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Background:  Respiratory  viral  infections  can cause  significant  morbidity  and  mortality  in  immunocom-
promised  patients.  Conventional  tests  routinely  available  at most  institutions  are  limited  by the number
of detectable  pathogens,  by  a poor sensitivity  and/or  a long  turnaround  time.
Objectives: To  compare  the  performance  of  routine  conventional  testing  with  direct  fluorescent  antibody
assays  and  viral  culture  to a customized  TaqMan®  array  card  (TAC)  real-time  PCR  method,  targeting  24
viruses, 8  bacteria  and  2 fungi  simultaneously.
Study  design:  We  collected  143  respiratory  samples  from  120  symptomatic  immunocompromised
patients. Samples  for which  conventional  and  TAC  results  were  discordant  underwent  further  verification
testing.
Results:  The  TAC  assay  identified  viral  pathogens  in  more  samples  than  did conventional  testing  (77/143
versus  27/143;  McNemar  P  < 0.0001),  even  when  TAC  results  for  viruses  that  could  not  be  detected  by
conventional  testing  were  excluded  from  analysis  (59/143  versus  26/143;  P <  0.0001).  In  addition,  the
TAC  assay  identified  18  samples  with  non-viral  pathogens.  Verification  testing  confirmed  positive  TAC
results  for  50  out of  55  samples  for  which  conventional  testing  was  negative.  Two  out  of  three  samples
with  a positive  conventional  test  but  negative  TAC  result  were  confirmed  positive.  A  viral  and  a total

pathogen  co-infection  rate of  5.6%  and  11.8%  were  found,  respectively.
Conclusions:  The  customized  TAC  assay  resulted  in  a significantly  increased  identification  of  respiratory
viruses.  This  study  provides  a practical  real-life  assessment  of  the  performance  of  the  TAC  assay  in  a
population  for  whom  rapid  and  accurate  diagnosis  of  viral  and  atypical  pathogens  is  crucial  for  appropriate
clinical  management.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Background

Acute respiratory infections account for an estimated 75% of
ll acute morbidities in developed countries, and most of them
approximately 80%) have a viral etiology [1]. Viruses usually

ssociated with self-limited upper respiratory tract illness in
mmunocompetent hosts, can evoke lower respiratory tract infec-
ions leading to bronchiolitis, pneumonitis/pneumonia or acute
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respiratory distress syndrome (ARDS) associated to a significant
morbidity and mortality in immunocompromised hosts [2–6].

Until recently, the primary diagnostic tools for respiratory
viruses included direct fluorescent antibody (DFA) assays, enzyme
immunoassays, and viral culture. While DFA assays and enzyme
immunoassays have a rapid turnaround time, sensitivity is limited,
especially in adults. For cultivable viruses, viral culture is clearly
more sensitive but it requires both several days of incubation, expe-
rienced lab technicians, and it is labor intensive. Molecular testing

has greatly improved the laboratory’s ability to diagnose viral res-
piratory tract infections [1]. Multiplex PCR coupled with fluidic
microarrays using microbeads or DNA chips (oligonucleotides spot-
ted onto a slide or chips) represents the latest diagnostic approach

dx.doi.org/10.1016/j.jcv.2015.08.022
http://www.sciencedirect.com/science/journal/13866532
http://www.elsevier.com/locate/jcv
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or the clinical laboratory. Many commercial as well as in-house
eveloped assays exist nowadays which offer a syndromic based
pproach for the detection of respiratory pathogens. This study
ocusses on the TaqMan® Array Card (TAC) (Thermo Fisher Sci-
ntific, Life Technologies, Carlsbad, CA), a microfluidic technology
ased on singleplex, reverse transcription real-time PCR in a 384-
ell microfluidic card. These cards are already commercialized for
ultiple gene expression and micro- RNA expression analyses and

ave been extensively used in cancer research [7–9]. For infectious
iseases diagnostics, only in-house developed custom-made TAC
ssays exist to date [10–14].

. Objectives

The goals of the present study are firstly to characterize the per-
ormance of a customized respiratory TAC assay (Patent number
CT/GB2012/053076; premarket version Cambridge-Brugge) on
ronchoalveolar lavage (BAL) and nose-throat swab (NTS) samples

n immunocompromised patients in comparison to standard con-
entional testing for the detection of respiratory viruses. Secondly,
e aim to gain insight in the role of respiratory viruses, atypical bac-

eria and opportunistic fungi as etiologic agents of upper and lower
espiratory tract infections in immunocompromised patients.

. Study design

.1. Patients and samples

The study population included 120 adult immunocompromised
atients with symptoms of an upper or lower respiratory tract

nfection that underwent testing for respiratory pathogens at the
niversity Hospital Erasme between December 2014 and April
015. Immunocompromised status was defined as presence of a
isease and/or treatment known to impair the immune system,
uch as solid organ transplant (SOT) under immunosuppressive
herapy, solid or hematological malignancy under chemotherapy,
r other underlying disease needing long-term corticosteroids
herapy or immunosuppressive therapy. Patients infected with HIV
ith a CD4 count <200/mm3 were also included. Electronic medi-

al records were reviewed retrospectively for clinical details using a
tructured case report form. After conventional testing, the samples
ere aliquoted and stored at −80 ◦C until study testing.

.2. Conventional testing

The following DFA respiratory virus tests were performed on all
ncluded BAL and NTS samples: influenza A (IA) and B (IB) viruses,
denovirus, respiratory syncytial virus (RSV) (Argene, Verniolle,
rance), parainfluenza viruses (PIV) 1–3 (Argene, Verniolle, France
nd Light Diagnostics, Millipore, USA) and human metapneu-
ovirus (hMPV) (Light Diagnostics, Millipore, USA). For all samples,

apid viral culture (Shell vial LLC-MK2) for adenovirus, PIV1-3, RSV
nd influenza A/B was performed and additionally conventional
iral culture on two supplementary cell lines (A549 and MRC-5)
as realized for BAL samples.

.3. Nucleic acid extraction

Nucleic acids were extracted from 800 �L input sample on the
iaSymphony (Qiagen, Valencia, CA) using the DSP viral pathogen

idi kit in combination with the “Pathogen/Complex 800 V5 DSP”

eneric DNA-RNA extraction protocol and eluted in 130 �L. A dilu-
ion of Phocine Distemper Virus (PDV) was added during extraction
s internal extraction and inhibition control.
al Virology 72 (2015) 36–41 37

3.4. TAC testing

Patient samples were retrospectively tested for respiratory
pathogens with a customized TAC respiratory panel which included
testing for pathogens showed in Fig. 1. For each patient sample,
78 �L of nucleic acid extract and 26 �L of TaqMan Fast Virus 1-step
mastermix (Thermo Fisher Scientific, Life Technologies, Carlsbad,
CA) were mixed and added to the TAC sample port. Reverse tran-
scriptase real-time PCR was  performed on the QuantStudio 7
(Thermo Fisher Scientific, Life Technologies, Carlsbad, CA) using fol-
lowing amplification protocol: 50 ◦C for 5 min, 95 ◦C for 20 s, and 40
cycles of 95 ◦C for 1 s followed by 60 ◦C for 20 s. The system reported
a cycle threshold for each positive PCR assay. Whenever a clear
exponential amplification curve was registered, even for one gene
target, the result was considered positive for the specific pathogen.
Based on the internal QC (PDV) data a%CV of 9.5% was registered,
indicating a highly reproducible method.

3.5. Verification PCR testing

Discordant conventional respiratory virus testing and TAC assay
results were verified using real-time PCR assays. Verification test-
ing was  also performed for all non-viral pathogens detected by the
TAC assay. The same nucleic acid extract was  used for TAC and ver-
ification testing. Assay description, executive laboratory, target(s)
and reference for each verification test are shown in Table S1 in the
supplemental material.

3.6. Resolution of concordant and discordant results

Samples were considered to be positive for a specific respiratory
pathogen if results from conventional testing were positive and
matched the TAC results. Samples were considered to be negative
if the conventional testing and TAC testing both yielded negative
results. In cases where the conventional testing result and the TAC
result were discordant, the result of the confirmatory testing was
regarded as the final result.

3.7. Statistical analysis

Conventional testing and the TAC assay were compared using
the exact two-sided McNemar’s test. The calculated sensitivity,
specificity, cPPV and cNPV and their corresponding exact 95%
binomial confidence intervals were calculated separately for con-
ventional testing and TAC testing. All statistical analyses were
performed using the MedCalc software (Mariakerke, Belgium).

4. Results

One hundred-forty three samples were obtained from 120
immunocompromised patients who underwent respiratory
pathogen testing for symptoms of upper or lower respiratory
tract infection. Patient and sample characteristics are shown in
Tables 1 and 2, respectively. Conventional testing identified 27
samples (18.9%) with one pathogen each among 143 samples. The
TAC assay identified 77 samples with one or more viral respiratory
pathogens (53.8%). Detailed results are shown in Fig. 2 and in
Table 3. Almost one fifth of all included samples were positive for
IA virus. The positivity rate was  higher for NTS samples (63.9%) than
for BAL samples (45.7%), but the difference was  not statistically
significant. For NTS samples only, the viral distribution at genus
level was as follows: IA (27.8%), CMV  (8.3%), rhinovirus (6.5%), RSV

and coronavirus (5.5%) the most frequently encountered, followed
by IB and hMPV (3.7%). Adenovirus and parainfluenza viruses were
detected in only a limited number of samples (≤3.0%). For BAL
samples, less IA (14.3%), RSV and coronavirus (2.8%) were found but
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Fig. 1. TaqMan array card layout for one sample with composition of the respiratory pathogens included. These microfluidic cards contain 384 individual wells separated
into  eight loading ports with 48 wells each. For each sample, one internal positive control (IC) with Phocine Distemper Virus (PDV) and three human DNA/RNA controls are
included. For several pathogens, more than one genetic target is included (indicated with #).

AC te

m
a
t
P
w
v
p
c
T
P

r

Fig. 2. Results for conventional testing with DFA and viral culture (A) and T

ore CMV  (11.4%), rhinovirus (8.6%) and IB (5.7%). Human MPV,
denovirus and PIV were not detected in BAL samples. In addition
o the viral pathogens, the TAC assay identified 13 samples with
. jirovecii, 2 samples with Aspergillus species and 1 sample each
ith B. parapertussis, M.  pneumoniae and L. pneumophila. When

iral and non-viral pathogens were considered, more than one
athogen was detected in 17 samples (11.9%). Table 4 shows the
ombinations of these pathogens and Ct-values identified by TAC.

hose most frequently involved in co-infections were CMV  (n = 8),
. jirovecii (n = 7), rhinovirus (n = 5) and influenza A virus (n = 5).

The TAC assay was significantly more likely to detect a respi-
atory virus compared to routine conventional testing with DFA
sting (B), including the numbers of pathogens and percentages of the total.

and viral culture (McNemar P < 0.0001). When TAC assay results for
viruses that could not be detected by conventional testing (corona-
virus, rhinovirus, CMV  in NTS samples) (n = 18) and conventional
testing results for HSV (n = 1) that could not be detected by TAC
testing were excluded from analysis, the difference in diagnostic
performance of the TAC assay in comparison to conventional testing
was still significant (P < 0.0001).

Among 58 samples on which the two techniques disagreed for

viral pathogens, 55 were negative by conventional testing while
positive for one or more viral pathogens by the TAC assay. Fifty of
these were confirmed by verification testing. Conventional testing
identified a pathogen in 3 while TAC assay was negative, of which
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Table  1
Baseline characteristics of the 120 patients from whom respiratory samples were
collected.

Characteristic Value

Age, median (range), Yrs. 58.5 (22, 94)
Gender, male, No. (%) 64 (53.3)

Underlying condition, No. (%)
– Solid organ transplantation 59 (49.2)

–  Solid malignancy 26 (21.7)

–  Hematological malignancy 21 (17.5)

–  Other underlying disease needing long-term
corticosteroids therapy or
immunosuppressive therapy

12 (10.0)

–  HIV CD4 < 200/mm3 2 (1.7)

Type of solid organ transplant, No. (%)
– Lung 23 (19.2)

–  Kidney 19 (15.8)

–  Liver 7 (5.8)

–  Heart 7 (5.8)

–  Combined* 3 (2.5)
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Table 2
Type of sample and clinical indications of the 143 respiratory samples.

No. (%) of samples (a)

Type of sample
Nose-throat swab 108 (75)
Bronchoalveolar lavage 35 (25)

Clinical indication for test
upper respiratory tract infection 29 (24)
lower respiratory tract infection 93 (76)

(a) Samples obtained from 120 patients, of whom 22 patients with more than one
sample:

• 20 patients with NTS and BAL for the same clinical indication.
• One patient with one NTS during first respiratory episode, 1 month later NTS and

BAL  during second respiratory episode.
• One patient with NTS and BAL for different respiratory episodes.

Table 3
Results from conventional, TAC and verification testing for samples with discordant
results.

No. of samples (a) routine testing result TAC result verification result

2 negative Adenovirus Adenovirus
11  negative CMV  CMV
1  negative CMV  negative
7  negative Coronavirus (b) Coronavirus (b)
3  negative hMPV hMPV
15  negative Influenza A Influenza A
1  HSV1 negative (c) HSV1
3  negative Influenza A (d) negative
1  Influenza A (e) negative Influenza A (e)
1  Influenza A (f) negative negative
4  negative Influenza B Influenza B
1  negative Influenza B (g) negative
9  negative Rhinovirus Rhinovirus
1  negative Rhinovirus (h) negative
4  negative RSV RSV

(a) n = 64 (58 samples in total, 6 samples with more than one discordant result).
(b)  Coronavirus OC43 (n = 2), Coronavirus 229E (n = 4), Coronavirus NL63 (n = 1).
(c)  HSV1 targets not included in TAC assay.
(d) Two samples with only 1/6 and one sample with 3/6 targets for influenza A
weakly positive (Ct-value > 30).
(e) Only viral culture positive, verification PCR very weakly positive (Ct-value > 36).

T
C

A
s
s
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*

*  Lung + kidney, lung + heart, kidney + liver

 confirmed by verification PCR (Table 3). Based on these results,
iral disease was considered to be present in 75 samples (52.4%)
nd absent in 68 samples (47.6%). The calculated sensitivity, speci-
city, cPPV and cNPV of the TAC assay and conventional testing
o detect a respiratory viral infection are displayed in Table 5. The
PPV of conventional testing and TAC testing was  not significantly
ifferent (P = 0.25), but the cNPV of the TAC assay (96.7%) was sub-
tantially greater than that of routine conventional testing (57.8%)
P < 0.0001).
Verification testing was also performed for non-viral pathogens
etected by the TAC assay. Out of 13 samples positive for P. jirovecii,
1 were confirmed. Verification testing confirmed the positive

(f)  False positive DFA.
(g) Only 1/2 targets weakly positive (Ct-value > 30).
(h) 2/2 Targets for rhinovirus weakly positive (Ct-value > 30).

able  4
ombinations and Ct-value of viral and non-viral pathogens identified by TAC in 17 samples.

No. AV CoV IA IB hMPV PIV3 RV RSV A CMV  BP MP LP PJ AS

1 30* 30 35
2  32 (a) 33 33
3  23* 32
4  22* 24* 30
5  38* 32
6  31* 34
7  30* 33*
8  35* 37
9  31* 20
10  23* 20
11  31 27
12  24 20
13  23 37
14  25* 32
15  29 (b) 35
16  22* 27
17  21* 30

V, adenovirus; CoV, coronavirus; IA, influenza A virus; IB, influenza B virus, hMPV, human metapneumovirus; PIV3, parainfluenza virus 3; RV, rhinovirus, RSV A, respiratory
yncytial virus A; CMV, cytomegalovirus; BP, Bordetella parapertussis; MP,  Mycoplasma pneumoniae; LP, Legionella pneumophila; PJ, Pneumocystis jirovecii; AS, Aspergillus
pecies.
a)  OC43.
b) 229E.
Median Ct-value for different targets.
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Table  5
Calculated performance characteristics for TAC and conventional testing.

DFA + viral culture TAC P value

% cSens (95% CI) 34.7 (24.1, 46.5) 97.3 (90.7, 99.6) <0.0001
%  cSpec (95% CI) 98.5 (92.1, 99.8) 91.2 (81.8, 96.7) 0.9703
%  cPPV (95% CI) 96.3 (81.0, 99.4) 92.4 (84.2, 97.1) 0.2485
%  cNPV (95% CI) 57.8 (48.2, 66.9) 96.9 (89.1, 99.5) <0.0001

cSens, calculated sensitivity ; cSpec, calculated specificity ; cPPV, calculated positive
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redictive value ; cNPV, calculated negative predictive value; CI, confidence interval;
FA,  direct fluorescent antibody assay; TAC, Taqman array card.

esult for Aspergillus species (n = 2), M.  pneumoniae (n = 1) and B.
arapertussis (n = 1) but not the one for L. pneumophila.

Twenty-one patients had a NTS and BAL sample collected dur-
ng the same episode of respiratory tract infection symptoms. For 9
atients, both NTS and BAL were negative. The same viral pathogen
as found both in the NTS as in the BAL sample for 10 patients
hen applying TAC testing, compared to only 1 patient by conven-

ional testing. For the two remaining patients with coupled NTS and
AL samples, one was positive for influenza B virus only in the BAL
ample, and one for coronavirus solely in the NTS.

. Discussion

These data demonstrate that in immunocompromised patients,
he TAC assay identified significantly more viral pathogens in
AL and NTS samples than routine conventional testing, even
hen TAC assay results for viruses that could not be detected

y conventional testing were excluded from analysis. The cPPV
f conventional testing and TAC testing was not significantly dif-
erent, but the cNPV of the TAC assay was substantially greater
han that of routine testing. For two out of six samples classi-
ed as being false positive by TAC, more than one gene target

or the specific pathogen was positive, so it is likely that the
erification result was falsely negative due to a lower analytical
ensitivity. For the other four results classified as false positive,
he median threshold was much higher than that for the same
iruses detected by the TAC assay in other samples and confirmed
y validation testing. This could suggest very small amounts of
irus present in these samples, leading to false-negative verifi-
ation testing, although a non-specific amplification cannot be
xcluded.

Approximately 1 h was needed for TAC testing with card setup
nd run times, excluding sample extraction. While the time to result
as similar for DFA assays (approximately 3 h), the results for rapid

iral culture were reported after 3 days of incubation, and conven-
ional viral culture took up to 3 weeks.

Comparing the overall positivity rate (52.4%) and the epidemi-
logy of respiratory viruses found in this study with data from
he literature is difficult. Important differences could be partially
xplained by the patient population, specimen type and period of
ample collection from December to April (during the flu epidemic
n Belgium; almost one fifth of all included samples were posi-
ive for influenza A virus), but also by the wide array of viruses
ncluded in the TAC assay and by the fact that all samples were
ollected from symptomatic patients. The importance of the spec-
men type is highlighted in several studies. In BAL specimens a
iagnostic yield ranging from 3.6% to 32.0% was reported [15–17].
occal et al. evaluated paired nasopharyngeal and BAL fluid spec-
mens and observed an overall viral positivity rate of 29.3% in the
pper respiratory tract specimens and 17.2% in the BAL samples

P < 0.001) [18]. This study included coupled NTS and BAL samples
rom 21 patients, and found a similar positivity rate for both sam-
le types (52.4% and 57.1%, respectively). When all samples were
onsidered, the positivity rate was higher for NTS samples (63.9%)
al Virology 72 (2015) 36–41

than for BAL samples (45.7%), but the difference was not statistically
significant.

Dual and even triple infections are routinely reported using mul-
tiplex PCR and have accounted for between 8 and 11% of positive
specimens [19–21]. The present study found 5.6% of samples with
more than one viral pathogen, and 11.9% of samples showed co-
infections if all included pathogens were considered. The exact
clinical interpretation of these multi-pathogen screening results is
not always easy. When Ct-values are moderate or higher, especially
for opportunistic pathogens like CMV, P. jirovecii and Aspergillus
species, benign (and asymptomatic) colonization, or contamina-
tion should be suspected. Here, carriage of these opportunistic
pathogens was  likely in 10 out of 17 samples for which the TAC
assay found more than one pathogen. Nevertheless, low viral loads
do not exclude clinical disease due to the virus [22].

The TAC format has several advantages over other multi-
pathogen molecular assays. The cards are completely custom-made
which offers a great flexibility. The composition of the card can be
chosen in relation to the patient population of interest. To note,
the card used in this study did not include herpesviruses (HSV-1/2,
VZV, HHV-6) besides CMV, which could be of possible interest for
an immunocompromised patient population [23]. Another advan-
tage is the spatial separation of the 48 reaction wells which allows
assays to be easily changed without the need for extensive re-
optimisation and validation of a highly parallel multiplex assay.
This could aid in the rapid inclusion of novel or emerging pathogens
[14]. In addition, the technology uses real-time PCR which gener-
ates a semi-quantitative Ct-value, in contrast to many commercial
multi-pathogen assays which only offer qualitative results. This
tool is decisive for an adequate and correct interpretation of results,
particularly in case of co-infections. Moreover, the workflow is sim-
ple and easy and the cost per test is relatively low in comparison to
most commercial multi-pathogen molecular assays.

However, the small reaction volume of 1 �L may affect sensitiv-
ity since the equivalent of the sample in the final reaction mixture
per individual well is low. PCRs in the singleplex format are theoret-
ically one log more sensitive than the same assays in the Array Card
format [10,24]. Also, samples cannot be treated individually, so a
high turnover is needed to assure an acceptable turn-around-time.

The TAC card developed by Kodani et al. [10] and modified by
Weinberg et al. [24] contained duplicate wells for the detection of
one same genetic target for each pathogen (except for IA virus for
which 3 targets were present in double). However, due to genome
variability, single target testing might lead to false-negative results
[25]. The card used in this study included more than one genetic
target for several pathogens, which is not only interesting to limit
false-negative results, but it can also help in the interpretation of
the results.

There are some limitations to our study. In contrast to con-
ventional testing, TAC and verification testing was performed
retrospectively. Therefore, the quality of the samples could have
deteriorated due to the freeze-thaw cycle before TAC and verifica-
tion testing. This study was  also limited by the lack of verification
testing on all samples.

In summary, in comparison to routine conventional testing for
respiratory viruses, the TAC assay detected more viral pathogens
among samples obtained from an immunocompromised popula-
tion. This study provides a practical real-life assessment of the
performance of the custom TAC assay in a population for whom
rapid and accurate diagnosis of viral pathogens is crucial for appro-
priate clinical management.
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