

mix

Distribuer 40 pl de mix dans chaque tube de RT sur portoir réfrigéré sous le PSM dédié

Mélanger par aspiration-refoulement

En secteur 3 (pi¢ce A3-2-MIC-2-011) :

Centrifuger rapidement

les tubes

Mettre les tubes dans le thermocycler (Mastercycler Personal, Ependorf)

Lancer le programme de PCR1 (PCRINIX)

En fin de PCR1, réaliser la PCR2 ou stocker ’ADN a -20°C (stockage a +4°C si la PCR1 est réalisée dans
un délai de 24h aprés la RT)

PCR 1 Nix (durée : 2 h 37)

Etapes Températures Temps Nombre de cycles
Dénaturation 95°C 5 min 1
Dénaturation 95°C 30 sec
Hybridation 42°C 50 sec 40

Elongation 60°C 50 sec
15°C o0 1

Taille attendue pour le fragment de PCR1 : 990pb
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4.4 PCR 2

En secteur 1 (pi¢ce A3-02-LOG-2-011):

- Noter le nom des échantillons sur chaque tube de PCR2 de 0.2ml

- Préparer le mix sur portoir réfrigéré, dans un tube de 1.5 ml, sous la hotte réservée aux CNR

- Vortexer brievement le mix

- Distribuer 49 pl de mix dans chaque tube

L. Concentration | Concentration finale volurrne pr volurrne Pr
Réactifs initiale (Qté finale*) 1 éch 1 éch
(CT<32) (CT>32)
H20 33,5 ul 29,5 ul
Tampon 10 x 1x Sul Sul
ANS8 al0puM 40 pmol* 4 pl 4 pl
ANS9 al0puM 40 pmol* 4 pl 4 pl
dNTP 5mM 0,2 mM 2 ul 2 ul
Fast Start Taq SU/ul 2,5U%* 0,5 ul 0,5 ul

Rq : prévoir le méme nombre de tubes que pour la RT ou la PCRI.

En secteur 3 (piéce A3-02-MIC-2-014A)
- Ajouter 1 ou 5 pl de PCR1 dans le tube de PCR2 sous la hotte réservée pour la distribution d’amplicons

- Me¢élanger par aspiration-refoulement

NB : Lorsque la charge virale est faible (CT>32), la PCR2 est réalisée a partir de Sul de PCR1

En secteur 3 (piéce A3-2-MIC-2-011) ;

- Centrifuger rapidement les tubes

- Mettre les tubes dans le thermocycler (Mastercycler Personal, Ependorf)

- Lancer le programme de PCR2 (PCR2NIX)

- En fin de PCR2, déposer les produits de PCR sur gel d’agarose ou stocker I’ADN a -20°

PCR 2 Nix (durée : 2 h 02)

Etapes Températures Temps Nombre de cycles
Dénaturation 95°C 5 min 1
Dénaturation 95°C 30 sec
Hybridation 60°C 50 sec 40

Elongation 72°C 30 sec
15°C o0 1

Taille attendue pour le fragment de PCR2 : 375 pb (350-400pb)
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4.5 Controle PCR sur gel d’agarose a 2%

4.5.1 Préparation du gel 2 2%

Préparer le dispositif qui va contenir le gel (peignes),

Dans un flacon de 250 ml, peser 1,6 g d’agarose

Ajouter 80 ml de tampon TBE 1X et mélanger

Mettre le mélange dans le four micro-ondes a puissance 600W durant 1 min et mélanger

Remettre le mélange dans le four micro-ondes & puissance maximum durant 1 min

Ajouter ensuite 8 pl de Syber®Safe DNA gel strain 10 000 x et mélanger

Couler le gel

Recouvrir le gel a I’aide de papier aluminium (le Syber®Safe DNA gel strain est sensible a la lumiére)

Attendre 30 min que le gel polymérise

4.5.2 Dépot des produits de PCR et migration

Déposer le gel d’agarose dans la cuve d’électrophorese remplie de tampon TBE 1 X
Sur un papier de parafilm, déposer 5 pl de tampon de charge 2X

Ajouter 5 pl de marqueur de poids moléculaire

Aspirer — refouler plusieurs fois avec le cone,

Déposer 10 ul dans le premier puit

Recommencer 1’opération pour chaque échantillon et les témoins

Brancher la cuve d’électrophorése

Faire migrer 4 200 V pendant 30 min.

Une fois la migration terminée, faire la photo du gel sur la table a UV.

4.5.3 Interprétation

Si les bandes de PCR ont une intensité correcte, les produits de PCR 2 sont envoyés en séquengage.

Si les bandes de PCR sont de faible intensité, refaire la PCR 2 avec Sul de produit de PCRI1.

Si aucune bande n’apparait sur le gel, prévoir de ré-extraire I’échantillon avec le protocole Generic (élution

sous 25 pl) et refaire le protocole d’amplification en prenant 5ul de produit de PCR1 pour réaliser la PCR2.

5. SEQUENCAGE DE LA REGION 5’ DU GENE VP1

La purification et le séquengage des produits de PCR sont sous traitées a la société Biofidal a Vaulx-en-Velin (69)

ou a la société Genoscreen a Lille (59). Le séquencage est effectué avec les amorces AN232 et AN233.
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Réaction Nom des Séquence Position Géne
amorces
SEQ AN232 CCA-GCA-CTG-ACA-GCA 2602-2616

AN233 TAC-TGG-ACC-ACC-TGG 2977-2963 1D

5.1 Envoi des échantillons chez Biofidal

- Contacter Mme MEBARKI au 04 37 45 02 96 ou par mail (fmebarki@biofidal.com) pour effectuer une

demande de transport.
- Mettre les tubes de PCR 2 dans un flacon rigide.
- Glisser le flacon dans une enveloppe au nom de Biofidal.
- Un transporteur passe récupérer I’enveloppe au secrétariat du laboratoire.

- Remplir le formulaire de demande de séquengage et I’envoyer par mail 8 Mme MEBARKI.

5.2 Envoi des échantillons chez Genoscreen

- Transférer le produit de PCR 2 dans un tube eppendorf de 1,5 ml.
- Mettre les tubes de PCR 2 dans un flacon rigide.

- Remplir le formulaire de demande de séquengage et I’envoyer par mail a seql @genoscreen.fr

- Mettre le flacon et une copie du formulaire dans I’enveloppe Chronopost pré-affranchie.

- Déposer I’enveloppe au secrétariat du laboratoire.

6. DETERMINATION DU SEROTYPE

6.1 Analyse Blast

6.1.1 Création des contigs

Pour chaque fragment génomique séquencé, un contig est constitué a partir des séquences forward et reverse grace a
I’application SeqMan (logiciel DNASTAR Lasergene v8)

- Ouvrir I’application Seq Man

- Sélectionner les séquences forward et reverse au format .abi par Add sequences, Add et Done

- Aligner les séquences par la fonction Assemble

- Ouvrir le document créé en double-cliquant sur contig 1

- Pour visualiser les chromatogrammes, sélectionner la séquence texte correspondante et faire CTRL-D
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- Vérifier I’alignement créé par le logiciel : concordance des séquences forward et reverse sur les portions double
brin et absence d’ambiguités sur les portions simple brin

- Enregistrer 1’alignement sous 2 extensions: .sqd (File/Save as/Nom du fichier) et .seq (Contig/Save
consensus/Single File/Nom du fichier) ; la version .sqd permet la visualisation des chromatogrammes et la version

.seq est une sauvegarde de la séquence au format texte utilisée pour les alignements multiples.

6.1.2 Analyse Blast
Le sérotype est déterminé par comparaison de la séquence obtenue pour un EV donné avec les séquences d’EV
contenues dans la base de données GenBank.

- Aller sur le site Blast du NIH (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

- Cliquer sur Nucleotide Blast

- Sélectionner (CTRL-A) et copier (CTRL-C) la séquence a comparer dans le fichier .sqd

- Coller (CTRL-V) la séquence copiée dans la fenétre Enter Query

- Sélectionner le jeu de séquences GenBank : Choose search set : Others

- Stringence des critéres d’alignement : utiliser par défaut « Highly similar sequences » ; si le % d’homologie est
faible (<80%), il est prérable d’utiliser « More dissimilar sequences »

- Lancer la recherche d’homologie par Blast

- Enregistrer le document Blast au format .html

Critéres d’interprétation :

% d’homologie > 80% avec séquences d’un sérotype donné : le virus séquencé est du méme sérotype.

% d’homologie entre 70 et 80% avec séquences d’un ou de plusieurs sérotypes: une analyse phylogénétique est
requise pour déterminer le sérotype du virus étudié.

% d’homologie <70% avec toutes les séquences GenBank: le virus appartient probablement a un sérotype non

décrit et un séquencage plus complet devra étre réalisé pour caractériser le virus.
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