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Clinical laboratories providing an etiological diagnosis of respiratory tract infections (RTI) have increasingly relied

on nucleic acid amplification tests. Polymerase chain reaction-based methods are becoming more standardized, and

several have undergone the scrutiny of regulatory agencies mandated to assess the risks and benefits of implementing

pathogen-detection assays into diagnostic algorithms. Respiratory viruses lead to both upper and lower RTI and

are implicated in exacerbations of chronic pulmonary conditions. Viruses from different taxonomic families present

with overlapping clinical signs and symptoms, necessitating an accurate laboratory diagnosis. The clinical utility of

diagnostic algorithms incorporating tests for respiratory viruses will depend on the breadth of pathogen coverage

and the time to reliable and actionable results. This review covers strategies for detecting a panel of respiratory

viruses employed over the last decade that have enabled an etiological diagnosis of RTI in a cost-effective manner.
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Introduction

It has been widely reported that respiratory tract
infections (RTI) are a significant cause of morbid-
ity and mortality in developing and developed na-
tions.!= Timely laboratory diagnosis has proven to
be an important part of the clinical algorithm in
both an ambulatory and critical care setting.

The key objectives of an etiological diagnosis
of RTI include (a) avoidance of empirical antibi-
otic treatment; (b) allowance of narrow spectrum—
targeted antibiotic treatment; (c) appropriate use
of antiviral drugs; (d) enablement of patient co-
horting to limit nosocomial spread in the case of
hospitalization; (e) provision of accurate epidemi-
ological information to formulate preventive and
therapeutic recommendations; and (f) general re-
ductions in patient management costs.* Over the
past two decades, technologies used in the lab-
oratory diagnosis of RTI have evolved dramati-
cally. Virus isolation via cell culture techniques
has made substantial advances in terms of both
time to result and pathogen coverage.>> Antigen-
based assays have also been incorporated into clini-

cal practice.® Notwithstanding advancements made
in these testing methods, their limitations have led
to unmet needs in the diagnostic laboratory being
addressed by new tools, most notably nucleic acid—
based assays developed for the detection of respira-
tory viruses.>*7:8

As respiratory viruses are the causative agent in
a significant number of patients presenting with
RTI, clinicians are well served by a timely labo-
ratory diagnosis that can either rule in or rule
out viruses that have overlapping clinical presen-
tations.!>* Additionally, the availability of sensitive
and specific methods for respiratory virus detection
aids in the management of (a) chronic pulmonary
conditions and (b) medical complications associ-
ated with RTL*"!! Finally, the emergence of novel
strains of respiratory viruses, most notably those re-
sponsible for significant outbreaks, epidemics, and
pandemics, highlights the need for a comprehensive
and flexible diagnostic algorithm.'?15

This review aims to provide an overview of ad-
vances made in the diagnosis of RTI during the
last two decades. It also discusses the specific role
played by XTAG® RVP, a respiratory viral panel
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commercialized by Luminex Molecular Diagnostics
(Toronto, Canada) and awarded the U.S. Prix-
Galien Medal in 2010.

Emergence of nucleic acid testing for the
laboratory diagnosis of RTI

Since the mid 1980s, a variety of chemistries and
detection technologies suitable for nucleic acid am-
plification tests (NAAT) have been evaluated and
deployed by diagnostic laboratories. While tech-
nologies for direct detection of nucleic acids are
suitable for some diagnostic applications,'® most
molecular diagnostic tests use amplification-based
technologies such as the polymerase chain reac-
tion (PCR), nucleic acid sequence-based ampli-
fication (NASBA), and strand displacement am-
plification (SDA).*!® Considering the fact that
microorganisms with RNA and DNA genomes are
implicated in RTL,%*# PCR has become a widely de-
ployed chemistry used to amplify genetic material
from a variety of respiratory pathogens.

If a pathogen has an RNA genome, the PCR re-
action must be preceded by a reverse transcription
(RT) reaction that converts RNA to complementary
DNA (cDNA). The RT-PCR amplification/detection
reaction can be modified in various ways depending
on the assay development needs.!® Diagnostics em-
ploying PCR fall into one of two broad categories:
real-time (q)PCR and end-point PCR.'® Due to its
quantitative nature, qPCR is suitable for applica-
tions requiring an assessment of pathogen levels.
This typically is not the case for assays that aid in
the diagnosis of RTI. One feature of gPCR that is
well suited to the detection of respiratory viruses is
that most steps in the assay take place in a closed sys-
tem. This feature limits the potential for carryover
contamination and, thus, the potential for inaccu-
rate results.”> While detection of a single analyte
can be achieved with relative ease, detection of mul-
tiple analytes (“multiplexing”) via qPCR requires a
variety of workflow manipulations due to limita-
tions inherent to detection platforms used with this
chemistry.2 !¢ Assays incorporating end-point PCR
generally have a greater multiplexing capacity than
those incorporating qPCR.

Multiplexing approaches for PCR-based
tests for respiratory viruses

The need to test for a panel of respiratory viruses
to aid in the diagnosis of RTT emerges from the fact
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that multiple etiological agents present with over-
lapping clinical signs and symptoms.>® Multiplex-
ing strategies that employ PCR chemistry are well
suited for RTI diagnosis, particularly when consid-
ering the fact that many recently discovered res-
piratory viruses have proven difficult to detect by
traditional methods.?*> Advances in real-time am-
plification systems and liquid-bead arrays have
greatly improved the diagnostic yield of clinical al-
gorithms over the last decade.? 3

The migration toward multiplex detection strate-
gies for respiratory viruses has led to significant,
cost-effective improvements in detection rates.>*
Nonetheless, each multiplexing strategy has inher-
ent limitations. For instance, attempts to expand
the diagnostic capacity of gPCR-based tests through
the introduction of multiple primer and probe sets
targeting different viral genomes are met with a
variety of technical and logistical challenges that
can negatively affect both the cost and accuracy of
testing.>”-!° At a certain point, the simplicity af-
forded through the closed-tube feature of qPCR is
outweighed by the adaptations required to increase
multiplexing capacity. Several detection platforms
that can accommodate multiplex applications have
reached the diagnostic laboratory in recent years.?
Each of these has advantages and disadvantages in
terms of the ability to help laboratories achieve the
goals of an etiological diagnosis of RTI. As labora-
tories continue to evaluate emerging technologies,
considerations relating to cost and accuracy of di-
agnosis should remain at the forefront.

Multiplexing advantages afforded through
XMAP® and xTAG® technology

Two significant advances in multiplexing that
have enabled accurate, reproducible, flexible, and
cost-effective analyte detection involve technolo-
gies patented by Luminex Corporation (www.
luminexcorp.com).

The first innovation is a solution-phase ar-
ray composed of spectrally distinct microspheres
(“beads”) known as xMAP® detection. Early re-
ports on this technology supported its potential for
inclusion into systems designed for both protein
and nucleic acid detection.?! Since then, numerous
research and diagnostic applications have incorpo-
rated XMAP detection and three platforms utiliz-
ing this technology are now commercially available.
One has the ability to simultaneously detect 100
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Figure 1. Universal array validation results. Of the possible 9,900 mismatch hybridization events that could have occurred when
each of the 100 complementary tag (target) sequences was hybridized individually to the pool of 100 bead-immobilized universal
antitags, only six events were observed in run 1 (A). Similarly, in run 2 (B), only five events were observed. Of these 11 events, 4 were
common to both runs, the highest mismatch hybridization event generating a signal equivalent to 3.7% of the signal observed for
the perfectly matched pair (i.e., specific hybridization event). For each validation run, the randomly dispersed bars represent the
mismatch hybridization events expressed as the percentage of perfect matches. The center wall represents the 100 perfectly matched

pairs. Reproduced from Mahony et al.??

analytes in a single sample (i.e., reaction well on
a microtiter plate). The second expands the multi-
plexing capability to 500 analytes per reaction well.
The latest platform commercialized has demon-
strated improvements in ease of use and cost-
efficiency for lower-plex applications designed to
simultaneously detect up to 50 analytes in a single
reaction well.

The second significant advance in bead-based ar-
rays was initially reported in 2004.>* This patented
innovation involves universal, minimally cross-
hybridizing, complementary oligonucleotide se-
quences (“tags” and “antitags”). These tags and
antitags were designed to maximize signal-to-noise
ratios observed at the detection step of array-based,
nucleic acid, applications (Fig. 1). The advantage
of this “Universal Array” is that assay-specific hy-
bridization optimization is not required because
optimized tag/antitag hybridization conditions can
be applied to any nucleic acid-based application.
This is particularly noteworthy when considering
the potential for nonspecific interactions in a mul-
tiplex reaction mixture. When Universal Array sort-
ing is coupled to xXMAP detection, enzymatic steps
required for the detection and identification of ana-
lytes occur in solution phase. This is kinetically more
advantageous when compared with solid-phase ar-
rays and is a key factor underlying the superior per-

formance of applications incorporating these two
innovations. The Universal Array is commercially
available through Luminex Corporation; it is also
the foundation of xXTAG applications commercial-
ized by Luminex Molecular Diagnostics.*

The advantages of nucleic acid-based tests in-
corporating xXMAP and xTAG technologies are nu-
merous. A priori, a test has significant multiplexing
capacity not achievable through qPCR chemistries
currently used in diagnostic applications.? Further-
more, negligible cross-reactivity among tags and an-
titags that are not specifically paired elevates the
baseline for diagnostic sensitivity and specificity
and, consequently, simplifies optimization efforts
during the assay development process. Luminex
technologies have been extensively adopted in both
research and diagnostic applications and have been
comprehensively assessed by authorities such as the
U.S. Centers for Disease Control and Prevention
(CDC) and the U.S. Food and Drug Administration
(FDA).

« xTAG® applications were formerly referred to as “Tag-
It™” or “ID-Tag™?” applications commercialized by Tm
Bioscience Corporation (now Luminex Molecular Diag-
nostics Inc.).
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Introduction of xXTAG RVP into diagnostic
algorithms

By the end of 2006, xTAG RVP was commercialized
in the European Union as a diagnostic kit (CE-IVD)
that used xMAP detection. Early in 2008, U.S. and
Canadian versions of this in vitro diagnostic (IVD)
device received regulatory clearances from the FDA
and Health Canada, respectively. The CE-IVD kit
provides the most comprehensive viral coverage in
the XTAG RVP IVD product line through its ability
to simultaneously detect the following viruses:

Human influenza (Flu) A

Seasonal H1 subtype of Flu A (Flu A-H1)
Seasonal H3 subtype of Flu A (Flu A-H3)
Highly pathogenic avian influenza A H5N1
(Flu A-H5)

Flu B

Respiratory syncytial virus (RSV) A

RSV B

Parainfluenza (Para) 1

Para 2

10. Para3

11. Para4

12. Coronavirus (CoV) OC43

13. CoV 229E

14. CoV NL63

15. CoV HKU1

16. CoV SARS

17. Human metapneumovirus (hMPV)

18. Adenovirus (Adeno)

19. Enterovirus (Entero)

20. Rhinovirus (Rhino)

Ll

O N

The test provides a unique result for 18 of the 20
viruses listed above. A single result is provided for
the closely related members of the picornaviridae
family, enterovirus and rhinovirus, due to the high
degree of nucleic acid sequence homology across
different strains of these viruses. In addition to de-
tecting the aforementioned viruses in a single reac-
tion well, there are two unique results generated for
controls detected in the same multiplex reaction.
The first (Escherichia coli phage MS2) is an inter-
nal control that is added to each patient sample.
This internal control monitors all steps in the assay:
(1) nucleic acid extraction; (2) RT; (3) multiplex
PCR; (4) multiplex target specific primer extension
(TSPE); (5) Universal Array sorting; and (6) xXMAP
detection. The second (bacteriophage lambda) is as-
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Table 1. General demographic data for a study cohort
used to establish performance characteristics of xTAG
RVP (N = 1,464)

Sex Number of subjects
Male 750 (51.2%)
Female 667 (45.6%)

Not determined 47 (3.2%)

Age (years) Number of subjects

0-1 463 (31.6%)
>1-5 229 (15.6%)
>5-21 177 (12.1%)
>21-65 333 (22.7%)
>65 214 (14.6%)

Not determined 48 (3.3%)

Subject status

559 (38.2%)
495 (33.8%)
216 (14.8%)
42 (2.9%)
152 (10.4%)

Outpatients
Hospitalized
Emergency department
Extended care facility
Not determined

sayed in a separate well and controls for a subset of
these steps (PCR, TSPE, sorting, and detection). By
assessing results for these two controls together with
results for targeted analytes, the end-user is able to
ascertain whether assay failures are due to a failure
in the nucleic acid extraction/RT step or in the sub-
sequent assay steps (PCR/TSPE/sorting/detection).

The diagnostic sensitivity and specificity of the
CE-IVD kit was established through an evaluation
of 1,464 prospectively and retrospectively collected
clinical samples. The demographic features of this
study cohort are summarized in Table 1. It is worth-
while to note that several of these patients presented
with a variety of coinfections that were detected by
xTAG RVP but that would otherwise be missed by
traditional methods. Of these 1,464 patient sam-
ples, 544 were prospectively collected nasopharyn-
geal (NP) swabs used to establish clinical perfor-
mance characteristics for the U.S. version of the kit
(Table 2). A second-generation IVD (xTAG RVP
FAST) was introduced in Europe and Canada late in
2009. This line extension has a streamlined work-
flow, shorter time to result, and modified analyte
coverage when compared to xTAG RVP.

Ann. N.Y. Acad. Sci. 1222 (2011) 6-13 © 2011 New York Academy of Sciences. 9
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Table 2. Sensitivity and specificity of XTAG RVP in 544 NP swabs prospectively collected during the 2005/2006 flu
season

Virus Diagnostic sensitivity Diagnostic specificity
95% Confidence 95% Confidence
TP/(TP+FN)® Percent interval for sensitivity =~ TN/(TN+FP)? Percent interval for specificity

Flu A 81/84 96.4% 89.9-99.3% 441/460 95.9% 93.6-97.5%
Flu A-H1? 6/6 100% 54.1-100% 532/532 100% 99.3-100%
Flu A-H3? 66/72 91.7% 82.7-96.9% 463/469 98.7% 97.2-99.5%
Flu B 54/59 91.5% 81.3-97.2% 469/485 96.7% 94.7-98.1%
RSV A 23/23 100% 85.2-100% 501/509 98.4% 96.9-99.3%
RSV B 33/33 100% 89.4-100% 492/505 97.4% 95.6-98.6%
Paral 3/3 100% 29.2-100% 540/541 99.8% 99.0-100%
Para 2 6/6 100% 54.1-100% 537/538 99.8% 99.0-100%
Para 3 16/19 84.2% 60.4-96.6% 523/525 99.6% 98.6-100%
Rhino® 43/43 100% 91.8-100% 168/183 91.8% 86.8-95.3%
Adeno* 18/23 78.3% 56.3-92.5% 520/520 100% 99.3-100%
hMPV* 24/25 96% 79.7-99.9% 320/324 98.8% 96.9-99.7%

TP, true positive (i.e., xXTAG RVP positive result is concordant with comparator method result); FP, false positive (i.e.,
xTAG RVP positive result is discordant with comparator method result); TN, true negative (i.e., XTAG RVP negative
result is concordant with comparator method result); FN, false negative (i.e., XTAG RVP negative result is discordant
with comparator method result). Depending on the virus, the comparator method was one, or a combination of
culture, DFA, qRT PCR, and/or sequencing.

*Influenza A prevalence data reported on www.cdc.gov for the 2005/06 flu season indicate that the dominant strains
circulating at that time were classified as the seasonal Flu A-H3 subtype, with significantly fewer cases classified as
seasonal Flu A-H1 being reported.

‘Due to a high degree of sequence homology, significant cross-reactivity between enterovirus and rhinovirus is expected.
9Data from reference strains together with sequence analysis of clinical samples included in this dataset suggest that
the overall sensitivity values for adenovirus were negatively impacted by poor detection of serotypes falling within the
adenovirus C species.

*hMPV sensitivity and specificity was established against a composite comparator method (culture and PCR followed

by bidirectional sequencing or gqRT PCR).

In addition to performance validations required
for regulatory applications, there have been nu-
merous third-party validations of the XTAG RVP
product line. Several of these have involved com-
parisons to real-time applications and support the
conclusion of improved diagnostic coverage and
cost-efficiency being afforded through xTAG/xMAP
detection.!%:23:24

The introduction of respiratory viral panels built
on XTAG/xMAP technologies has served as a catalyst
for NAAT adoption in diagnostic algorithms. In the
United States, the January 3, 2008 clearance of xTAG
RVP by the FDA represented the first clearance of a
respiratory viral panel utilizing nucleic acid—based
detection.”® This device was also the first to receive

FDA clearance for a recently discovered respiratory
virus (hMPV) and for Flu A subtyping.?® The abil-
ity to specifically identify seasonal subtypes of in-
fluenza A proved to be an invaluable tool during the
novel influenza A/HIN1 pandemic that ensued the
following year.

Role of xTAG RVP in the 2009 influenza
A/H1N1 pandemic

Of the three known types of influenza (influenza A,
B, and C), only influenza A viruses are further clas-
sified by subtypes based on two main surface glyco-
proteins: hemagglutinin and neuraminidase (http://
www. cdc. gov/flu/avian/gen-info/flu-viruses.htm).
Observations to date suggest that influenza A and
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B continuously evolve through antigenic drift,
while only influenza A evolves through antigenic
shift  (http://www.cdc.gov/flu/avian/gen-info/flu-
viruses.htm). Antigenic drift is a gradual process of
change via point mutations that lead to novel strains
of viruses. It explains why people and animals can
be infected by the same virus type (e.g., influenza
B) more than once. Namely, the host response to
an infecting strain may not grant immunity to
new strains that have emerged through antigenic
drift  (http://www.cdc.gov/flu/avian/gen-info/flu-
viruses.htm). Antigenic shift, on the other hand,
is a more dramatic process resulting from genetic
reassortment, which occurs when influenza viruses
exchange genetic material. This abrupt process
can occur when two or more influenza A viruses
infect a single human or animal host (http://www.
cdc.gov/hlnlflu/information_hlnl_virus_qa.htm).
Antigenic shift can lead to a global influenza
pandemic if three conditions are met: (1) a new
influenza A subtype is introduced into the human
population, (2) the virus causes serious illness in hu-
mans, and (3) the virus can easily spread from per-
son to person in a sustainable manner (http://www.
cdc.gov/flu/avian/gen-info/flu-viruses.htm). This
is exactly what happened with the novel influenza
A/HINI subtype that emerged from Mexico in the
spring of 2009.

A key innovation in the design of XTAG RVP that
proved to be invaluable during the 2009 pandemic is
the manner in which it detects influenza A. Specif-
ically, this multiplex test simultaneously probes a
region in the influenza A matrix gene conserved
across influenza A subtypes together with subtype
specific regions in the variable hemagglutinin gene.
Accordingly, an influenza A virus that cannot be
recognized by the subtype-specific probes in XTAG
RVP will generate a “flu A-unsubtypeable” result.
This feature of the test was addressed in the labeling
cleared by regulatory agencies prior to the emer-
gence of 2009 influenza A/HINI.

In the early days of the 2009 pandemic, a clus-
ter of cases presented themselves in the New York
City metropolitan area.'* The availability of xTAG
RVP at the affected hospital was a key element of
the surge response.!* Specifically, several diagnos-
tic testing options were evaluated during this initial
outbreak and xTAG RVP proved to be the best tool
available for the emerging pandemic.?® At the time,
the only FDA sanctioned test for the specific iden-
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tification of novel influenza A/HIN1 was one de-
veloped by the CDC and made available through a
federal Emergency Use Authorization. Samples col-
lected in the initial New York City outbreak and
confirmed positive for novel influenza A/HIN1 by
the New York State Department of Health all gen-
erated a “flu A-unsubtypeable” result with xXTAG
RVP.* In other words, XTAG RVP enabled clini-
cians to rapidly discriminate infections caused by
this novel influenza A strain from those caused by
seasonal strains of influenza and by other viruses
included in the panel.

General applications for multiplex
respiratory viral panels

The clinical utility of XTAG RVP during the 2009
pandemic was not limited to its ability to detect in-
fluenza A. Of note is the fact that other viruses with
overlapping clinical features were in circulation at
that time.!%-?® By simultaneously probing for mul-
tiple viruses in a single patient sample, XTAG RVP
has proven to be a cost-effective solution for the
laboratory diagnosis of RT1.?> Multiplex detection
of a panel of respiratory viruses also affords ad-
vantages to hospital surveillance programs that aim
to limit nosocomial infections.?® Clinically, condi-
tions such as asthma and bronchiolitis benefit from
the availability of multiplex respiratory viral panels,
particularly in light of emerging evidence implicat-
ing more than one virus in these conditions.?’=!
Considering that respiratory syncytial virus is well
established as a key risk factor for bronchiolitis in
infants, having the ability to discriminate it from
other viruses that may be the causative agent (e.g.,
rhinovirus) is a key element of the clinical algo-
rithm."? Furthermore, dual infections have been
noted in bronchiolitis, with one study demonstrat-
ing a higher clinical severity score and prolonged
hospital stays in patients infected with more than
one virus.’® In light of different treatment courses
available to physicians for the aforementioned clini-
cal conditions, an accurate laboratory diagnosis can
prove to be vital.

While conditions such as asthma and bronchioli-
tis are known to involve respiratory viruses, mech-
anisms by which these agents affect patient status
are still under investigation.’>-> The impact of res-
piratory viruses in immunocompromised patients
and in patients with pneumonia is also an area of
investigation.!!18:35-38 Fyrther studies are needed to
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fully elucidate the role of respiratory viruses in all of
these conditions. These and other evaluations will
surely benefit from the availability of panels such
as XTAG RVP and xTAG RVP FAST.>* Similarly,
studies on the efficacy of novel vaccines,® such as
ones being developed for rhinovirus,*! will benefit
from the availability of respiratory viral panels. In
addition to the diagnostic and clinical research ap-
plications highlighted above, multiplex respiratory
viral panels can have tremendous utility in surveil-
lance programs.?®#? The preventive and therapeu-
tic strategies that emerge from epidemiological in-
formation gathered through such programs will be
augmented by the extensive data afforded through
multiplex panels.

Conclusions

Over the past two decades, the etiological diagno-
sis of RTT has proven to be an important element
of the clinical algorithm. Timely and accurate data
on the multitude of pathogens that have been im-
plicated in RTI and associated clinical conditions
are paramount. Traditional methods such as cell
culture still have a role to play in diagnostic al-
gorithms; however, advances in nucleic acid am-
plification technologies have led to an increase in
their adoption by clinical laboratories. Innovations
linked to both real-time and end-point PCR have
been particularly noteworthy. The innovations un-
derlying XTAG RVP are an example of how advances
in technology can be translated into clinical utility.
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