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Abstract

Introduction Since acute respiratory tract infections
inflict a high burden of disease in children worldwide, a
multiplex reverse transcription polymerase chain reaction
combined with a microwell hybridization assay (m-RT-
PCR-ELISA) to detect 19 different respiratory pathogens
was developed and validated.

Methods A total of 430 respiratory specimens were ret-
rospectively tested in parallel by both the advanced
19-valent m-RT-PCR-ELISA as well as by culture or
individual RT-PCR assays used in clinical routine.
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Results The mean (median) sensitivity of the m-RT-
PCR-ELISA in the retrospective test was 93.3% (95.1%;
range 83.3-100 %), and the mean (median) specificity was
99.8 and 100 % (range 98.6—100 %), respectively. The
mean positive predictive value was 99.3 % (range
93.4-100 %) and the mean negative predictive value was
95.3 % (range 98.4-100 %). Feasibility and clinical value
of the 19-valent method was prospectively shown on
16,231 incoming clinical specimens from patients between
0 and 16 years of age with acute respiratory tract infections
admitted to pediatric hospitals or private practices from
October 2003 to June 2010 in three regions in Germany
(Kiel, Mainz, Freiburg; Freiburg to June 2007 only). At
least one microorganism was detected in 10,765 of 16,231
(66.3 %) clinical specimens: 5,044 RV, 1,999 RSV, 1,286
AV, 944 EV, 737 seasonal IVA, 173 pandemic IVA HIN1-
2009, 899 MPV, 518 CV, 383 PIV3, 268 PIV1, 259 Mpn,
205 IVB, 164 PIV2, 144 PIV4, 103 Bp, 29 Cpn and 29
Bpp, while reovirus and Lpn were not present in these
specimens from a pediatric population. More than one
organism could be detected in 13.4 % of the specimens.
Conclusions The m-RT-PCR-ELISA evaluated here
improves the spectrum for diagnosing respiratory infec-
tions and is a feasible instrument for individual diagnostic
and epidemiological studies.
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2 (PIV2) - Parainfluenza virus type 3 (PIV3) - Parainfluenza
virus type 4 (PIV4) - Adenovirus (AV) - Rhinovirus (RV) -
Human metapneumovirus (MPV) - Coronavirus (CV) -
Reovirus (ReoV) - Mycoplasma pneumoniae (Mpn) -
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Chlamydophila pneumoniae (Cpn) - Bordetella pertussis
(Bp) - Bordetella parapertussis (Bpp) - Legionella
pneumophila (Lpn)

Introduction

Acute respiratory tract infections inflict a high burden of
disease in children worldwide [1]. While some important
causes like Streptococcus pneumoniae, Haemophilus
influenzae, and Moraxella catarrhalis are commensals of
the upper respiratory tract, other viral and bacterial agents
are considered to be regular pathogens and their detection
from a clinical specimen is considered as proof of infec-
tion. These include enterovirus (EV), influenza virus type
A (IVA) and type B (IVB), respiratory syncytial virus
(RSV), parainfluenza virus type 1 (PIV1), type 2 (PIV2),
type 3 (PIV3), and type 4 (PIV4), adenovirus (AV),
rhinovirus (RV), human metapneumovirus (MPV), coro-
navirus (CV), reovirus (RV), Mycoplasma pneumoniae
(Mpn), Chlamydophila pneumoniae (Cpn), Bordetella
pertussis (Bp), Bordetella parapertussis (Bpp), and
Legionella pneumophila (Lpn). For these, molecular
amplification techniques are advantageous as compared to
culture techniques, because the results are available earlier,
lower cost, and higher sensitivity. Moreover, the diagnostic
laboratory handling of viable pathogens is not required.

Our group has developed and used multiplex poly-
merase chain reaction (PCR) testing for acute respira-
tory infection (ARI) pathogens since 1996 [2, 3] to
allow for a comprehensive laboratory-based surveil-
lance. In the meantime, additional methods have been
described [4-10].

We previously reported on a multiplex reverse tran-
scription polymerase chain reaction combined with a
microwell hybridization assay (m-RT-PCR-ELISA) [2]
that allows the simultaneous detection of nine important
respiratory pathogens (RNA viruses EV, IVA, IVB,
PIV1, PIV3, RSV, and a DNA virus AV, as well as the
bacteria Cpn and Mpn). The feasibility of the m-RT-
PCR-ELISA on clinical specimens was tested [2] and it
was validated for the diagnosis of respiratory tract
infections on clinical specimens and on culture superna-
tants in comparison to the referring gold standard [3],
and descriptive epidemiological studies based on the
results obtained with this method have been reported
[11-26].

The present study describes an advanced 19-valent
m-RT-PCR-ELISA to detect RNA viruses EV, RV, IVA,
IVB, PIV1, PIV2, PIV3, PIV4, RSV, MPV, CVOC43,
CV229E, ReoV, and a DNA virus (AV), as well as the
bacteria Cpn, Mpn, Bp, Bpp, and Lpn.
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Methods
Specimens

For validation of the m-RT-PCR, four different approaches
were used:

(i) Supernatants from cell culture and negative controls
(all blinded) as used for the validation of the
previously described 9-valent m-RT-PCR were
received from different laboratories [3].

(i) Analytical sensitivity of the multiplex approach in
comparison to the corresponding single primer testing
was determined on culture supernatants of the
organisms [3].

(iii) Clinical specimens from frozen stocks (—80 °C)
which had been collected between 1995 and 2004 at
the Institute of Virology, Rotterdam, the Nether-
lands, were tested by m-RT-PCR techniques versus
culture for sensitivity and specificity (here called the

“retrospective test”).

(iv) The feasibility and clinical usefulness of the method
was evaluated in the pediatric University Hospital of
Kiel between October 2003 and June 2010 and from
2007 additionally in the laboratory in Mainz on
incoming specimens (n = 16,316), predominantly
nasopharyngeal aspirates in NaCl (0.9 %) from
hospitalized children in Kiel, Mainz, and Freiburg
(specimens from Freiburg until June 2007 only).

Clinical specimens from Kiel were not stored in virus
medium, and, thus, their use in virus culture was known to
result in a reduced sensitivity [3]. To avoid this bias, in the
retrospective testing, only clinical specimens from the
Department of Virology, Rotterdam, stored in virus med-
ium (calf serum) at —80 °C were used. The specimens used
for this part of the evaluation (n = 430) were nasopha-
ryngeal aspirates, swabs, or bronchoalveolar lavage (BAL).
The gold standard was defined as the result of culture, a
secondary RT-PCR in an external laboratory, or from
sequence information derived on organisms detected with
one of the methods within a specimen, especially for dif-
ferentiation within the picornavirus group (EV and RV).

A total of 18 specimens (17 sputum and one BAL) from
15 patients historically characterized as Legionella pneu-
mophila cases and three negative controls (all sputum)
were obtained from the Dr. [jzerman (Haarlem, the Neth-
erlands). Legionella cases were defined if one of the
diagnostic tests (urinary antigen, culture, or PCR) histori-
cally performed in Haarlem was positive. The specimens
were retested in Kiel by the 19-valent m-RT-PCR-ELISA.
Since the retesting of specimens by culture or individual
PCR in Haarlem may become “negative” due to the long
storage of specimens, the historically determined “positive



Multiplex RT-PCR-ELISA

79

cases” were used as the standard for
calculations.

A total of 112 clinical specimens (92 Amies Swab
Transport System, 20 nasopharyngeal aspirates) were tes-
ted by the culture method on Bordetella-selective media
(Oxoid, Wesel, Germany) and differentiated by the
agglutination test using sera for B. pertussis and B. par-
apertussis (Genzyme Virotech GmbH, Riisselsheim,
Germany) and by an individual Bordetella PCR for the
presence of B. pertussis and B. parapertussis [27]. In
parallel, m-RT-PCR-ELISA was performed. Furthermore,
177 specimens from patients with typical clinical symp-
toms were tested by an individual Bordetella PCR protocol
[27] and in comparison by the m-RT-PCR-ELISA.

For the retrospective study (iii), clinical specimens were
thawed and divided. One aliquot was sent on dry ice to the
laboratory in Kiel. After arrival, the specimens were
immediately stored at —80 °C without thawing until they
were used for retesting by cell culture (Rotterdam) and
m-RT-PCR-ELISA (Kiel). All samples were blinded, and
the real contents of the samples were not disclosed until the
results of testing were revealed to the cooperating
laboratory.

For Mpn and Cpn, no clinical specimens were available
for evaluation from external laboratories; therefore, 60
Mpn and seven Cpn blinded culture supernatants were
tested [3].

Furthermore, culture supernatants of adenovirus type 1
to type 40 and type 42 to type 51 were tested with the
multiplex approach to test the sensitivity/specificity of the
method for this pathogen.

No comparison tests could be done on reovirus, because
no clinical or blinded culture supernatants were available.
Only culture supernatants of the reovirus types 1, 2, and 3
could be tested as positive controls. For influenza A (2009)
HINI, a plasmid kindly provided by Dr. Schweiger, RKI
Berlin, Germany, was used as a positive control, as pre-
viously described [28].

sensitivity

Nucleic acid extraction

After the isolation of total nucleic acids, the purified
nucleic acids were eluted in a total of 50 pl elution buffer,
and 4.5 pl of this was used as a template for the RT-PCR-
ELISA procedures, as previously described [3].

For the determination of the analytical sensitivity, the
culture supernatant was diluted by tenfold logarithmic
steps in NaCl (0.9 %) up to a dilution factor of 10~'°. The
nucleic acids were prepared from this dilution series as
described above and were tested according to the protocol
of the m-RT-PCR-ELISA and by a single primer RT-PCR-
ELISA (see “Individual RT-PCR procedures”) with a
primer pair specific for one organism and classified as

described below (see “Analysis of PCR products and
classification of results”).

Multiplex RT-PCR

Target sequences or regions for amplification were pre-
dominantly selected from the literature, and, if necessary,
adapted for the multiplex PCR protocol (Tables 1, 2, and
3). The procedure of m-RT-PCR was as follows: 4.5 pl of
the nucleic acid preparations from specimens were inclu-
ded in the reverse transcription (RT) reaction in a final
volume of 15 pl (10.5 pl RT buffer + 4.5 pl template).
The setup of buffer for 15 reactions (nine specimens plus
controls) was as follows: 51 pl first strand buffer [5x
conc.] (Invitrogen), 77 pl dNTP [10 mM] (Amersham),
25.5 pl DTT [0.1 M] (Invitrogen), 12.8 pl hexanucleotide
mixture [10x conc.] (Roche Diagnostika), 6.4 pl RNAsin
[40 U/ul] (Promega), and 6.4 pl SuperScript 1T [200 U/pul]
(Invitrogen). The RT was performed using Superscript II
reverse transcriptase from Invitrogen for 10 min at 25 °C,
followed by 50 min at 42 °C and 5 min at 90 °C, and then
finally chilled to 4 °C. The RT and PCR were performed
on a BioRad iCycler (BioRad Laboratories GmbH,
Munich, Germany) or a Perkin-Elmer GeneAmp PCR
System 9600 Thermocycler (Perkin-Elmer, Branchburg,
NJ, USA). For the PCR, the AccuPrime™ Taq DNA
Polymerase System (Invitrogen GmbH, Karlsruhe, Ger-
many) was used. The PCR was performed in parallel in two
tubes containing Primer Mix A and Mix B, respectively.
Primers and concentrations used in the mix are given in
Table 1 and the sequences are shown in Table 2. The setup
of PCR mixtures for 15 reactions was performed on ice as
follows. Mix A: 394 pl nuclease-free water (Promega
GmbH, Mannheim, Germany), 68 pl PCR buffer I (Accu-
Prime System, Invitrogen), 27 pl Primer Mix A, 13.6 pl
AccuPrime Taq DNA Polymerase (Invitrogen), and 6.8 pl
of digoxigenin-11-dUTP (Roche Diagnostics, Germany),
and for Mix B 2/3 of the volumes: 263 pl nuclease-free
water, 45 ul PCR buffer I, 18 pl Primer Mix B, 9.1 ul
AccuPrime Taq DNA Polymerase (Invitrogen), and 4.5 pl
of digoxigenin-11-dUTP. 20 pl of this Mix B were trans-
ferred to 14 new PCR tubes each and 6 pl of the c-DNA
from the 15-pl RT reaction were added as the PCR tem-
plate. 30 pl of Mix A were added to the remaining (9 pl)
c-DNA from each RT tube. The protocol for the PCR was:
2 min activation at 94 °C and, afterwards, 35 cycles at
94 °C for 30 s, 55 °C for 20 s, 72 °C for 40 s, followed by
one final extension for 10 min at 72 °C and a cooling step
to 4 °C. The ramping times were adjusted as follows: 36 s
for heating from 55 to 94 °C, 25 s for cooling from 94 to
55 °C, and 31 s for heating from 55 to 72 °C. The per-
formance of this m-RT-PCR is optimal using the Accu-
Prime System (Invitrogen) and other enzymes or a different
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Table 2 Sequences of primers

Organism Primer 5'-3’ sequence Organism  Primer 5'-3' sequence
name name
AV ADV1 GCCGAGAAGGGCGTGCGCAGGTA Lpn Lpn-FP1 GAAACGTATCGTGTAAACTCTG
AV ADV2 ATGACTTTTGAGGTGGATCCCATGGA Lpn Lpn-RP1 TATCATTGGCGCGGAAATGTTT
Bpp Bpl TGCAACATCCTGTCCCCTTAATCC Mpn MPI AAGGACCTGCAAGGGTTCGT
Bpp Bp3 CGTCCACCAGGGGTGGTAGGAGAT Mpn MP2 CTCTAGCCATTACCTGCTAA
Bp Bp-FP2 GGTGTGAAGATTCAATAGGTTGT MPV hMPV- CATGCTATATTAAAAGAGTCTC
FP3
Bp Bp-RP2 GCCGCTTCAGGCACACAAAC MPV hMPV- TCTGCAGCATATTTGTAATCAG
RP3
Cpn Cpn-A TGACAACTGTAGAAATACAGC PIV1 PIVI-1 CACATCCTTGAGTGATTAAGTTTGATGA
Cpn CpnB-1 GGGCGCCTCTCTCCTATAAAT PIV1 PIVI1-2 ATTTCTGGAGATGTCCCGTAGGAGAAC
PIV2 PIV2-FP4 CCTGATACCCTTAATCACCA
PIV2 PIV2-RP4 CATTGATTCTCCCTTGTTGT
CV229E  Cor229E- TCTTAAATACGCCATATCTGG PIV3 Pip3+ CTGTAAACTCAGACTTGGTA
FP5
CV229E  Cor229E- TCACACTTAGGATAGTCCCA PIV3 Pis3— TAAATCTTGTTGTTGAGATTG
RP5
CVOC43 CorOC43- GGAGTTTCAACCCAGAAACAA PIV4 Piv4-FP1 CTGAACGGTTGCATTCAGGT
FP4
CVOC43 CorOC43- TTTGAAATATGCTATTAGTGC PIV4 Piv4-RP1  TTGCATCAAGAATGAGTCCT
FP5
CVOC43 CorOC43- CGCTTATCCTGTCAAGAAAACC Picorna hRVl1-c CAAGCACTTCTGTTTCCCCG
RP4
CVOC43 CorOC43- TCACACTTAGGATAATCCCA Picorna hRV2-b GAAACACGGACACCCAAAGTAGT
RP5
EV EV1 ATTGTCACCATAAGCAGCCA Reo 1-3 Reo-FP4 CCATTTATGGGGGTTCCTGC
EV EV2 TCCTCCGGCCCCTGAATGCG Reo 1-3 Reo-RP2 ATCATTAATCCATCATCACCTT
IVA INFA1 AAGGGCTTTCACCGAAGAGG RSV RSV1-b CATTTGTTATAGGCATATCATTG
IVA INFA2 CCCATTCTCATTACTGCTTC RSV RSV2-b CTTAACCAGCAAAGTGTTAGAC
IVB INFB1 ATGGCCATCGGATCCTCAAC Pan. HISWS CATTTGAAAGGTTTGAGATATTCCC
HINI1
(2009)
IVB INFB2 TGTCAGCTATTATGGAGCTG Pan. HISWAsl GGACATGCTGCCGTTACACC
HINI1
(2009)

thermocycler may need adaptation. Especially, the ramping
times of thermocyclers may be different and should be
controlled.

As negative controls (2), blank reagent that contained
H,O was used instead of nucleic acid. As positive controls
(2) for each m-RT-PCR run, total cellular nucleic acid
extracted from virus and/or bacterial stocks were used as
the template.

Pandemic (HIN1) 2009 influenza A virus was later on
included in the m-RT-PCR-ELISA. Although rapid tests
can be a very useful tool in pandemic (HIN1) 2009
influenza diagnosis, experts still recommend RT-PCR tests
[28]. The primers used were those recommended by the
German National Reference Center for Influenza [29] and
integrated in Mix B of the m-RT-PCR-ELISA instead of

the reovirus primers and probes. The performance of the
PCR as single primer PCR and in the multiplex approach
was tested first on positive control material derived from
the German National Reference Center for Influenza.
Later, the m-RT-PCR-ELISA was compared to the real-
time format of this RT-PCR on positive clinical
specimens.

Individual RT-PCR procedures

Single primer RT-PCR-ELISA specific for one organism
was performed as previously described [3]. Individual PCR
procedures in comparison to the m-RT-PCR-ELISA were
performed at the Institute of Virology, Erasmus MC,
Rotterdam, by Dr. Niesters. Comparison of the PCRs for
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Table 3 Sequences of probes

for ELISA Organism Name 5'-3' sequence
AV ADV3 CTCGATGACGCCGCGGTGC
Bpp Bp5-(Sonde) AGGAGCTTGTTGCATTGCGAT
Bp Bp-S2 AGCCCGGCCGGATGAACACCC
Cpn Cpn-C TCTTGCTACCTTCTGTACTAA
CV229E Cor229E-S5 AAGTTTTATGGCGGGTGGGA
CVO0C43 CorOC43-54 GGCTATTCTTGGGCAGATTTG
CVO0C43 CorOC43-S5 AAATTTTATGGTGGCTGGGA
EV EV3 GAAACACGGACACCCAAAGTA
IVA INFA3 GTCCTCATCGGAGGACTTGAATGGAATGAT
IVB INFB3a CCAATTTGGTCAAGAGCACCGATTATCACC
Lpn Lpn-S1 CGACTATAGCGATTTGGAACC
Mpn MP3 ACTCCTACGGGAGGCAGCAGTA
MPV hMPV-S3 TGCAATGATGAGGGTGTCACTGC
PIV1 PIVIC2 TACCTTCATTATCAATTGGTGATGCAATATATG
PIV2 PIV2-S4 TGTATGACTGCTCCTGATCA
PIV3 Pis3+-S1 ACTCCCAAAGTTGATGAAAGAT
PIV4 Piv4-S1 AAAGAATTAGGTGCAACCAGTC
Picorna hRV-S1 GCATTCAGGGGCCGGAG
Reo 1-3 Reo-S3 GGCCGATATCGGGAATGCAGAA
Reo 1-3 Reo-S4 GGCCTATATCTGGAATGCAGAA
RV RV-S1 TCTAGCCTGCGTGGCTGC
RV RV-Sl-c TCTAGCCTGCGTGGCGGC
RSV RSV3 CCTGCATTAACACTAAATTC
RSV RSV3-b CCTGCATTAACACTGAATTC
RSV RSV6 CCTGCATTGACACTAAATTC
RSV RSV6-b CCTGCATTGACACTGAATTC
Pan. HIN1 (2009) HISWP ACAAGTTCATGGCCCAATCATGACTCG

B. pertussis and B. parapertussis performed in Kiel has

been described previously [27].

ELISA microwell plates, as well as classification of the

ELISA results as described above.
To prevent carry-over contamination within the labora-

Analysis of PCR products and classification of results

Electrophoretic separation of PCR products and microwell
hybridization analysis was performed as previously
described [2], and the sequences and concentrations used
as capture probes are given in Tables 1 and 3. For the
detection of RSV, four detection probes were used [12].
RSV3 and RSV6 were combined in one hybridization
buffer and RSV3b and RSV6b in a second hybridization
buffer. Likewise, the two capture probes for reovirus and
coronavirus OC43 were each combined in one hybridiza-
tion mix. The optical density was measured at ODyqs, with
a reference at OD,49q. The run was considered to be valid if
all negative control values were <0.2 OD units at ODy4s.
The classification of results was performed as previously
described [3]. The complete m-RT-PCR-ELISA procedure
was guided by Excel-based software, which calculates the
volumes for RT-PCR and gives a pipetting pattern for the

@ Springer

tory, precautions were taken as previously described [3].
Rapid shell vial culture assay

Virus isolation was performed on tertiary monkey kidney
(tMK), human embryo lung cells, A549 cells, and MDCK
cells [30, 31]. After 48 h of culture, one of the glass slides
from each specimen was tested by indirect immunofluo-
rescence assay (IDFA) and cultures were followed for a
maximum of 14 days, as summarized in [3].

Gold standard

The broad spectrum of organisms detectable with the
m-RT-PCR-ELISA makes it difficult to define one method
as the gold standard for all ARI-causing pathogens. Rhi-
noviruses, for example, are more difficult to culture, and
differentiation between enteroviruses is even more
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problematic, even by RT-PCR, because, in most cases, the
5" untranslated region is used as the target sequence and
differentiation is accomplished by hybridization. There-
fore, the standard for these organisms was first to establish
the diagnosis as “organisms from the picornavirus group”.
In case of differences in the classification, the nucleic acid
sequences of the questionable organisms was determined
and this information was used to define the gold standard.
Sequence information of specimens containing MPV,
PIV2, and PIV4 were also the determining factor for the
gold standard, if differences between two methods were
detected. Sequencing of PCR fragments was performed by
the sequencing service of Qiagen (Hilden, Germany).
Culture results (cytopathic effect and/or IDFA) from his-
torical and/or retesting were used as the gold standard for
Cpn, Mpn, IVA, IVB, RSV, MPV, PIV1, 3, and AV. For
Bp and Bpp, the culture result and/or Bordetella-specific
individual PCR was defined as the gold standard. For Lpn,
the “case” specified as a positive result of one diagnostic
test (urinary antigen test, culture, or PCR) was defined as
the gold standard.

Due to the fact that it is difficult or even impossible to
detect more than one pathogen within one specimen by
culture methods or RT-PCR techniques using a single
primer, these multiple detections of pathogens in one
specimen by m-RT-PCR-ELISA were classified as
follows:

— If a single organism detected by culture was detected
by m-RT-PCR ELISA, the result was concordant also if
additional organisms were detected by the multiplex
approach.

— If the additional organisms were proven by an individ-
ual single primer PCR and/or by sequencing of the PCR
fragment, the secondary and tertiary organisms in a
specimen were defined to be correct as well.

Administration of data

The results from the m-RT-PCR-ELISA on the blinded
specimens were sent to the cooperating laboratories from
which the specimens were received, and, subsequently,
the contents of the samples were disclosed. The total
number of samples and the number of samples for a
referring pathogen were used to the calculate sensitivity,
specificity, and positive and negative predictive values.
They were retested in parallel by culture and m-RT-PCR-
ELISA. According to the central limit theorem of bio-
statistics, the mean or mean percentage becomes normally
distributed at a sample size between 20 and 30. Therefore,
the aim was to test for at least 25 samples for each
pathogen to obtain robust estimates of the referring
parameters [32].

Results

Figure 1 shows a 2 % agarose gel of the RT-PCR on
positive controls (upper part divided into Mix B and A) and
on clinical specimens (lower part divided into Mix B and
A). The fragment sizes and the pathogen to Mix allocation
are listed in Table 1. The correlation of fragment sizes and
ELISA signals based on hybridization with the pathogen-
specific probe was clearly visible for all pathogens, as also
tested by individual RT-PCR-ELISA. No cross-reactivity
could be detected between the pathogens tested. For a
result to be determined as “positive”, both gel and ELISA
had to be “positive”.

Identification of organisms in cell culture supernatants

Cell culture supernatants as previously described [3] and
used for the validation of the previously described 9-valent
m-RT-PCR were tested with the 19-valent m-RT-PCR-
ELISA. All 36 specimens (5 AV, 13 EV, 7 IVA, and 6
IVB) tested the respective pathogens correctly, as descri-
bed before [3]. Additionally, the 3 PIV2 and one more
IVA, which was not detected by the 9-valent method, were
detected by the 19-valent m-RT-PCR-ELISA. As for the
9-valent method, one specimen positive for IVB was also
identified as “positive” for IVA by the 19-valent m-RT-
PCR-ELISA. All 30 of the 60 specimens with Mpn were
identified correctly as “positives” by the 19-valent m-RT-
PCR-ELISA, so the concordance of the results of m-RT-
PCR-ELISA to culture was 100 %. Within ten specimens
positive for C. pneumoniae (n =15), C. trachomatis
(n = 2), C. psittaci (n = 1) or negative (n = 2), the five
C. pneumoniae were identified to be “positive” by the
highly specific primer pair and probe for Cpn. The C. tra-
chomatis or C. psittaci strains were not detected by this
primer and probe. All 49 different adenovirus types (cul-
ture supernatants) could be detected with the 19-valent
m-RT-PCR-ELISA.

The new pandemic influenza A virus (HIN1) 2009 and
avian H5N1 could not be detected by the primers for sea-
sonal influenza originally used in this m-RT-PCR. Due to
the importance of the (HIN1) 2009 virus, the m-RT-PCR-
ELISA was extended for the detection of this pathogen in
October 2009 and it was possible to detect positive controls
and positive samples with the specific primers if integrated
in Mix B (see also “Methods™).

Analytical sensitivity
The analytical sensitivity of the m-RT-PCR-ELISA
(Table 4) and of the corresponding single primer

RT-PCR-ELISA was tested on nucleic acid preparations
from serial tenfold dilutions of the culture supernatants.
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Fig. 1 Detection of pathogens in positive controls and clinical
specimens (gel electrophoresis, agarose gel 2 % stained with ethidium
bromide). Upper part 10 pl RT-PCR product amplified with primer
Mix A (bottom) on positive controls in lanes: / Bpp, 2 AV, 3 EV,
4 Lpn, 5 PIV1, 6 IVA, 7 Bp, 8 PIV2, 9 PIV3, 10 RSV, 11 IVB, 12
Mpn, 13 PIV4, 14 Cpn, and 10 pl RT-PCR product amplified with
primer Mix B (fop) on positive controls in lanes: /5 MPV, 16 SARS
coronavirus (not included in regular m-RT-PCR), /7 CV229E, 18

The amount of template present in each RT-PCR reaction
corresponds to the amount of template present in 12 pl of
culture supernatant, and TCID50 values were determined
on 1 ml of culture (or dilution). These experiments
revealed that the m-RT-PCR-ELISA in comparison to
culture was less sensitive for PIV1, as sensitive for Cpn,
EV, MPV, PIV3, and RSV, and more sensitive for AV,
IVA, and IVB. Comparison of the single primer test with
the multiplex approach showed a higher sensitivity for the
detection of Cpn and PIV1 in the single primer test and
the same sensitivity for the other pathogens. By using a
40-cycle PCR protocol, the sensitivity could be increased
(see Table 4: comparison of single 40/single 35 and single
40/multi 35). To improve sensitivity, the single primer
test was performed on all questionable results with a
40-cycle PCR protocol (see “Individual RT-PCR
procedures”).
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CVOC43, 19 Reol, 20 Reo2, 2] Reo3, 22 RV, and negative control
for RT-PCR (lane 23) and PCR (lane 24). For fragment sizes, see
Table 1. Lower part lanes I to 9 and 1/ to 19 are 10 pl RT-PCR
product amplified with primer Mix A (bottom) and Mix B (top) on
clinical specimens from a routine RT-PCR run. Negative preparation
controls (lanes /0 and 20), negative control for RT-PCR (lane 2/) and
PCR (lane 22), and positive controls for preparation Bp (lane 23),
PIV2 (lane 24) (954 m)

Identification of organisms in clinical specimens
of unknown contents

A total of 430 clinical specimens (nasopharyngeal aspi-
rates, swabs, or BAL) were taken from a pool of retained
specimens used already for the 9-valent method [3] and
“newer” specimens, both obtained from the Department of
Virology, Rotterdam, and stored in virus medium (calf
serum) at —80 °C. Specimens for comparison to the
19-valent m-RT-PCR-ELISA were tested in parallel with
culture and partially (CV, RV, EV, AV) with additional
PCR at the Institute of Virology in Rotterdam. The speci-
mens included: 41 RSV, 38 PIV1, 20 PIV2, 47 PIV3, 9
PIV4, 18 MPV, 33 IVA, 27 IVB, 21 EV, 71 RV, 12 CV,
and 50 AV. A total of 289 specimens with 65 Bp and 21
Bpp were tested in comparison to an individual single PCR
(n = 177) and additionally by culture (n = 112). A set of
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Table 4 Comparison of multiplex, single primer PCR, and culture

Detection limit at dilution step Comparison

Single Multi Culture Single/multi 35 Single 40/single 35 Single 40/multi 35 Multi 35/culture
AV 107¢ 1076 1073 Comparable More sensitive More sensitive More sensitive
Bp 107° 107° Comparable
Bpp 1073 1073 Comparable
Cpn A4 1073 1074 1074 More sensitive Comparable More sensitive Comparable
CV229E 1072 1072 Comparable Comparable Comparable
CvVOC43 1072 1072 Comparable
EV (CoxB1) 1077 1077 1077 Comparable Comparable Comparable Comparable
IVA 107° 107° 1073 Comparable More sensitive More sensitive More sensitive
IVB 1075 1075 1073 Comparable More sensitive More sensitive More sensitive
Lpn 10-¢ 1076 Comparable
Mpn 1076 1076 Comparable More sensitive More sensitive
MPV 1074 1074 1074 Comparable Comparable
PIV1 1074 1073 10°° More sensitive More sensitive More sensitive Less sensitive
PIV2 107° 107° Comparable
PIV3 1073 1073 1073 Comparable More sensitive More sensitive Comparable
PIV4 1072 1072 Comparable
Reo 1074 1074 Comparable
RSV 1073 1073 1073 Comparable More sensitive More sensitive Comparable
RV 1074 1074 Comparable

Table 5 Comparison of m-RT-PCR-ELISA to the gold standard

Pathogen Number of Number of Detected correctly  Detected Sensitivity ~ Specificity ~ Positive Negative  Efficacy
pathogens  specimens incorrectly (%) (%) predictive  predictive (%)
in the tested for — - — - value (%) value (%)

“golden this Positive Negative Positive Negative
standard”  organism

RSV 41 289 37 247 1 4 90.2 99.6 97.4 98.4 98.3

PIV1 38 429 32 391 0 6 84.2 100.0 100.0 98.5 98.6

PIV2 20 181 19 161 0 1 95.0 100.0 100.0 99.4 99.4

PIV3 47 430 46 382 1 1 97.9 99.7 97.9 99.7 99.5

PIV4 9 289 9 280 0 0 100.0 100.0 100.0 100.0 100.0

MPV 18 292 15 274 0 3 83.3 100.0 100.0 98.9 99.0

IVA 33 292 33 258 1 0 100.0 99.6 97.1 100.0 99.7

IVB 27 292 24 265 0 3 88.9 100.0 100.0 98.9 99.0

EV 21 400 21 379 0 0 100.0 100.0 100.0 100.0 100.0

RV 71 430 71 354 5 0 100.0 98.6 93.4 100.0 98.8

(6% 12 178 10 166 0 2 83.3 100.0 100.0 98.8 98.9

AV 50 428 45 377 1 5 90.0 99.7 97.8 98.7 98.6

Lpn* 15 18 8 3 0 7 533 100.0 100.0 30.0 61.1

Bp° 65 289 64 223 1 1 98.5 99.6 98.5 99.6 99.3

Bpp® 21 289 20 268 0 1 95.2 100.0 100.0 99.6 99.7

Cpn® 5 10 5 5 0 0 100.0 100.0 100.0 100.0 100.0

Mpn°® 30 60 30 30 0 0 100.0 100.0 100.0 100.0 100.0

 The results for Lpn are based on so-called “Lpn cases” defined from clinical symptoms and/or on UAG test and/or historical PCR results
° For Bp and Bpp, the results were taken from parallel testing in the lab in Kiel with different methods, as described in “Methods”

¢ For Cpn and Mpn, the results were taken from a blinded test on culture supernatants. No specimens were available for ReoV
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18 specimens containing 15 specimens classified as Lpn
cases were tested also in parallel to culture and PCR. Cpn
and Mpn could be tested only by positive culture super-
natants as described above. For ReoV types 1, 2, and 3,
only culture supernatants were available and tested positive
with the m-RT-PCR-ELISA.

The comparison of m-RT-PCR-ELISA with the gold
standard on clinical specimens for the single pathogens is
shown in Table 5. The sensitivity on clinical specimens
from Rotterdam was between 83.3 % for CV and MPV up
to 100 % for the picornaviruses (EV/RV), IVA, and PIV4.
The specificity of the m-RT-PCR-ELISA was over 99 %
for most of the organisms. The five RV which were only
positive in the m-RT-PCR-ELISA were not tested by
sequencing and two of them were from the first set of
specimens from Rotterdam which were not tested for RV
by culture. Thus, it is possible that these specimens were
not detected correctly by culture. IVB, PIV1, CV, and
MPV were not detected correctly in 11.1, 15.8, 16.7, and
16.7 % respectively. The sensitivity for B. pertussis and
B. parapertussis as tested in comparison to culture and/or
an individual single PCR was 98.5 and 95.2 %, respec-
tively. The mean sensitivity for the method, calculated on
the results for this group of pathogens (without Cpn, Mpn,
and Lpn) is 93.3 % (95.1 % median), with a range from
83.3 to 100 %. No specimens were available for reoviruses
and no testing was performed.

For Lpn, the sensitivity was only 53.3 %, but one has to
bear in mind that the gold standard for the detection of Lpn
was based on the results of the historically performed tests
(culture or PCR or urinary antigen test). It is noteworthy

that the parallel retesting of the specimens in Haarlem
generally failed; all specimens were negative on retesting.
No specimen could be identified as positive by culture and
only two specimens were identified as positive by the Lpn-
specific individual single PCR. In contrast, the m-RT-PCR-
ELISA correctly detected Lpn in eight specimens.

For Cpn and Mpn, no clinical specimens were available
and, thus, the results presented in Table 5 were taken from
a blinded test on culture supernatants. Taking into account
all the results available (including Cpn, Mpn, and Lpn), the
overall sensitivity and specificity (mean) was 91.8 and
99.8 %, respectively.

Identification of organisms in clinical specimens
for epidemiological surveillance

In order to evaluate the feasibility of the m-RT-PCR-
ELISA for surveillance, 16,231 clinical specimens were
tested prospectively. These were predominantly nasopha-
ryngeal aspirates or nasopharyngeal swabs and BAL in
NaCl (0.9 %) from hospitalized children below 16 years of
age sampled between July 2003 and June 2010 in three
areas of Germany (Kiel, Mainz, Freiburg; Freiburg until
June 2007). The number of samples tested over time and
the proportion of samples with positive PCR results can be
seen in Fig. 2. The number of specimens peaked periodi-
cally during all “cold seasons” from November to April,
and this correlated with an increased number of samples
with positive m-RT-PCR results. A total of 10,765
(66.3 %) of the 16,231 clinical specimens were tested
“positive”. Of the isolates, 5,044 (31.1 %) were RV, 1,999
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Fig. 2 Pathogens detected in clinical specimens. Seasonality of
pathogens detected with the m-RT-PCR-ELISA between July 2003
and June 2010 in 16,316 clinical specimens, predominantly nasopha-
ryngeal aspirates or nasopharyngeal swabs and BAL in NaCl (0.9 %).
The numbers of pathogens detected are stacked in the graph. Shown
are the pathogens with more than 5 % of detection within the group of
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positive specimens. These are RV, EV, AV, IVA, RSV, MPV, and the
pandemic influenza HIN1 2009 shown for the season 2009/2010.
Together with negative specimens, the upper line of negatives (neg.)
illustrates the total amount of specimens tested. The fraction of others
in the bottom of the graph represents the total detection of CV, IVB,
PIV1, PIV2, PIV3, PIV4, Mpn, Bp, Bpp, and Cpn
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(12.3 %) were RSV, 1,286 (7.9 %) were AV, 944 (5.8 %)
were EV, 737 (4.5 %) were seasonal IVA plus 173 (7.6 %
of the season 2009/2010) were new pandemic IVA (HIN1)
2009, 899 (5.5 %) were MPV, 518 (3.2 %) were CV, 383
(2.4 %) were PIV3, 268 (1.7 %) were PIV1, 259 (1.6 %)
were Mpn, 205 (1.3 %) were IVB, 164 (1.0 %) were PIV2,
144 (0.9 %) were PIV4, 103 (0.6 %) were Bp, 29 (0.2 %)
were Cpn, and 29 (0.2 %) were Bpp on the basis of all
specimens tested. Lpn and ReoV were not detected in any
specimen. The new pandemic IVA (HIN1) 2009 was first
tested in the season 2009/2010 (since October 2009, and
from this time on, no further testing for ReoV has been
performed. The epidemiological pattern is shown in Fig. 2.
The sensitivity for pandemic influenza virus (HIN1)
2009 in Mix B was tested on clinical specimens identified
as “positive” for the pandemic IVA (HINI1) 2009 in
comparison to the real-time PCR method, as previously
published [29]. The detection limit on clinical specimens
was approximately at cycle threshold (ct) values between
32 and 34. Specimens identified by real-time assay with ct
values above 35 could not be detected by the multiplex
approach, which was performed with “only” 35 cycles.

Simultaneous detection of two or more organisms

The m-RT-PCR revealed evidence of simultaneous infec-
tion with more than one organism: while an ARI pathogen
was detected in 10,765 of 16,231 (66.43 %) specimens,
8,534 (52.5 %) specimens were “positive” for a single
pathogen only. More than one pathogen was detected in
2,182 (13.4 %) specimens, of which 1,937 (88.7 %) tested
“positive” for two pathogens, 211 (9.7 %) for three, 30
(1.4 %) for four, and 0.2 % specimens for five, six, and
seven pathogens. AV, EV, CV, Bp, and Bpp were among
the most common microorganisms observed in specimens
testing positive for multiple pathogens.

Conclusions

In order to provide a technique for the rapid detection of a
wide array of non-colonizing organisms, the former m-RT-
PCR-ELISA method [2, 3] was extended to include ten
additional pathogens. With this test, it is now possible to
detect most of the non-colonizing organisms of the upper
respiratory tract with one m-RT-PCR protocol.

To assess the integrity of the primer pairs and probes in
this extended m-RT-PCR assay, RNA and DNA from viral
and bacterial stocks were assayed in the presence of all
nonhomologous primer pairs, and no cross-reactions were
detected, documenting the high degree of specificity of this
assay. Positive controls of all pathogens could clearly be
detected by the method.

Unfortunately, there was no single local laboratory with
routine use of conventional techniques for all pathogens to
validate the method directly on incoming specimens.
Therefore, a multistep approach involving several institu-
tions, bacteriologists, and virologists was used. The most
crude test on cell culture supernatants (i) and tests for
analytical sensitivity (ii) were performed to verify the test
in general and to evaluate the sensitivity of the chosen
primers as used in single and multiplex formats. The ret-
rospective studies on clinical specimens in comparison to
culture (iii) including individual mono RT-PCRs were
conducted to determine the clinical sensitivity, and the
feasibility of the method (iv) for epidemiological approa-
ches was tested prospectively on 16,231 clinical
specimens.

All pathogens from culture supernatants were detected
as described before [3]. With the extension of the spectrum
of pathogens, the 19-valent method also detected PIV2
viruses plus one more IVA, possibly due to a slightly
higher sensitivity. The spectrum of enteroviruses included
Coxsackie types B1 to B6, type A16, echo virus types 6, 7,
11, 24, 30, and 12 different influenza viruses (types A and
B). Furthermore, the tests on different types of adenovi-
ruses revealed that all 49 tested types could be detected.
Sequence alignments with the primers and probes used for,
e.g., enterovirus, influenza viruses, and others, revealed
that these were capable of detecting many more types of
human pathogens within these groups. The primers used
for influenza as described in Table 2 are not able to detect
the avian HSN1 virus. For this, a separate primer pair and
probe were used. In case of a human H5N1 infection, it is
important to test for this pathogen directly by single primer
PCR, prompted by the history of exposure.

In addition, with the m-RT-PCR assay, it was possible to
integrate primers and probes for the detection of SARS
coronaviruses. A distinct amplification product of 190 bp
with a positive ELISA signal could be detected on inacti-
vated human serum containing SARS coronavirus, as
shown in Fig. 1 lane 16 Mix B. The SARS primers are as
described by Drosten et al. [33, 34] and the human serum
and RNA transcript for control experiments were kindly
provided by Prof. Drosten (Institute of Virology, Univer-
sity of Bonn Medical Centre, Bonn, Germany). However,
the labs in Kiel and Mainz were not equipped to handle
materials potentially containing SARS and, thus, the
diagnostic for SARS with the m-RT-PCR-ELISA was not
offered as a routine diagnostic.

The analytical sensitivity was tested on serial tenfold
dilutions of culture supernatants. The results for TCID50
values determined on culture were available only for nine
pathogens. The m-RT-PCR in most cases was comparable
or more sensitive as compared to culture. Only for PIV1
did the m-RT-PCR-ELISA show a lower sensitivity versus
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culture. Since the single primer RT-PCR ELISA showed a
tenfold higher sensitivity for PIV1 as compared to the
multiplex approach, one must assume that the reduced
sensitivity is based on the use in the multiplex approach
rather than on the design of primers itself. As discussed
earlier [3], the PIV3 F-gene primers originally used in the
9-valent m-RT-PCR were changed to the hemagglutinin—
neuraminidase gene primers as described by Echevarria
et al. [35], because the F-gene primers failed to detect all
PIV3 in clinical specimens. The extended m-RT-PCR uses
the hemagglutinin—neuraminidase gene as target sequences
for PIV1 and PIV3, and the latter gave comparable results
in analytical sensitivity to culture. For PIV1 and also for
Cpn, the single primer detection was more sensitive by a
factor of ten.

For IVA, IVB, and AV, the m-RT-PCR-ELISA was
more sensitive compared to culture, as it was in the
9-valent approach [3]. For all of the comparisons to
TCIDS50 culture supernatants, the samples had been frozen
for more than 2 years before the determination of the
analytical sensitivity by m-RT-PCR-ELISA. Therefore, the
analytical sensitivity might even be underestimated.

In summary, based on these results, the multiplex
approach was only less sensitive by a factor of 10 for 2 of
the 19 pathogens in comparison to single primer RT-PCR.
This appears to be quite acceptable for use of the method in
clinical routine. The sensitivity could be enhanced by
increasing the cycle number from 35 to 40. However, this
may result in some weak unspecific fragments on agarose
gel in the multiplex approach, especially on viscous and/or
mucous specimens. Therefore, multiplex method was per-
formed with 35 cycles and to confirm specimens with
questionable results in ELISA or weak fragments on aga-
rose gel by single primer RT-PCR with 40 cycles, which
was more sensitive in 80 % of the 35 cycle/40 cycle
comparison tested.

The pathogen most commonly identified was RV. Why
this is consistent with other studies in children with acute
respiratory tract infections [36, 37], it raises the question as
to what extent the presence of RV represents carriage,
incubation, or convalescence is unknown [36]. Even the
detection of a virus from the lower respiratory tract is no
proof for its disease-causing abilities. Nevertheless, the
high frequency at which RV was identified from naso-
pharyngeal specimens of infants and young children
admitted to our hospitals with ARI suggests a causative
correlation of the agent and the observed ARI symptoms.
More definite support for considering RV as a “true ARI
pathogen” comes from the fact that in situ hybridization
has demonstrated that RV may trigger inflammatory pro-
cesses in infected cells and tissues [37]. Future studies will
have to show if specific microorganisms which, to date, are
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considered to be “true pathogens”, may, in fact, colonize
certain populations under specific circumstances.

Evidence of the simultaneous detection of nucleic
acids from two or more pathogens within one specimen
from children with ARI was observed by m-RT-PCR in
13.4 % of all specimens, and the simultaneous detections
were most frequently with CV, AV, EV, and Bp.
Simultaneous detections have also been observed by
others using molecular techniques in a multiplex format
[4, 7, 38-41]. However, the results of simultaneous
detections have to be judged with care, because m-RT-
PCR, like other ‘“non-quantitative” PCR-based tech-
niques, only detect fragments of nucleic acids. Thus, a
positive PCR result only allows the conclusion that a
specific part of the genome of a pathogen was present. It
is not possible to draw conclusions about the viability of
the respective pathogens. Quantitative PCR assays have
the advantage of calculating the amount of pathogens
present in specimens (only roughly for respiratory spec-
imens) and may give additional guidance to judge whe-
ther the pathogen is, in fact, responsible for the infection.
In specimens, e.g., from the lower respiratory tract,
which may contain encapsulated material, it is possible
that non-viable pathogens from earlier infections are
present. Also, some pathogens, such as adenoviruses,
may persist in the airways for a long time without
causing disease.

The epidemiological pattern of the ARI pathogens
detected by 19-valent m-RT-PCR can be taken from Fig. 2,
which shows “time-limited yearly epidemics” for RSV,
MPV, and IVA, as well as the year-round endemic pres-
ence of RV, EV, and AV. Further detailed analysis of the
seasonality and epidemiology of the pathogens detected
with this method is published elsewhere [18, 20, 21].

The m-RT-PCR-ELISA evaluated here improves the
diagnostic yield in terms of the overall sensitivity, as well
as the spectrum of coverage for diagnosing respiratory
infections. It can be performed with little requirement for
equipment and at low costs (approximately 50 € including
all materials like tips, gloves, and also the retesting of
specimens). Given the lack of specificity of clinical
symptoms associated with ARI caused by an organism,
multiplexed molecular testing has become more com-
monplace [4-10, 41].

Further development of the m-RT-PCR-ELISA should
focus on the inclusion of newer respiratory pathogens like
coronavirus NL63 and HUKI1 or bocaviruses, although the
clinical relevance of the latter is still under evaluation.
Also, the integration of primers for the detection of “new”
viruses like the pandemic influenza strain (HIN1) 2009
was possible and enables the differentiation of such pan-
demic infectious agents from others.
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