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Human rhinoviruses (HRV), and to a lesser extent human enteroviruses (HEV), are important respi-
ratory pathogens. Like other RNA viruses, these picornaviruses have an intrinsic propensity to variability.
This results in a large number of different serotypes as well as the incessant discovery of new genotypes.
This large and growing diversity not only complicates the design of real-time PCR assays but also renders
immunofluorescence unfeasible for broad HRV and HEV detection or quantification in cells. In this study,
we used the 5’ untranslated region, the most conserved part of the genome, as a target for the development
of both a real-time PCR assay (Panenterhino/Ge/08) and a peptide nucleic acid-based hybridization
oligoprobe (Panenterhino/Ge/08 PNA probe) designed to detect all HRV and HEV species members
according to publicly available sequences. The reverse transcription-PCR assay has been validated, using
not only plasmid and viral stocks but also quantified RNA transcripts and around 1,000 clinical speci-
mens. These new generic detection PCR assays overcame the variability of circulating strains and lowered
the risk of missing emerging and divergent HRV and HEV. An additional real-time PCR assay (Entero/
Ge/08) was also designed specifically to provide sensitive and targeted detection of HEV in cerebrospinal
fluid. In addition to the generic probe, we developed specific probes for the detection of HRV-A and HRV-B
in cells. This investigation provides a comprehensive toolbox for accurate molecular identification of the

different HEV and HRYV circulating in humans.

Human rhinoviruses (HRV) are the most frequent etiologic
agents of respiratory tract infections, while human enterovi-
ruses (HEV) replicate predominantly in the gastrointestinal
tract. A large proportion of HEV can also disseminate, causing
viremia and potentially invading the central nervous system
(13, 20). It is also well established that some enteroviruses can
exhibit respiratory tropism, acid lability, and a preference for
ICAM-I (the receptor of most rhinoviruses), thus attenuating
the frontier between these two viral species (4, 15, 18, 19).
HRYV and HEV are now classified as members of the same
Enterovirus genus.

Like many RNA viruses, rhino- and enteroviruses have an
intrinsic propensity to variability, as demonstrated by the very
large number of different serotypes identified (http:/www
.picornaviridae.com/enterovirus/enterovirus.htm). This num-
ber is constantly increasing with the continuous discovery of
new genotypes or even new species (1, 6, 7, 9-11, 14, 16, 17, 22,
23, 24). As a result, the use of specific diagnostic tools designed
to discriminate between viral species may result in underde-
tection of divergent variants or new species, as exemplified by
the delayed discovery of the HRV-C species. This is in parallel
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with the insensitivity in cell culture for both HRV and HEV
isolation.

The extreme diversity of these viruses not only complicates
the design of real-time PCR assays but also renders immuno-
fluorescence almost unfeasible for broad HRV and HEV de-
tection in cells. This latter point is of importance, since the
identification of full virions remains an invaluable tool in clin-
ical virology. In addition, the cytopathic effects associated with
HRYV are often spurious.

In this study, the increasing number of HRV and HEV
sequences available in GenBank (http://www.ncbi.nlm.nih.gov
/Genbank/index.html) was taken into account to define the
most conserved regions within the genus. Once defined, these
sequences were used as targets for the development of both
generic real-time PCR assays and peptide nucleic acid (PNA)-
based hybridization probes designed to detect all HRV and
HEV species members according to publicly available se-
quences. By overcoming the variability of circulating strains
and by targeting the internal ribosomal entry site, a function-
ally important and thus highly conserved region of the HRV
and HEV genomes, these new detection methods will lower
the risk of missing divergent HRV and HEV.

Each real-time PCR assay developed here has been de-
signed to be adapted to the different clinical conditions and
biological specimens for which these viruses need to be
screened. Importantly, these assays have been adapted to
the new variants recently identified. We also developed a
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TABLE 1. Primers, probes, and PNA probe sequences
Sequence (5’ to 3") (nt positions relative to HRV-2)*
Type of assay Target(s)
Forward primer(s) Probe Reverse primer
PNA probe
A/Ge/08 HRV-A [Fam]-OO-GCCTCATCTGCC
AGGTCT (nt 320 to 303)“
B/Ge/08 HRV-B [Fam]-OO-AGCCTCATCGA
CCAAACTA (nt 321 to
302)¢
Panenterhino/Ge/08  HRV/HEV [Fam]-OO-ACACGGACACC
CAAAGT (nt 550 to 534)¢
Real-time PCR
Panenterhino HRV/HEV AGCCTGCGTGGCKGCC CTCCGGCCCCTGAATGYG GAAACACGGACACCCAAAG
(nt 350 to 365) GCTAA (nt 436 to 458)° TAGT (nt 553 to 531)¢
Panenterhino/Ge/08 ~ HRV/HEV®  AGCCTGCGTGGCKGCC CTCCGGCCCCTGAATGYG GAAACACGGACACCCAAAG
(nt 350 to 365) GCTAA (nt 436 to 458)° TAGT (nt 553 to 531)¢
CYInaAGCClnaTGCGTGG
(nt 348 to 360)°
Entero/Ge/08 HEV GCTGCGYTGGCGGCC CTCCGGCCCCTGAATGYG GAAACACGGACACCCAAAG

(nt 352 to 365)

GCTAA (nt 436 to 458)° TAGT (nt 553 to 531)¢

“nt, nucleotide; [Fam], 6-carboxyfluorescein tag.

® The common real-time PCR probe was labeled at the 5’ end with 6-carboxyfluorescein and at the 3’ end with the 6-carboxytetramethylrhodamine fluorescent

quencher.
¢ Improved sensitivity for HRV-C'.
4 Negative-strand sequence.
¢ Ina, locked nucleic acid.

real-time PCR assay specifically designed to provide a sen-
sitive and targeted detection of HEV, as well as PNA-based
oligoprobe assays aiming to specifically detect HRV-A and
-B in cells. This investigation aims to provide a comprehen-
sive toolbox for an accurate and sensitive identification of
the different HEV and HRV.

MATERIALS AND METHODS

Virus strains. The virus strains used to test real-time PCR and PNA probe
specificities were purchased at ATCC-LGC Promochem Sarl (Molsheim,
France) for the rhinovirus reference strains or were obtained from the collection
of the University of Geneva Hospitals virology laboratory for the enterovirus and
human parechovirus (HPeV) strains.

Virus stocks of HRV-14 and EV-71 were grown in 75-cm? flasks (HeLa Ohio
[HeLa-OH] cells and Vero cells, respectively). The virus supernatants were
clarified, aliquoted, and frozen at —80°C. Both virus stocks were serially diluted
by 10-fold and titrated on their respective cell lines to determine their 50% cell
culture infectious doses (CCIDs) (21). One hundred ninety microliters of each
dilution was used for RNA extraction in duplicate. CCIDs, values included in
each reverse transcription (RT) reaction are shown (see Fig. 2D to F). One-
eighth of the RT product was used in each PCR.

Nucleotide sequence alignment and primer and probe design. Available 5’
nontranslated region (NTR) sequences for all HRV-A, HRV-B, and 86 HEV
reference strains (http:/www.picornaviridae.com/sequences/sequences.htm), as
well as sequences from clinical strains of EV-104 (a HEV-C genotype presenting
a divergent 5' NTR; GenBank accession no. EU840733) (24), HRV-C, and
HRV-C with divergent 5’ NTR sequences (GenBank no. EU126764, EU126772,
EU126775, EU126777, EU126781, EU126783-4, EUI126786, EU126788,
EU840728, EU840729, and EU840974; named here HRV-C') (11, 24), were
downloaded from GenBank (August 2008). The 5" NTR sequences from each of
these six virus groups were aligned independently with the Vector NTI Advance
10 AlignX module (Invitrogen, Basel, Switzerland). The residue fraction for
consensus calculation was set to 0.6 for each alignment, and residues presenting
a fraction inferior to this value were replaced by degenerate nucleotides. The
resulting six consensus sequences were aligned together and used for real-time
PCR primers and probes as well as for PNA probe design (Table 1). Real-time
PCR primers were ordered from Microsynth AG (Balgach, Switzerland), and
probes were ordered from Applied Biosystems (Rotkreuz, Switzerland). PNA
probes sequences were designed with the help of the Applied Biosystems online

design tool (http://www.appliedbiosystems.com/support/pnadesigner.cfm) and
ordered from Panagene Inc. (Daejeon, Korea).

Plasmids. Positive controls for the different real-time PCR assays were con-
structed as follows: HRV-2 and HRV-14 viral stocks were amplified with forward
primer P10 (5'-GTACWCTRKTAYTMYGGTAMYYTTGTACGCC-3") and
reverse primer P1.12 (5'-AGTGCATCTGGTAATTTCCA-3"); CL-Lba 170085
(belonging to HRV-C species; GenBank no. EU840952) was amplified with the
same forward primer (P10) and with reverse primer P23 (5'-GAAACACGGA
CACCCAAAGTAGT-3"); CL-Fnp5 (belonging to HRV-C subgroup viruses
with divergent 5" NTRs; GenBank no. EU840728) was amplified with forward
primer P11 (5'-GCACTTCTGTTTCCCC-3") and reverse primer P23; CL-04993
(EV-71 clinical strain; GenBank no. EU414333) was amplified with forward
primer Ent_5'NTR (5'-TTAAAACAGCTGTGGGTTGTTCCC-3") and reverse
primer Ent_P1.3 (5'-AAGTAGTGAAACTGTGCATTCTGGCC-3'); and CL-
1231094 (EV-104 clinical strains; GenBank no. EU840733) was amplified with
forward primer P10 and reverse primer P1.152 (5'-GCAAATGAATTTTTGGC
GGG-3'). The different PCR products were cloned with TOPO TA technology
in the pCR2.1-TOPO and pCR-Blunt II-TOPO (for CL-1231094) vectors (In-
vitrogen).

Production of in vitro RNA transcripts for RT-PCR standard curves. EV-71
(kindly provided by M. Arita, National Institute of Infectious Diseases, Tokyo,
Japan) and HRV-14 infectious clones (2) were linearized at a unique Mlul
restriction site downstream of the 3’ viral poly(A). RNA transcripts were syn-
thesized in vitro with the T7 RNA polymerase from their respective linear
templates using the MEGAscript high yield transcription T7 kit (Ambion, Rot-
kreuz, Switzerland) for 3 h at 37°C and purified with the RNeasy minikit (Qiagen,
Hombrechtikon, Switzerland). Transcribed RNA was quantified and checked by
0.1% sodium dodecyl sulfate-1% agarose gel analysis. RNA transcript concen-
trations were then adjusted and serially diluted by 10-fold in order to use 10° to
10! viral RNA copies per RT reaction. One-fourth of the RT product was used
in each PCR.

RNA extraction, RT, and real-time PCR. Virus isolates as well as clinical
specimens were extracted by the HCV Amplicor specimen preparation kit
(Roche, Rotkreuz, Switzerland), TRIzol kit (Invitrogen), or QIAamp viral RNA
minikit (Qiagen), according to the manufacturers’ instructions. Extracted RNA,
as well as in vitro transcribed RNA, was used as a template for the synthesis of
c¢DNA with random hexamers (Roche) at 42°C using the reverse transcriptase
SuperScript II (Invitrogen), according to the manufacturers’ instructions. The
c¢DNA was then amplified using a TagMan 7500 (Applied Biosystems) thermo-
cycler under the following cycling conditions: 50°C for 2 min, 95°C for 10 min, 55
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HRV-B  CTAG-TTTGGTCGATGAGGCT|NGG-AATTCCCCACGGGTGAC-CGTGTCNNAGCCTGCGT - GGCGGCCAA-CCCAGCTTNTGCTGG- - - - - GACGCCTTTTTAN-NGACATGGTGTGAA
HRV-C GTAGACCTGGCAGATGAGGCTGGA-CATTCCCCACNNGCGAN-NGTGGTCCAGCCTGCGT -GGCTGCC[TG-CACACCCNTANNGGG- -TGTGAAGCCANNAANT - GGACAAGGTGTGAA

HRV-C’ GTAGATCAGGGCAATGAGGCTACA-CATNCCCCACTGGCGAC-AGTGGT

TAGCCTGCGT -GGTGCCCTG-CCCNGGNNTNNNNNNCCNGGGACNCCACNNNNN - AGACAGGGT GTGAA

EV-104 GTAGCTCAGGCTGATGAGGCTCCG-AACACCCCACAGGCG-ACTGTGTCAGAGCCTGCGTTGGCGGCCTG-CCCATACCCTGCGGT -ATGGGACGCTCACTTCA-TGACATGGTATGAA
HEV GTAGATCAGGTCGATGAGTCACCGCANTTCCCCACGGGCNGACCGTGGCGGTGGCTGCGTTGGCGGCCTG-CCNATGGGGNAANCCCATNGGACGCTNNAATAC -NGACATGGTGNGAA

3-TCTGGACCGTCTACTCOG-D" _pra robe vaeros strane DA
3-ATC-AAACCAGCTACTCCGA-D' pua rove srceos (srana) 5-CY

HRV-A  GAGCCCCGTGTGCTCAN-TTTGAGTC|[CTCCGGCCCCTGAATGTGGCTAA]

CGT. GGCKGCC.SY Fwd primer Panenterhint
(07 - G6d
5"GCTGCGYTGGCGGCC-3, Fwd primers Entero/Ge/08

CTTAACCCTGCAGCNANTGC -NCACAATCCAGTGNGTNNNTNGTCGTAATGAGCAATTGCGGGATGGGA

GRCTG
GLGTG

0| Fwd primers pool
Panenterhino/Ge/08

HRV-B GACCCGCATGTGCTTGNTTGTGAGTC|ICTCCGGCCCCTGAATGCGGCTAAICCTTAACCCNGGAGCCTTGNG-NCACAATCCAGTGNTNNTAAGGTCGTAATGAGCAATTCNGGGACGGGA
HRV-C GAGCCTNNTGTGCTCNACNTTGAGTC|ICTCCGGCCCCTGAATGCGGCTAATCCTAACCCCGNAGCTGTTGC -ANNCAANCCAGNNTGTATGCAGTCGTAATGGGCAACTNTGGGATGGAA
HRV-C’ GACNNNAGTGTGCTAGN-NGTGAGTC|ICTCCGGCCCCTGAATGCGGCTAATCTTAAACCTGCAGCCATCGC-ATGCATGCCAGCATGTAGGTGGTCGTAATGAGCAATTGCGGGATGGAA
EV-104 GAGTCTACTGTGCTAGT -CAAGATTC|ICTCCGGCCCCTGAATGTGGATAATCCTAACCACTGATCCTACGT -TCGCAATCCAGCGTTTGGTAGGTCGTAATGCGCAAGTCGGTGGCGGAA
HEV GAGTCTATTGAGCTAGT -TGGTAGTCICTCCGGCCCCTGAATGCGGCTAATCCTAACTGCGGAGCANNTNCCNCNCAANCCAGNGGGNAGNNTGTCGTAACGGGCAACTCTGCAGCGGAA

§-CTCCGGCCCCTGAATGYGGCTAA-S' Panentarine Entorieios

HRV-A ACTTTGGGTGTCCGTGT]
HRV-B ACTTTGGGTGTCCGTGT|
HRV-C ACTTTGGGTGTCCGTGT,
HRV-C’ CTTTGGGTGTCCGTGT
EV-104 CTTTGGGTGTCCGTGT,
HEV

3-TGATGAAACCCACAGGCACAAAG-S Faneniemine Entarraars tsran)
3-TGAAACCCACAGGCACA-S

Panenterhino/Ge/08 PNA probe (-strand)

FIG. 1. Alignment of 5" NTR consensus sequences obtained for HRV and HEV members. The primers, probes, and PNA probes developed
in this study are boxed, and the corresponding sequences are depicted below the boxes. The different assays used are described in Table 1.

cycles of 95°C for 15 sec, and 60°C for 1 min. Results were analyzed using the
SDS version 1.4 program (Applied Biosystems).

Hybridization in situ using PNA probes. HRV infections were done with
HeLa-OH cells, whereas EV-69 was grown on A549 or Vero cells, EV-70 and
CV-A21 on A549 cells only, and EV-71 on Vero cells only. In situ hybridization
of paraffin-embedded cells was performed with the PNA ISH detection kit
protocol (DakoCytomation, Baar, Switzerland), according to the manufacturer’s
instructions. The same protocol was adapted for in situ hybridization on growing
cells, as follows. PNA probes were first diluted in water to 10 uM, and then the
working dilutions (10 nM for A/Ge/08 and B/Ge/08 PNA probes and 1 nM for
the Panenterhino/Ge/08 PNA probe) were made in the hybridization mix (30%
formamide, 10% dextran sulfate, 0.1% sodium pyrophosphate, 0.2% polyvi-
nylpyrrolidone, 0.2% Ficoll, 5 mM EDTA [pH 8.8], 50 mM Tris-HCI [pH 7.5], 10
mM NacCl). Cells were washed twice with phosphate-buffered saline (PBS) lack-
ing Ca®* and Mg>* (PBS™) and fixed with 4% paraformaldehyde for 10 min at
room temperature at 16 h postinfection for titrations and A/Ge/08 and B/Ge/08
PNA probe specificity tests and 4 days postinfection for the Panenterhino/Ge/08
PNA probe specificity test. After being briefly washed with PBS™, cells were
rehydrated in the presence of 1 ml of PBS™ for 10 min at room temperature.
Cells were then permeabilized with proteinase K provided by the kit (diluted
1:100 in Tris-buffered saline) for 30 min at room temperature in a humidity
chamber. Cells were rinsed with PBS™, briefly fixed again for 5 min with 4%
paraformaldehyde at room temperature, and washed for 5 min in PBS™. After
two immersions in RNase-free water for 3 min, the remaining protocol followed
the kit procedure. Hybridization was made at 55°C for 1.5 h for the three probes,
and washes were performed at 60°C.

Immunofluorescence. Cells were washed twice with PBS™ and fixed for 1.5 h
in methanol-acetone (50:50 dilution) at —20°C. They were then air dried for a
few minutes at room temperature before incubation for 45 min at 37°C in a
humidity chamber with the following primary antibodies: a rabbit anti-HRV-14
serum, diluted 1/1,000 (VR-284AS/Rb; ATCC) for the detection of HRV-14; a
mouse anti-EV-71 monoclonal antibody, diluted 1/50 (MAB979; Chemicon-
Millipore, Zug, Switzerland) for the detection of EV-71; and the undiluted
panenterovirus blend (Chemicon-Millipore) for the detection of other enterovi-
ruses. After the cells were intensively washed with PBS, Alexa Fluor 488 goat
anti-rabbit antibody (Invitrogen) and anti-mouse immunoglobulin G-fluorescein
isothiocyanate conjugate (Chemicon-Millipore) were added, and the cells were
incubated for 45 min at 37°C in the dark. After a final rinsing with PBS, coverslips

were mounted in Fluoprep embedding medium (bioMérieux, Marcy I’Etoile,
France).

RESULTS

Panenterhino, Panenterhino/Ge/08, and Entero/Ge/08 real-
time PCR assays. Based on a careful search of all HRV and
HEV sequences either available in public libraries or gener-
ated by our ongoing investigations, we first identified potential
highly conserved sequence targets within the 5 NTR that
could be used to design different sets of primers and probes
(Fig. 1). The so-called Panenterhino real-time PCR was first
developed in order to target all members of the Enterovirus
genus (HRV and HEV) that could be potentially detected in
respiratory specimens. Panenterhino/Ge/08 is an evolution of
this assay and aims not only to keep the large spectrum of the
Panenterhino assay but also to target a subgroup of HRV-C
viruses presenting a divergent 5’ NTR (11, 24) and named here
HRV-C'. Entero/Ge/08 was specifically designed to provide
sensitive and targeted detection of HEV. Two previously val-
idated real-time PCR assays, RHP1 and RHP2, detecting
HRV-A and HRV-B, as well as an enterovirus real-time PCR
(HEV assay) (3), were used in the present study as compara-
tive assays for the validation procedure. Primers and probe
sequences developed in this study are detailed in Table 1.

The three new assays developed, Panenterhino, Panente-
rhino/Ge/08, and Entero/Ge/08 real-time PCR, were first
tested for optimal primers and probe concentrations (data not
shown). Their analytical sensitivity was then determined on
serially diluted concentrations by 10-fold of HRV-14-, HRV-
2-, and EV-71-derived plasmids. All assays showed the conser-
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FIG. 2. Sensitivities of the Panenterhino (A and D), Panenterhino/Ge/08 (B and E), and Entero/Ge/08 (C and F) real-time PCRs tested on
serial dilutions of HRV-14 (A, B, D, and E) and EV-71 (C, F) using in vitro transcripts (A to C) and quantified virus stocks (D to F). The insets
show the standard curves for each of the standard dilution series. Extractions were performed in duplicate ([, first round of extractions; A, second
round of extractions). The viral copy number (nb) (A to C) and the CCIDs, value (D to F) input in the RT reaction are indicated on the x axis.

vation of a wide linearity, ranging from 1 to 10° plasmid copies/
reaction, with the lowest limit of detection being 1 to 10 copies
of input (data not shown). In vitro transcription of full-length
HRV-14 and EV-71 infectious clones allowed us to define the
analytical sensitivity of the whole RT-PCR procedure in terms
of virus copy number detected from the RT to the final am-
plicon detection step. As shown in Fig. 2, the detection limit is

100 copies per RT reaction (equivalent to 25 copies of input
per PCR, assuming a 100% RT efficacy) (see Materials and
Methods) for Panenterhino and Entero/Ge/08 and 10 copies
per RT reaction (equivalent to 2.5 copies per PCR) for Pan-
enterhino/Ge/08 (Fig. 2A to C). Finally, analytical sensitivity
was compared to cell culture infectivity. Serial dilutions of
titrated virus stocks were extracted in duplicate, reverse tran-
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TABLE 2. Specificities and sensitivities of different real-time PCR assays on rhinovirus and enterovirus plasmid-derived constructs

Results from indicated assays”

Target®

RHP1 RHP2 Panenterhino Panenterhino/Ge/08 HEV Entero/Ge/08
HRV-2 34.7 (£0.2) Neg 342 (x0.2) 34.5(x0.2) Neg Neg
HRV-14 Neg 427 (£2.1) 343 (+0.5) 353 (+1.3) Neg 36.3 (+2.3)
HRV-C Neg Neg 34.9 (x£0.1) 34.7 (x0.1) Neg Neg
HRV-C’' Neg Neg 46.5 (+6.5) 37.4 (+0.7) Neg Neg
EV-71 Neg Neg 35.7(%0.2) 35.6 (£0.4) 33.9(x0.3) 31.9 (%0.2)
EV-104 Neg Neg 34.7(+0.2) 34.6 (+0.2) Neg 35.2(%0.1)

“ HRV- and HEV-derived plasmids were used at a uniform concentration of 1,000 copies of input per PCR. Plasmid constructs are described in Materials and
Methods. Results are indicated as real-time PCR C values (+ standard deviations).

® Neg, negative result.

scribed, and PCR amplified. The limit of detection of an
HRV-14 viral stock is 5.6 X107* CCIDs, per RT reaction
(equivalent to 7 X 10~* CCIDs, per PCR) (see Materials and
Methods) for the Panenterhino assay (Fig. 2D) and 5.6 X 102
CCIDs, (equivalent to 7 X 10~* CCIDs, per PCR) for the
Panenterhino/Ge/08 (Fig. 2E). The limit of detection of the
EV-71 stock for the Entero/Ge/08 assay is 5.6 X 1072 CCIDs,
per RT reaction (equivalent to 7 X 10> CCIDs, per PCR)
(Fig. 2F). In summary, the real-time PCR assays presented
here are around 100-fold more sensitive overall than cell cul-
ture.

The specificities and sensitivities of the new assays were then
compared with previous real-time PCR assays on plasmids
containing 5" NTRs originating from HRV-2, HRV-14, EV-71,
EV-104 (a newly described member of the HEV-C species
[24]), and the new HRV-C, as well as HRV-C'. The results
presented in Table 2 show that both Panenterhino and Panen-
terhino/Ge/08 assays are able to detect all HEV- and HRV-
derived plasmids. However, the addition of a second forward
primer, adapted from a recently published HRV-specific real-
time PCR (12), enables the Panenterhino/Ge/08 assay to de-
tect the HRV-C' in a sensitive manner. These analytical vali-
dations revealed that the previously developed assays targeting
specifically HRV-A and HRV-B do not detect the divergent
HRV-C and HRV-C’ groups. Similarly, the previously used
HEV assay does not detect EV-104 strains.

Panenterhino and Panenterhino/Ge/08 real-time PCRs were
then assayed on most of the HRV reference strains. Overall,
the sensitivities of the two assays were comparable for all
rhinovirus serotypes tested. Enterovirus reference strains were
then screened with the three new assays as well as with the
previously used HEV-specific real-time PCR. Again, the Pan-
enterhino and the Panenterhino/Ge/08 assays were able to
detect all HEV serotypes tested. However, a comparison of
threshold cycle (C;) values for each of the 59 strains tested
showed that the Entero/Ge/08 combination improved the an-
alytical sensitivity more than the more-generic assays (data not
shown). Of note, the two HPeVs tested (HPeV-1 and -2) were
not detected by these assays, thus proving that their specificity
is restricted to HRV and HEV.

In a last set of experiments following the same extraction
and RT procedures, the three new assays were used to screen
clinical specimens. The Panenterhino and Panenterhino/Ge/08
assays were tested with specimens from subjects with respira-
tory symptoms. The validation on clinical specimens was per-
formed on two different types of specimens, as follows: first, on

nasopharyngeal samples collected from children with acute
otitis media or pneumonia, and second, on lower respiratory
tract samples (bronchoalveolar lavage fluid) collected from
children with cystic fibrosis (5, 8). For the first study, we com-
pared the results obtained with the Panenterhino PCR and the
standard RHP1, RHP2, and HEV on 626 nasopharyngeal sam-
ples. Panenterhino proved to be much more sensitive than the
previously validated assays for HRV and HEV and showed a
positivity rate that was significantly higher (18% versus 7%,
respectively), with all RHP1, RHP2, and HEV cases detected
by the generic assay. For the second study, we conducted the
Panenterhino and Panenterhino/Ge/08 assays in parallel on
157 bronchoalveolar lavage fluid specimens and achieved pos-
itivity rates of 42% and 51%, respectively. These results con-
firm that Panenterhino/Ge/08 is more adapted to circulating
HRV strains. This is most probably linked to the inefficient
detection of the HRV-C’ strains by the Panenterhino assay.
However, the low C; values obtained for the discrepant sam-
ples (C; value of more than 39) did not allow further geno-
typing by sequencing. Similarly, the Entero/Ge/08 assay was
used to rescreen 162 cerebrospinal fluid (CSF) specimens sent
to our routine laboratories for HEV detection in patients with
acute meningoencephalitis symptoms. All these cases have
been previously screened with the routinely used HEV assay.
Despite an additional cycle of freeze-thaw of the native sam-
ples before extraction, five CSF specimens were positive with
the new assay versus four with the assay used previously. In one
case, we were unable to confirm a previous positivity, which is
most probably related to low C;,- values together with repeated
freeze-thaw cycles in samples processed in a routine labora-
tory.

PNA hybridization probes. The variety of HRV and HEV
serotypes renders impossible the development of antibodies
matching all serotypes. In addition, standard in situ hybridiza-
tion assays require riboprobes with lengths ranging between
100 and 400 nucleotides. As shown in Fig. 1, even the most
conserved 5 NTRs of HRV and HEV do not present con-
served stretches of such length. Therefore, we moved to
artificially synthesized PNA probes. These probes are charac-
terized by a backbone composed of repeating N-(2-aminoethyl)-
glycine units linked by peptide bonds instead of the RNA
deoxyribose sugar backbone. Since the backbone of PNA con-
tains no charged phosphate groups, the binding between PNA/
RNA strands is stronger than between DNA/RNA or RNA/
RNA due to the lack of electrostatic repulsion. This allows the
design of very short sequences (18 nucleotides), with high
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FIG. 3. Panenterhino/Ge/08 PNA probe sensitivity 16 h postinfection with serial dilutions by 10-fold of a titrated HRV-14 stock (10%%
CCIDsy/ml). (C and D) Comparison of Panenterhino/Ge/08 PNA probe sensitivity with that of immunofluorescence 16 h postinfection. The
dilution factor is shown on the bottom left-hand corner of each panel. M.I., mock infected.

annealing temperatures (55°). In addition, PNAs are not easily
recognized by either nucleases or proteases, thus making them
resistant to enzyme degradation, and probe stocks can be kept
stable for years at —20°C.

Three different PNA probes were synthesized, the first two
specific for HRV-A (A/Ge/08 PNA probe) and HRV-B (B/
Ge/08 PNA probe), while the third is more generic, matching
all HRV and HEV sequences available (Panenterhino/Ge/08
PNA probe) (Fig. 1; see Materials and Methods). The protocol
for this in situ hybridization in cells (see Materials and
Methods) is adapted from the PNA ISH detection kit (Dako-
Cytomation). After evaluation of optimal concentration and
hybridization temperature, the probes’ sensitivities were as-
sessed on cells infected for 16 h with serial dilutions of quan-
tified virus stocks. These sensitivity assays were done for the
Panenterhino/Ge/08 PNA probe on HRV-14 (Fig. 3), HRV-
94, and EV-71, as well as for the PNA A/Ge/08 and B/Ge/08
probes on HRV-94- and HRV-14-quantified stocks, respec-
tively. All three assays provided similar reproducible results
(Fig. 3 and data not shown). HRV-14 detection by immuno-
fluorescence with HRV-14 antibodies conducted in parallel
showed similar quantitative detection abilities (Fig. 3C and D).
This assay was also conducted successfully on several cell lines
(HeLa-OH, Vero, and A549). A panel of HRV and HEV
serotypes was tested to determine the specificity of each of the
three probes developed. As expected, the PNA probe A/Ge/08
detects HRV-A serotypes (HRV-11, -16, -64, -73) but not
HRV-B serotypes (HRV-14, -70, -27, -79, -99). In contrast, the
PNA probe B/Ge/08 is able to recognize these HRV-B sero-
types but not the HRV-A serotypes. Finally, the Panenterhino/
Ge/08 PNA probe gave positive signals on all HRV-A (HRV-
64), HRV-B (HRV-14 and -85), and HEV serotypes (CV-A21,
E-26, EV-70, and EV-71) tested but did not recognize a con-
trol HPeV, HPeV1 (data not shown). In situ hybridization was
also successfully applied to formalin-fixed HeLa-OH cells, and

fluorescent labeling of positive cells was performed using the
Dako Permanent Red detection kit (Fig. 4).

DISCUSSION

New divergent HEV and HRV genotypes have been de-
scribed and are constantly being identified. In the present
study, our goal was to establish a panel of molecular assays
adapted to the detection of these viruses. By targeting the 5’
NTR, the most conserved part of the genome, we designed and
validated assays that could detect HRV and HEV nucleic acids
in clinical specimens by RT-PCR and in cell culture by in situ
hybridization. The various constraints related to both the sim-
ilarities and the diversity of HRV and HEV imply that any 5’
NTR-based PCR assay designed for broad rhinovirus screen-
ing will also pick up members of the Enterovirus species. This,
together with the fact that a significant number of HEV exhibit
a respiratory tropism like all rhinoviruses, led us to propose
generic real-time PCR assays detecting all members of the
genus that could be used for respiratory screening. In addition,
the design of generic assays lowers the risk of missing new
emerging strains or still unrecognized variants. Broad HRV
and HEV detection by the Panenterhino and Panenterhino/
Ge/08 assays was confirmed not only by extensive testing of
available human serotypes of the genus but, most importantly,
also by testing clinical specimens. Compared to the previously
used rhinovirus assays (3), the updated Panenterhino/Ge/08
assay confirmed its ability to detect not only all known rhino-
viruses in a sensitive manner but also new HRV-C genotypes,
including those with divergent 5" NTRs. The ability of these
assays to target HRV and HEV in a generic manner allowed us
to identify new members of the Enterovirus genus (24). This
latter point highlights that there is a need for assays that are
not restricted to the rhinovirus borders when screening respi-
ratory specimens and that these should include systematically
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FIG. 4. In situ hybridization on paraffin-embedded HeLa-OH cells. Visible (A to C) or fluorescent (D to E) labeling of infected cells.
Hybridization with the PNA probe A/Ge/08 (A, D, C, and F) or negative control (B, E). The negative control is a random PNA probe (PNA ISH
detection kit). Infections were performed with an HRV-64 strain (B, C, E and F), except for mock-infected (M.1.) strains (A, D).

enteroviruses. If necessary, the differentiation between rhino-
and enteroviruses should be considered after the screening
phase, either by using an additional set of real-time PCR as-
says, as presented in Table 2, or by sequence analysis. Of note,
most subjects screened had significant clinical diseases in the
present clinical validation. However, it is important to recog-
nize that when using sensitive nucleic acid detection, HRV can
be identified in some instances in subjects with few or no
symptoms.

Compared to the previous HEV-specific real-time PCR as-
say, Entero/Ge/08 showed specificity for HEV that also ex-
panded to the newly discovered EV-104 virus and possibly to
other related strains (Table 2). The analytical characteristics of
this real-time PCR revealed a significantly higher sensitivity
than that of Panenterhino/Ge/08. This illustrates the different
trade-offs that need to be considered when designing these
assays. Although the more-generic ones provide obvious ad-
vantages for respiratory specimens, Enterhino/Ge/08, with its
restricted spectrum, was revealed to be probably more appro-
priate for CSF screening. Given the types of disease consid-
ered, acute meningitis and encephalitis, it seems quite reason-
able in this case to promote analytical sensitivity.

Diagnostic procedures using cell culture are limited by the
expertise and the delay needed to obtain a result. For these
reasons, viral culture has a limited place in routine diagnostic
microbiology, but there is still a need to consider such assays in
reference or research laboratories. In the case of picornavi-
ruses, there are also the additional limitations related to the
number of serotypes circulating and the lack of generic detec-
tion tools, with each serotype being recognized only by specific
antibodies. Here, we took advantage of emerging PNA tech-
nologies to design a set of three probes, one specific for rhi-
novirus A (A/Ge/08 PNA probe), one for rhinovirus B (B/
Ge/08 PNA probe), and the third that was supposed to match
all known HRV and HEV serotypes (Panenterhino/Ge/08

PNA probe). These probes have the ability to identify rhino-
viruses and enteroviruses within 16 h in cell culture. This pro-
cedure also has the advantage that it uses standard laboratory
techniques and equipment, does not rely on the appearance of
a cytopathic effect, does not require a large expertise, and thus
could ensure the reproducibility needed. Such an assay pre-
sents the additional ability to quantify and assess the kinetics of
the infection, which is particularly interesting for the compar-
ison of different genotypes in reverse genetic mutagenesis as-
says. Finally, it is adapted to formalin-fixed tissues and can be
assayed in naturally occurring HRV or HEV infections.

In conclusion, following an extensive validation process, we
provide a panel of new and updated real-time PCR assays to
detect newly identified rhino- and enterovirus strains. The use
of degenerated primers and probes also increase the likelihood
to detect divergent variants. We provide, for the first time, a
specific, sensitive, and accurate in situ hybridization procedure
that has proven efficiency to detect and quantify both rhino-
and enteroviruses serotypes early during the viral cycle, thus
circumventing the need for specific antibodies or validation
based on the apparition of a cytopathic effect.
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