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Rhinoviruses are the most frequent cause of human respiratory infections, and quantitative rhinovirus diagnostic tools are
needed for clinical investigations. Although results obtained by real-time reverse-transcription PCR (RT-PCR) assays are fre-
quently converted to viral RNA loads, this presents several limitations regarding accurate virus RNA quantification, particularly
given the need to reliably quantify all known rhinovirus genotypes with a single assay. Using an internal extraction control and
serial dilutions of an in vitro-transcribed rhinovirus RNA reference standard, we validated a quantitative one-step real-time
PCR assay. We then used chimeric rhinovirus genomes with 5’'-untranslated regions (5' UTRs) originating from the three rhino-
virus species and from one enterovirus to estimate the impact of the 5'UTR diversity. Respiratory specimens from infected pa-
tients were then also analyzed. The assay quantification ability ranged from 4.10 to 9.10 log RNA copies/ml, with an estimated
error margin of =£10%. This variation was mainly linked to target variability and interassay variability. Taken together, our re-
sults indicate that our assay can reliably estimate rhinovirus RNA load, provided that the appropriate error margin is used. In
contrast, due to the lack of a universal rhinovirus RNA standard and the variability related to sample collection procedures, ac-
curate absolute rhinovirus RNA quantification in respiratory specimens is currently hardly feasible.

H uman rhinoviruses (HRVs) are small nonenveloped viruses
containing a positive-strand RNA genome. They belong to
the Enterovirus genus, which is part of the Picornaviridae family.
HRVs are important human pathogens and the most frequent
cause of respiratory infections. Their tropism is not restricted to
the upper respiratory tract, and they can cause complications in
the lower respiratory tract, especially in children, the elderly, and
immunocompromised patients (5-7, 15, 16). Many HRVs, in par-
ticular those belonging to the newly discovered HRV-C species, do
not grow under traditional cell culture conditions. Therefore, mo-
lecular diagnostic tools, such as real-time reverse transcription-
PCR (RT-PCR), are the methods of choice for diagnosing HRVs.

Thanks to numerous clinical studies, data have been gathered
regarding implication of HRV in the exacerbation of underlying
diseases, such as cystic fibrosis, asthma, and chronic obstructive
pulmonary disease (1, 3, 7, 8, 10, 17, 18, 20, 21, 25), as well as
concerning the possible impact of a given HRV species on disease
severity (9, 11-13, 23). However, there are inconsistent data about
whether viral load is correlated with disease severity, and the
threshold cycle (C;) values from real-time RT-PCR are converted
too frequently into viral copies per milliliter without any valida-
tion. This is particularly important because many published assays
include primers with degenerate nucleotides or probe sequences
that are biased toward a given genotype or species (4, 14, 22, 24).

We validated previously a two-step real-time RT-PCR assay,
named Panenterhino/Ge/08, which could detect all known HRV
genotypes and, to a lesser extent, human respiratory enteroviruses
(HEVs) (22). In this study, we first validated the Panenterhino/
Ge/08 assay in a one-step quantitative format using an internal
extraction control and serial dilutions of an in vitro-transcribed
rhinovirus RNA reference standard. HRV-positive clinical speci-
mens were then quantified with this assay, and the results were
compared to those obtained with the two-step Panenterhino/
Ge/08 real-time RT-PCR. Interassay reproducibility was analyzed,
and the level of imprecision linked to the use of a single real-
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time RT-PCR assay to detect the whole HRV group consisting of
genetically variable types was experimentally investigated. Other
sources of inaccuracy and imprecision occurring in the HRV RNA
quantification process are discussed.

MATERIALS AND METHODS

Plasmids. The plasmids QCpR16.11 and pWR3.26-HRV-14 encode the
full-length genomes of the HRV-A16 and the HRV-B14 strains, respec-
tively, and were kindly provided by W.-M. Lee (University of Wisconsin).
The HRV-Ca/A16, HRV-B37/A16, and HEV-A71/A16 plasmids encode
chimeric viral genomes in which the 5'-untranslated region (5'UTR) of
the HRV-A16 is replaced with the 5'UTR of an HRV-Ca, HRV-B37, or
HEV-A71 strain, respectively, and were constructed as previously de-
scribed (19).

Production and quantification of in vitro RNA transcripts. For each
construct, 5 to 10 pg of plasmid was linearized at a unique Sacl restriction
site downstream of the 3’-viral poly(A) tail. The MEGAscript T7 kit
(Ambion) was used to synthesize RNA transcripts from the linear tem-
plates for 3 h at 37°C. The transcripts were then purified with the RNeasy
minikit (Qiagen). In vitro-transcribed RNAs were quantified by measur-
ing the optical density (see below), diluted to 1 ug/pl, and checked by
0.1% sodium dodecyl sulfate—1% agarose gel analysis. The transcripts
were diluted into the NucliSens easyMAG extraction buffer 3 (bio-
Meérieux). The weight of one RNA molecule in grams was determined
using the mean nucleotide molecular weight and the number of nucleo-
tides per RNA molecule.
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Patient cohorts and clinical specimens. Nasopharyngeal swab (NPS)
and bronchoalveolar lavage (BAL) specimens were obtained from pa-
tients enrolled in a cohort of lung transplant recipients (September 2008
to November 2010). These respiratory specimens were screened using the
Panenterhino/Ge/08 two-step assay, and stored positive samples were re-
analyzed for viral load quantification. This study was approved by the
institutional review board and the ethics committee of the University of
Geneva Hospitals. Written informed consent was obtained from all indi-
viduals.

To test the linearity of the assay in clinical samples, an NPS specimen
and a BAL specimen with high HRV RNA load were selected; they were
diluted 10-fold into a pool of HRV-negative NPS and BAL specimens,
respectively, and into Universal transport medium (UTM; Copan).

Primers and hydrolysis probes. The two-step Panenterhino/Ge/08
and canine distemper virus (CDV) real-time RT-PCR assays were per-
formed as previously described (2, 22). For CDV one-step real-time RT-
PCRs, the primers and hydrolysis probe were used at final concentrations
0f 0.9 puM and 0.5 wM, respectively. The HRV-A16-specific two-step real-
time RT-PCR assay (HRV-A16 3D), designed to amplify nucleotides (nt)
6903 to 6970 in the 3D gene of the HRV-A16 genome (GenBank accession
no. L24917), was used as previously described (19).

The human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
endogenous control (VIC/TAMRA [6-carboxytetramethylrhodamine]
probe; Primer limited) assay (Applied Biosystems) and the CELL control
r-gene kit (Argene) were used according to the manufacturer’s instruc-
tions.

Available sequences of primers and hydrolysis probes are listed in
Table S1 in the supplemental material.

RNA extraction and real-time RT-PCR. As an internal control, 10 pl
of a homogeneous dilution of a CDV stock was added to each sample
before extraction. The RNA was extracted from clinical samples (190 .l of
clinical sample) using the NucliSens easyMAG magnetic bead system
(bioMérieux) and eluted into 25 pl. Five microliters of the extracted RNA
was reverse transcribed with Superscript II (Invitrogen) with random hex-
amers (Roche) according to the manufacturer’s instructions in a reaction
volume of 20 L. Forty microliters of water was added to the RT product to
have enough volume to conduct all assays in parallel. Five microliters of
diluted cDNA was used for each real-time RT-PCR. For the one-step
reactions, the extracted RNA was diluted so as to obtain the same copy
number in each real-time RT-PCR format.

For the real-time PCRs, the chimeric plasmids were analyzed with the
HRV-A16 3D and Panenterhino/Ge/08 assays, and the reverse-tran-
scribed cDNAs were analyzed with the Panenterhino/Ge/08 and the CDV
assays using the TagMan Universal PCR master mix (Applied Biosystems)
in a 7500 or a 7000 Applied Biosystems thermocycler. The following cy-
cling conditions were used: 50°C for 2 min, 95°C for 10 min, and 45 cycles
of 95°C for 15 s and 60°C for 1 min.

For one-step real-time PCRs, RNAs were analyzed with the
Panenterhino/Ge/08 and CDV assays using the QuantiTect probe RT-
PCR kit (Qiagen) according to the manufacturer’s instructions in a
7000 Applied Biosystems thermocycler. The following cycling condi-
tions were used: 50°C for 30 min, 95°C for 15 min, and 45 cycles of
94°C for 15 s and 60°C for 1 min. Results were analyzed using the
program SDS version 1.4 (Applied Biosystems).

Standard curves and RNA quantification. To establish a standard
curve for the quantitative real-time RT-PCR experiments, we used serial
10-fold dilutions (from 6.25 X 10* to 62.5 copies/reaction) of an in vitro-
transcribed full-length HRV-A16 RNA that was quantified by optical den-
sity. To check the accuracy of RNA quantification by optic density mea-
surements, the amount of in vitro-transcribed RNA was measured in
triplicate at two different time points separated by a freeze-thaw cycle. The
mean values were 5.77 ng/ .l (standard deviation [SD], 0.15 ng/p.l) for day
1and 5.73 ng/pl (SD, 0.31 ng/pl) for day 2 (corresponding to 2.00 X 10"
RNA copies/ml and 1.99 X 10'! copies/ml, respectively). To evaluate the
linearity of the measurements, the RNA stock was diluted 10-fold within
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the range of quantification by optical density and measured in triplicate.
The first dilution had a mean concentration of 486.57 ng/ul (SD, 80.19
ng/l), the second 49.80 ng/pl (SD, 0.17 ng/ul), and the third 4.67 ng/l
(SD, 0.51 ng/ul), which correspond to 1.68 X 10', 1.72 X 10'%, and
1.62 X 10'2 RNA copies/ml, respectively.

The RNA of each respiratory specimen used for HRV RNA load quan-
tification was extracted twice at two different time points. Each set of
extracted RNA was tested in duplicate with the one-step and two-step
Panenterhino/Ge/08 assays and with the internal control CDV assay. The
duplicates from the Panenterhino/Ge/08 assay were normalized as fol-
lows: the lowest CDV C.value of each run was set as the reference value,
and the difference in the CDV C;. values between the sample and the
reference was subtracted from the value obtained from the Panenterhino/
Ge/08 Cassay. The means of the normalized Cvalues from the real-time
RT-PCR duplicates were used to quantify the RNA copy numbers per
reaction using the slope-intercept form. The number of RNA copies per
reaction was then corrected for the dilution factor performed between the
extraction and the real-time RT-PCR (315.79-fold) to obtain a final viral
RNA copy number per ml of initial sample (described above).

PCR efficiency (E) was calculated using the formula E = 10~ "/slope — 1,

Statistical analysis. To evaluate the statistical significance of differ-
ences in RNA quantification values obtained with the one-step and two-
step Panenterhino/Ge/08 assays, P values were determined using the
paired ¢ test.

RESULTS

Analytical sensitivity and linear range of the one-step Panenter-
hino/Ge/08 real-time RT-PCR assay. The limit of detection
(LOD) and the limit of quantification (LOQ) of the one-step
Panenterhino/Ge/08 assay were assessed and compared to those
obtained with the two-step assay using three 10-fold dilution se-
ries of an HRV-A16 RNA transcript. The one-step and two-step
reactions were performed in parallel on each diluted RNA. The
LOD were 3.10 log copies/ml for the one-step assay and 2.10 log
copies/ml for the two-step assay. For both assays, the LOQ was
4.10 log copies/ml, and linearity was conserved from 4.10 to 9.10
log copies/ml. Intra-assay reproducibility was better for the one-
step assay (7 = 0.999) than for the two-step assay (r* = 0.987)
(Fig. 1A and B).

The linearity of the one-step Panenterhino/Ge/08 assay on
clinical specimens was also analyzed using 10-fold dilution series
of a Panenterhino/Ge/08-positive NPS and a Panenterhino/Ge/
08-positive BAL specimen. The assay was linear for clinical spec-
imens with C; values between 22 and 34 (* = 0.988 for the NPS
experiment and * = 0.996 for the BAL experiment). However, the
PCR efficiency (E) was lower with these clinical specimens (E =
80.3 to 80.7%) than with the in vitro-transcribed RNA (E = 84.9 to
99.1%). Comparable results were obtained when the HRV-posi-
tive specimens were diluted into the widely used UTM (data not
shown).

Sources of HRV RNA load quantification bias in clinical
specimens. (i) Quantification with one-step versus two-step
real-time RT-PCR. The HRV viral RNA load was determined in a
collection of 44 NPS and 6 BAL picornavirus-positive specimens
using the one- and two-step Panenterhino/Ge/08 assays. The se-
quences of 22 of the 50 picornavirus-positive specimens were
available: 12 were HRV-A members, 1 was an HRV-B member,
and 9 were HRV-C members. In each real-time RT-PCR experi-
ment, a four-dilution series of a reference RNA standard of known
quantity was included. The RNA load was calculated as described
in Materials and Methods. Samples presenting less than 4.10 log
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FIG 1 Linearity and variability of the Panenterhino/Ge/08 two-step (A) and
one-step (B) real-time RT-PCR on three 10-fold dilution series of in vitro-
transcribed HRV-A16 RNA (A and B). The standard curves, slopes, and >
values are shown.

copies/ml, and thus below the LOQ, were not included in the
quantitative analysis.

The comparison between one-step and two-step Panenterhino/
Ge/08 HRV RNA quantifications is illustrated by the Bland-
Altman plot presented in Fig. 2, and the raw data are given in Table
S2 in the supplemental material. The median viral RNA loads were
5.68 log RNA copies/ml (range, 4.44 to 7.45 log RNA copies/ml)
with the one-step assay and 5.83 log RNA copies/ml (range, 4.57 to
7.53 log RNA copies/ml) with the two-step assay. On average, viral
loads obtained with the two-step assay were 0.15log RNA copy/ml
(SD, 0.47 log RNA copy/ml) higher than those obtained using the
one-step assay (P = 0.026, paired ¢ test). Differences above 0.5 log
RNA copy/ml were observed in 36% of the samples and within all
viral RNA levels. The mean percent coefficient of variation (%
CV) related to one-step versus two-step HRV RNA quantification
was 4.9% (range, 0.3 to 13.0%).

(ii) Interassay variability. Interassay quantification reproduc-
ibility was evaluated using 12 HRV-positive respiratory samples
with viral loads ranging from 4.4 to 7.6 log RNA copies/ml and
processed by two different laboratory technicians. For each spec-
imen, two biological replicates were performed from RNA extrac-
tion to one-step or two-step real-time RT-PCR. The mean % CV
of the log RNA copies/ml was 2.1% (range, 0.3 to 3.8%) for the
one-step and 6.8% (range, 1.3 to 14.0% for the two-step assay)
(see Fig. 4 and see Table S3 in the supplemental material).
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FIG 2 One-step Panenterhino/Ge/08 HRV RNA quantification values com-
pared to two-step Panenterhino/Ge/08 HRV RNA quantification values. A
Bland-Altman plot shows the distribution of HRV RNA quantification values
in log copies/ml, compared to the values obtained with the two-step assay.
Two-step HRV quantification values are represented on the x axis. Differences
in quantification values between the one-step and two-step assays in log cop-
ies/ml are represented on the y axis. The dashed line represents the mean
difference of log copies/ml between both assays (two-step assay = one-step
assay + 0.15 log), and the dotted lines represent the mean difference of log
copies/ml between both assays + 2 SD (1.09) and — 2 SD (—0.79), respec-
tively. Raw data are available in Table S2 in the supplemental material.

(iii) Sample heterogeneity. For the same 12 samples, the
GAPDH endogenous transcript control assay and the CELL con-
trol r-gene assay, which amplify, respectively, the mRNA and
DNA of the host cells, were run in parallel (see Table S3 in the
supplemental material). The results revealed an important vari-
ability in cell content among the different clinical specimens, with
GAPDH C values ranging from 32.13 to undetected and CELL
control r-gene C; values ranging from 28.57 to 33.93. There was
no correlation between HRV RNA load and the amount of human
cells in these specimens. Indeed, some samples enriched in cells
presented a low viral load, and, inversely, samples with low cellu-
lar RNA or DNA presented a high viral load.

(iv) Target genetic variability. To experimentally evaluate the
variations in quantification related to the genetic variability of
HRVs, we took advantage of plasmids that encode chimeric viral
genomes (19). These genomes have a common HRV-A16 poly-
protein sequence, but the 5'UTRs are derived from three different
HRV species and one HEV-A species (HRV-B37, HRV-A16,
HRV-C11, and HEV-A71, respectively).

Ten-fold dilution series were performed for each chimera, and
for each dilution, the number of plasmid copies per ml was quan-
tified with the Panenterhino/Ge/08 assay using the standard curve
derived from the CT values obtained with the specific assay (HRV-
A16 3D) run on the same template. Figure 3 illustrates the viral
genome log copies/ml obtained using the four different con-
structs. In comparison to HRV-A16 3D, the mean viral genome
loads were as follows: on the HRV-Ca construct, —0.38 log cop-
ies/ml (95% confidence interval [CI], —0.17 to —0.59); on the
HRV-A16 construct, —0.23 log copies/ml (95% CI, —0.08 to
—0.37); on the HRV-B37 construct, 0.17 log copies/ml (95% CI,
0.33 to 0.02); and on the HEV A-71 construct, —0.77 log cop-
ies/ml (95% CI, —0.47 to —1.07). Of note, differences above 0.5
log copies/ml were only observed for the HEV A-71/A16 con-
struct. The mean % CV between values obtained with 5 10-fold
dilutions of each of the different constructs and HRV-A16 3D was
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FIG 3 Experimental evaluation of HRV nucleic acid quantification variation
linked to HRV genetic variability. The plot shows chimeric plasmid quantifi-
cations expressed in log copies/ml using the Panenterhino/Ge/08 assay (y axis)
compared to the HRV-A16 3D values (x axis), using five 10-fold dilutions of
chimeric plasmids, ranging from 4.30 to 8.30 copies/ml. Raw data are available
in Table S4 in the supplemental material.

then calculated. When considering only the three HRV 5'UTRs,
the mean % CV was 5.2% (range, 2.6 to 7.7%), whereas it was
7.0% (range, 5.6 to 8.4%) when the HEV 5'UTR was included
(Fig. 4).

Figure 4 summarizes the sources of viral load quantification
errors analyzed in this study. The % CV linked to one-step or
two-step interassay variability (see Table S3 in the supplemental
material), to HRV/HRV and HRV/HEYV target genetic variability
(Fig. 3; see Table S4 in the supplemental material), and to the assay
used to quantify viral load in respiratory specimens (Fig. 2; see
Table S2 in the supplemental material) are shown. Of note, when
combining the % CV linked to interassay variability and that re-
lated to target genetic variability, the mean % CV of the HRV log
RNA copies/ml ranged between 7.3% and 9.1% for the one-step
assay and between 12.1% and 13.8% for the two-step assay.

DISCUSSION

Molecular techniques that detect RNA viruses have quickly
evolved, and real-time RT-PCR provides the opportunity to
quantify viral loads. The one-step real-time RT-PCR is a welcome
simplification of the two-step RT-PCR, saves time, and results in a
lower risk of technical errors. In this study, we adapted a two-step
real-time RT-PCR assay, designed on the basis of an alignment of
allHRV-A and HRV-B genotype sequences, as well as including 11
divergent HRV-C 5'UTR sequences (22) for one-step use. We
have carefully assessed the feasibility and the limitations of its
application for viral RNA load quantification in clinical speci-
mens.

Comparison of one-step and two-step formats on serially di-
luted HRV RNA samples revealed that both assays were linear
between 1.25 X 10° and 1.25 X 10* RNA copies/ml and had an
LOD of 1.25 X 10’ RNA copies/ml for the one-step assay and
1.25 X 10* RNA copies/ml for the two-step assay.

However, the reproducibility of the one-step assay was higher,
implying that the quantification reliability is better in this format.
Application of the one-step and two-step assays for the quantifi-
cation of HRV load among clinical specimens, as well as compar-
ison of experiments performed by two different laboratory tech-
nicians, supported the increased reliability of the one-step assay.
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FIG 4 Putative sources of real-time RT-PCR viral load quantification varia-
tion. Box plots show the variation of viral load quantification (% CV) related
to interassay variability (one-step and two-step assays), HRV genetic variabil-
ity, HRV/HEV genetic variability, and one-step assay versus two-step assay
variability.

In summary, the one-step Panenterhino/Ge/08 real-time RT-PCR
assay is recommended for diagnostic use and for HRV RNA quan-
tification.

Several factors can lead to inaccurate measurements and limit
the quantification of HRV RNAs in respiratory samples. There-
fore, the viral loads in this study, as well as in other clinical studies,
have to be considered with caution.

The most important limitation is probably the lack of an accu-
rately quantified international reference standard RNA used for
the establishment of standard curves, which makes absolute quan-
tification currently impossible. However, in vitro-transcribed
HRV-A16 RNA measurement by optical densitometry was re-
vealed to be reproducible and quantitative during this study, en-
abling precise quantification, which allows comparison of viral
loads in different specimens. As the PCR efficiency may vary from
one experiment to another, it is important to include this standard
RNA in every single experiment to obtain a standard curve that
reflects the PCR efficiency of each experiment. Still, as demon-
strated by the serial dilutions of the clinical specimens, the PCR
efficiency of the standard will not be totally comparable to the
efficiency of the same PCR performed on clinical samples.

We also demonstrated that HRV RNA quantification values
differed significantly between the one-step and the two-step tech-
nologies. It is therefore important to use the same format when
comparing such quantification results.

The technical reproducibility may also have some limitations. In
our study, the interassay reproducibility was satisfactory with the
one-step format, as shown by the low % CV. In contrast, the interas-
say reproducibility was much lower with the two-step assay.

Additionally, the use of a single real-time RT-PCR assay to
detect over 150 described HRV genotypes has trade-offs. Al-
though the Panenterhino/Ge/08 assay targets a conserved se-
quence stretch, the primers and probe contain degenerate posi-
tions, and there is a possibility of mismatches because of genetic
variability. Moreover, two forward primers are present in the mix,
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one of which was designed to detect the more divergent HRV-Cs
(22). Therefore, the efficiency of the RT-PCR will vary, depending
on the genotype being amplified. This bias is important and needs
to be taken into account not only for the absolute, but also for the
relative quantification of HRVs. In this study, we estimated the
impact of the 5'UTR genetic variability on viral quantification by
the use of chimeric 5'UTR/polyprotein plasmids. As expected,
HEV-A71, which has the most divergent target sequence with re-
spect to our assay, generated the highest differences. Based on our
experiments, we estimate that the variation in quantification re-
lated to HRV and HEV genetic variability is less than 10%. When
combining the % CV linked to interassay variability and that re-
lated to target genetic variability in order to estimate global vari-
ability related to HRV RNA quantification in respiratory speci-
mens, the mean % CV of the HRV log RNA copies/ml remained
below 10% for the one-step assay, whereas it was around 14% with
the two-step assay. It should be noted, however, that interassay
variability may depend on the target sequence being amplified and
that interassay variability may thus not be totally independent
from target variability.

Finally, and perhaps most importantly, the nature of the respi-
ratory specimens renders the interpretation of RNA quantifica-
tions difficult. Sampling techniques between individuals may
differ considerably, especially regarding the NPS. Depending on
which part of the nasal cavity is reached and how much force is
applied to the mucosa, the quantities of viral RNA collected may
vary significantly. Of note, we have shown that there was no strict
correlation between the HRV RNA load and the amount of hu-
man cells in the specimens tested in our study. This may be ex-
plained by the fact that HRV viral RNA is not exclusively found
inside the cells. However, the presence of a few cells in a specimen
may indicate poor sampling technique, and the resulting determi-
nation of the viral load will thus likely be underestimated. Hence,
when comparing the viral loads between two different specimens,
it might be advisable to take human cell numbers into account to
assess the reproducibility of the sampling procedure. Importantly,
because the sampling techniques used for NPS and BAL speci-
mens are completely different, the viral RNA quantities present in
these two different kinds of samples should not be compared.

In summary, we validated the Panenterhino/Ge/08 real-time
RT-PCR assay for one-step use and for HRV RNA quantification.
Several technical difficulties limit the use of real-time RT-PCR for
the quantification of the absolute viral load in respiratory speci-
mens, and the lack of an accurately quantified international refer-
ence RNA for the establishment of standard curves is probably the
most important limitation. The variability related to sampling
procedures, which complicates the interpretation of HRV RNA
quantification results, may be assessed by the use of an internal
cellularity control. Despite these limitations, one-step real-time
RT-PCR HRV RNA quantification was revealed to be precise, with
an estimated global variability below 10%. It therefore enables
comparison of HRV RNA amounts in respiratory specimens, pro-
vided that the samples are collected using a standard procedure
and that the same reference RNA standard is used.
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