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BACKGROUND: Influenza remains a constant threat
worldwide, and WHO estimates that it affects 5% to 15%
of the global population each season, with an associated 3 to
5 million severe cases and up to 500000 deaths. To limit the
morbidity and the economic burden of influenza, improved
diagnostic assays are needed.

METHODS: We developed a multiplexed assay for the de-
tection and subtyping of seasonal influenza based on pad-
lock probes and rolling circle amplification. The assay
simultaneously targets all 8 genome segments of the
4 circulating influenza variants—A(H1N1), A(H3N2),
B/Yamagata, and B/Victoria—and was combined with a
prototype cartridge for inexpensive digital quantification.
Characterized virus isolates and patient nasopharyngeal
swabs were used for assay design and analytical validation.
The diagnostic performance was assessed by blinded testing
of 50 clinical samples analyzed in parallel with a commercial
influenza assay, Simplexa™ Flu A/B & RSV Direct.

RESULTS: The assay had a detection limit of 18 viral RNA
copies and achieved 100% analytical and clinical specificity
for differential detection and subtyping of seasonal circulat-
ing influenza variants. The diagnostic sensitivity on the 50
clinical samples was 77.5% for detecting influenza and up to
73% for subtyping seasonal variants.

CONCLUSIONS: We have presented a proof-of-concept pad-
lock probe assay combined with an inexpensive digital read-
out for the detection and subtyping of seasonal influenza
strains A and B. The demonstrated high specificity and mul-
tiplexing capability, together with the digital quantification,
established the assay as a promising diagnostic tool for sea-
sonal influenza.
© 2018 American Association for Clinical Chemistry

Influenza virus is responsible for yearly seasonal out-
breaks resulting in 3 to 5 million reported individuals

with severe influenza globally (1 ). In the European
Union, 1.6 million cases are registered every year,
whereof 50 000 lead to hospitalization and 30 000 to
death (2, 3 ). The 2009 influenza A/H1N1 pandemic
caused almost 300 000 deaths worldwide. These num-
bers illustrate the need for rapid and accurate diagnostic
tests for detection and monitoring of seasonal and pan-
demic influenza (4 ).

Influenza is included in the Orthomyxoviridae fam-
ily, with 3 genera that infect humans: influenza virus A,
B, and C. Influenza A and B cause classical influenza,
whereas influenza C causes only milder upper respiratory
tract infection. Currently, there are 2 subtypes of seasonal
influenza A and 2 lineages of influenza B in circulation:
A(H1N1), A(H3N2), B/Yamagata, and B/Victoria. The
influenza genome consists of 8 linear, antisense single-
stranded RNA segments encoding 10 proteins (5 ). As
with other RNA viruses, the influenza genome replica-
tion is an error-prone process that leads to continuous
evolution (genetic drift) and successive replacement of
strains with antigenically distinct properties. Pandemics
may occur when influenza viruses from different species,
usually humans and swine and/or aquatic birds, infect the
same host, causing reassortment and emergence of new
virus genotypes (genetic shift) (6 ). These evolutionary
processes make the development of molecular diagnostic
tests for influenza challenging because mutations in tar-
geted gene sequences may lead to false-negative test re-
sults (7 ).

Modern influenza diagnostics are dominated by nu-
cleic acid tests (3, 7, 8 ), which have replaced virus isola-
tion and immunoassays, owing to their high sensitivity
and specificity, and short turnaround times. Therefore,
several commercial systems for influenza diagnostics are
available, most of which are based on real-time PCR (see
Table 1 in the Data Supplement that accompanies the
online version of this article at http://www.clinchem.org/
content/vol64/issue12). Because of the genetic variation
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and drift of influenza, PCR-based assays require contin-
uous assay validation and occasional optimization (e.g.,
primer design and temperature selection) to reliably de-
tect all relevant new influenza variants (8, 9 ). In this
context, next-generation sequencing technologies could
provide the means to overcome these limitations; how-
ever, their use in clinical settings remains challenging,
and despite recent developments, high concentrated
and pure nucleic acids are still needed, thus requiring
target enrichment and/or preamplification, typically
using PCR (10, 11 ).

Padlock probes (PLPs)4 are linear oligonucleotides
that are circularized by ligation in a strictly target-
dependent manner (12, 13 ). Their combination with
rolling circle amplification (RCA) has led to the develop-
ment of highly multiplexed and specific bioanalytical as-
says for diagnostic purposes (14–19). RCA produces
long single-stranded DNA concatemers by replicating
circular DNA templates isothermally (20 ). These RCA
products (RCPs) are submicron-sized molecules that can
be quantified digitally in homogenous solution (21–24),
thus offering distinct advantages over other isothermal
amplification assays such as loop-mediated isothermal
amplification and helicase-dependent amplification. Sev-
eral assays have been reported using PLPs/RCA for the
detection of viruses (14, 17 ), bacteria (18 ), and fungi
(25 ). Circle-to-circle amplification (C2CA) (26 ) repre-
sents a further development in which consecutive rounds
of RCA are performed to achieve higher sensitivity (15 ).
C2CA is a method with a low CV and low amplification
bias, making it ideal for use in a highly multiplexed for-
mat (26, 27 ). For the detection of influenza virus, studies
using PLPs/RCA have already provided the ground for
the development of diagnostic systems, but they have not
been tested in a clinical context. For example, Gyarmati
et al. have combined the RCA technology with conven-
tional PCR amplification to identify hemagglutinin and
neuraminidase fragments of avian influenza virus (28 ).
Recently, Dou et al. used an in situ PLP method to label
the influenza A virus genome to study the molecular
pathogenesis (29 ). Other than these, there are no studies
that directly exploit the potential of PLPs/RCA for influ-
enza diagnostics.

Here, we demonstrate proof of concept of an influ-
enza diagnostic test based on PLPs/C2CA and evaluate
its diagnostic performance. For this, we designed PLPs
targeting conserved regions of all 8 genome segments
of the 4 circulating subtypes of seasonal influenza.

This design was aimed to increase the sensitivity and
mutation tolerance, as well as the ability to detect and
subtype emerging strains. Moreover, we adapted a pro-
totype cartridge readout based on a newly developed
technology named microfluidic RCP enrichment
(MRE), which allows digital quantification without
the need for specialized instrumentation (22 ). We op-
timized and demonstrated the analytical capability of
the assay with viral culture isolates and nasopharyngeal
patient samples. Finally, the diagnostic performance
to detect and subtype influenza was assessed by a
blinded testing of 50 clinical nasopharyngeal patient
samples.

Methods

REAGENTS

T4 DNA ligase, dNTPs, ATP, and �29 DNA polymer-
ase 10� reaction buffer were obtained from Fermentas
(Thermo Fisher Scientific). �29 DNA polymerase was
acquired from Monserate Biotechnology Group. RNase
H was acquired from Blirt S.A., and AluI restriction en-
zyme was from New England Biolabs (BioNordika
AB). Ampligase was bought from Epicentre (Nordic Bio-
labs AB). Oligonucleotides were obtained from Inte-
grated DNA Technologies. Streptavidin-coated magnetic
MyOneTM DynabeadsTM T1 were acquired from Life
Technologies. Amersham Protran Sandwich 0.1-�m ni-
trocellulose membrane was purchased from GE Health-
care AB. Chips for microfluidic enrichment were
custom-designed and manufactured by ALine Inc. So-
dium hypochlorite, BSA, and TWEEN® 20 were ob-
tained from Sigma-Aldrich. Tris-HCl, PBS, and NaCl
were obtained from Karolinska Institute Substrat.

INFLUENZA ISOLATES

The following influenza isolates were grown in Madin-
Darby canine kidney cells: A/Stockholm/8/2015 (H3N2),
A/Stockholm/23/2015 (H1N1pdm09), B/Stockholm/5/
2014 (Yamagata), and B/Stockholm/5/2014 (Victoria).
Further, we obtained isolate supernatants of the following
isolates provided by the Public Health Agency Sweden:
A/Stockholm/9/2017, A/Linköping/1/2017, B/Linköping/
4/2017, and B/Lund/4/2016 corresponding to the interna-
tional reference strains A/Michigan/45/2015, A/Bolzano/7/
2016, B/Brisbane/60/2008, and B/Phuket/3073/2013,
respectively. The influenza RNA titers were determined by
limiting dilution analysis in the Simplexa™ assay. For all
isolates, RNA was extracted with a MagNA Pure 96 instru-
ment and MagNA Pure 96 DNA and Viral RNA Large
Volume Kit (Roche). RNA was stored in elution buffer at
4 °C or �80 °C for immediate processing or long-term
storage, respectively.

4 Nonstandard abbreviations: PLP, padlock probe; RCA, rolling circle amplification; RCP,
rolling circle amplification product; C2CA, circle-to-circle amplification; MRE, microflu-
idic rolling circle amplification product enrichment; RSV, respiratory syncytial virus; RO,
restriction oligonucleotide; cDNA, complementary DNA; vRNA, viral RNA; DO, detection
oligonucleotide; ASMD, amplified single-molecule detection.
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CLINICAL NASOPHARYNGEAL SAMPLES

Patient nasopharyngeal samples (n � 65) were collected
during the season 2016 to 2017 as part of routine diag-
nostics for respiratory virus infections at Karolinska Uni-
versity Hospital, Stockholm, Sweden. Fifteen of these
samples were used for assay development, and 50 samples
were used for assay validation. Information on patient
samples can be found in Table 1 here and Table 2 in the
online Data Supplement. The samples were collected
with sterile Dacron/nylon swabs and stored in viral trans-
port media tubes at 4 °C until further processing. The use
of clinical samples was approved by the Regional Ethical
Review Board in Stockholm (registration number 2015/
200–31). Routine diagnostics for influenza A, influenza
B, and respiratory syncytial virus (RSV) were performed
using the Simplexa Flu A/B & RSV Direct Kit (Focus
Diagnostics) after sample collection according to instruc-
tions from the manufacturer. Accredited in-house real-
time PCRs were used for detection of the following 13
viruses: adenovirus, bocavirus, coronaviruses NL63/
OC43/229E/HKU1, enterovirus, metapneumovirus,
parainfluenza viruses 1 through 3, and rhinovirus (30 ).
Viral RNA extraction for optimization and validation
was performed as described above.

PRIMER AND PROBE DESIGN

Primers for reverse transcription and PLPs for detection
were designed for each of the genome segments of the
chosen influenza subtypes with specific barcodes (see Ta-
bles 3–5 in the online Data Supplement). A multiple
sequence alignment was performed using ClustalW with
default settings, and around 40-bp-long, highly con-
served regions on each genome segment were selected.
Subsequently, the specificity, coverage, and conservation
of these regions were confirmed in silico using MegaB-
LAST (nBLAST, NCBI; accessed July 5, 2016). This
process was iterated to obtain regions with �99% cover-
age of reported corresponding influenza subtype se-
quences. Six regions were common to Victoria and
Yamagata strains, and the PLPs were designed to target
mismatches. Therefore, 26 reverse transcription primers
and 32 PLPs were designed. PLPs comprised (a) comple-
mentary sequences to the target at the 5� and 3� ends
(arms), (b) a backbone including a restriction oligonucle-
otide (RO) sequence, and (c) pan-influenza and subtype-
specific barcodes (Fig. 1, A and C).

REVERSE TRANSCRIPTION AND C2CA

Biotinylated complementary DNA (cDNA) was gener-
ated by reverse transcription of viral RNA (vRNA) ex-
tracts from cell culture isolates and stored nasopharyngeal
swab samples. For this, 100 nmol/L 5� biotin-modified
primers and 500 �mol/L dNTPs were mixed with the
vRNA, preheated at 65 °C for 5 min, and snap-cooled.
Thereafter, 100 mU/�L RNase inhibitor, 250 mU/�L
Transcript ME reverse transcriptase, and reverse tran-
scription buffer were added. Reverse transcription was
performed at 55 °C for 10 min, followed by 5-min heat
inactivation at 85 °C in a total volume of 20 �L.

The ligation mixture contained 10 �L of cDNA, 10
nmol/L of each PLP, 0.2 �g/�L BSA, 500 mU/�L Amp-
ligase, and 1 U/�L RNase H in 1� Ampligase buffer.
The mix was incubated for 10 min at 37 °C followed by
5 min at 55 °C. Next, streptavidin-coated Dynabeads®

T1 were washed 3 times and resuspended in wash buffer
(10 mmol/L Tris-HCl, pH 7.5, 5 mmol/L EDTA, 0.1
mol/L NaCl, and 0.1% TWEEN 20). Then 5 �L of
beads (10 g/L; in suspension) was added to the mixture
and allowed to capture reacted PLPs for 5 min at room
temperature on a rotator. Subsequently, the liquid was
discarded by trapping the beads with a magnetic rack and
washing once with 100 �L of wash buffer. Next, the
beads were resuspended in 20 �L of RCA mixture (0.2
�g/�L BSA, 125 �mol/L dNTPs, and 200 mU/�L �29
DNA polymerase in �29 DNA polymerase buffer) and
incubated for 10 min at 37 °C followed by 1-min enzyme
inactivation at 65 °C. Afterward, the liquid was dis-
carded, and bead-bound RCPs were digested with 120
mU/�L AluI, 120 nmol/L RO, and 0.2 �g/�L BSA in
20 �L of �29 DNA polymerase buffer at 37 °C for 5 min

Table 1 Summary of results for 15 influenza-positive
patient samples.a

Sample
code

Simplexa
result

Simplexa
CT value RCP count

1 Influenza A 24.1 193

2 Influenza A 23.1 12460

3 Influenza B 26.1 726

4 Influenza A 19.9 6500

5 Influenza A 24.2 201

6 Influenza A 18.1 5627

7 Influenza A 20.2 634

8 Influenza A 22.8 2282

9 Influenza A 23.5 152

10 Influenza B 26.5 59

11 Influenza A 21.1 6916

12 Influenza B 20 5234

13 Influenza A 19.4 13209

14 Influenza A 24.9 441

15 Influenza A 23 618

Negative
control

— — 8

a Influenza subtype and CT values were determined by the Simplexa assay. RCP
counts in our reverse transcription–C2CA assay are shown as the mean of duplicates
quantified by MRE. The limit of detection was calculated to be 18 RCPs (n = 3).
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followed by 1-min inactivation at 65 °C. The liquid was
transferred to new vials for the second amplification
while discarding the magnetic beads. The second RCA
mixture contained 0.2 �g/�L BSA, 0.69 mmol/L ATP,
14 mU/�L T4 DNA ligase, 125 �mol/L dNTPs, and
200 mU/�L �29 DNA polymerase in 10 �L of 1� �29
DNA polymerase buffer. Amplification was performed
for 60 min at 37 °C and stopped at 65 °C for 1 min.
Lastly, RCPs were fluorescently labeled by adding 30 �L
of hybridization buffer (1.4 mol/L NaCl, 0.01%
TWEEN 20, 20 mmol/L Tris-HCl, pH 8, and EDTA)
containing 5 nmol/L detection oligonucleotide(s) DO(s)
for 2 min at 75 °C and 15 min at 55 °C (Fig. 1B).

MRE

For primer and probe optimization reactions, RCPs
were quantified by amplified single-molecule detection
(ASMD) (15 ) using the dedicated instrument Aquila
400 (Q-linea AB). For MRE, a custom-made prototype
microfluidic chip, with design as shown in Fig. 1 of the

online Data Supplement, was used. This ready-to-use
prototype included 10 channels with embedded 3-mm-
diameter nitrocellulose membranes (Fig. 2, A and B) with
an active surface of 1.5-mm diameter corresponding to
the field of view of a 10� microscope objective. The
MRE cartridge was operated with a syringe pump using
100 �L/min for sample uptake and adding, and 5 �L/
min for enrichment. The operating instructions of the
MRE cartridge are depicted in Fig. 2A.

Because of high autofluorescence from the nitrocel-
lulose membrane observed in the AF488 channel, quan-
tification of RCPs corresponding to the Yamagata sub-
type barcode was limited (see Fig. 2 in the online Data
Supplement). Consequently, Yamagata subtyping was
based on detection of the common barcode and absence
of signal in the other subtype channels (Fig. 2C).

IMAGE ACQUISITION AND PROCESSING

For fluorescence imaging (Fig. 2B), 10 focal plane images
were acquired using an Axioplan 2 epifluorescence mi-

Fig. 1. Padlock probe mixture and assay design.
(A), PLP design. Common and subtype-specific barcodes allow for general influenza virus detection and subtype differentiation. (B), Reverse
transcription and capturing on beads (1). PLP hybridization and ligation (2). First RCA reaction (3) and the subsequent restriction digestion (4).
Second round of ligation and amplification (5). Labeling and detection of RCPs. (C), Dual-labeling scheme. TR, Texas Red; AF750, Alexa Fluor
750; Cy5, cyanine 5; AF488, Alexa Fluor 488; Cy3, cyanine 3.
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croscope (Zeiss) under a 10� objective, orthogonally
merged in Zen software (Zeiss) and subsequently ana-
lyzed for RCP signals using the CellProfiler software
(www.cellprofiler.org). Briefly, the CellProfiler pipeline
contained image enhancement and manual thresholding
steps for each fluorescence channel as described elsewhere
(22 ).

For statistical analyses, R software was used to ana-
lyze and interpret the RCP counts of individual fluores-
cence channels. In short, based on an initial defined
threshold for the common barcode channel, patients
were classified as influenza-positive or -negative. The re-
sulting positive samples were further subtyped by apply-
ing a channel-specific threshold, and the automated anal-
ysis pipeline is schematically illustrated in Fig. 2C.

Results

The PLP design consists of 32 PLPs targeting conserved
regions approximately 40 bp long of the 8 genome seg-
ments of the 4 circulating influenza subtypes (Fig. 1A).
This approach offers a robust detection of influenza be-

cause it tolerates events like genetic drift and mutations in
single genes. The assay work flow is illustrated in Fig. 1B.
In brief, extracted vRNA from cell cultures and nasopha-
ryngeal swabs is subjected to a reverse transcription reac-
tion using a biotinylated primer mixture. Biotinylated
cDNA is mixed with the mixture of PLPs and a ligase
to form circles upon target recognition. Subsequently,
streptavidin-coated magnetic beads are added to capture
circles and wash the excess of PLPs. Captured circles are
amplified by a first round of RCA, and bead-bound
RCPs are released by monomerization using a restriction
endonuclease. RCP monomers are circularized by liga-
tion on the excess of RO and simultaneously amplified by
a second RCA reaction. Produced RCPs are fluorescently
labeled and quantified via ASMD or MRE.

For MRE, we use a custom-made and disposable
microfluidic chip, which represents an improved version
of the original method (22 ). The MRE chip consisted
of a 10-channel hard polymer chip allowing for high
throughput and ready use (Fig. 2A here and also Fig. 1 in
the online Data Supplement). Enriched RCPs are imaged
using a 10� magnification objective (Fig. 2, A and B)

Fig. 2. Microfluidic enrichment, barcoding principle, and flowchart of the diagnostic algorithm.
(A), Operating instructions for the prototype MRE module: (1) Plug, (2) Pump, (3) Strip, and (4) Image. (B), Principle of MRE-based influenza
detection and subtyping using 5 different fluorophore barcodes; here, H3N2 as an example. The scale bar is 20 μm. (C), Flowchart of the
diagnostic algorithm, describing the automated image and data analysis, of RCP analysis. TR, Texas Red; AF750, Alexa Fluor 750; Cy5, cyanine
5; AF488, Alexa Fluor 488; Cy3, cyanine 3.
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and quantified as digital signals. RCP identities are auto-
matically decoded for subtyping based on the general
influenza and specific barcodes included in the PLPs
(Figs. 1, A and C, and 2C). Fig. 2B illustrates detection
and subtyping of influenza H3N2 as an example. The
similar RCP count in both channels and the colocaliza-
tion of such RCPs confirms efficient dual labeling and,
therefore, successful subtype assignment.

ANALYTICAL VALIDATION

The sensitivity and specificity of the assay were optimized
in several steps. First, random decamers, specific primers,
and a combination of both were compared for the reverse
transcription reaction. The results indicated that specific
primers provide the highest assay efficiency (see Fig. 3 in
the online Data Supplement). Next, we evaluated the use
of 8 PLPs instead of a single PLP per subtype (Fig. 3A).

The 8-PLP combination increased the sensitivity by ap-
proximately 1 order of magnitude, extending the linear
dynamic range and allowing the detection of down to 18
pg/�L cDNA. We additionally estimated the limit of
detection of 18 RNA copies by using serial dilutions of a
strain (see Fig. 4 in the online Data Supplement).

The subtyping strategy was confirmed to be up to
98% specific with minimal cross-reactivity between sub-
types when using the common barcode (see Fig. 5 in the
online Data Supplement). This was further confirmed
using the complete mixture of 32 PLPs, to analyzed
vRNA from sequenced reference strains. We detected all
these subtypes with the common barcode, and signals
from subtype-specific barcodes displayed 100% specific-
ity (Fig. 3B). Therefore, the dual-labeling strategy further
increased the accuracy when compared with the common
barcoding only (see Fig. 5 in the online Data Supplement
for comparison).

We further validated the performance of the assay
using nasopharyngeal samples. For this, we selected 15
influenza-positive patient samples with high to moderate
virus levels (CT, 18.1–26.5), comprising 12 influenza A
and 3 influenza B samples as determined by the Simplexa
Flu A/B & RSV Direct assay. For each reaction, 2 �L of
RNA extract was used, and only common barcode detec-
tion was performed. The results obtained by MRE are
summarized in Table 1, resulting in a sensitivity of
100%. Moreover, we observed a moderate correlation
between CT values and RCP counts (r � 0.72, P �
0.003; see Fig. 6A in the online Data Supplement).

BLINDED INFLUENZA DETECTION AND SUBTYPING ON

CLINICAL PATIENT SAMPLES

We assessed the clinical sensitivity and specificity of our
assay by blinded testing of 50 clinical nasopharyngeal
patient samples (see Table 2 in the online Data Supple-
ment). The samples consisted of 40 influenza-positive
samples (24 influenza A and 16 influenza B) and 10
influenza-negative samples, of which 8 had tested posi-
tive for other respiratory viruses. The CT values in the
Simplexa assay, which was used as gold standard, ranged
from 20.8 to 31.1 for the 24 influenza A samples and
from 21.1 to 36.7 for the 16 influenza B samples. For this
set of samples, the amount of RNA was increased from 2
�L to 10 �L to reduce the variability caused by small
volume uptake.

We detected 19 of 24 (79%) influenza A samples
and 12 of 16 (75%) influenza B samples by our reverse
transcription–C2CA assay. The 10 influenza-negative
samples were negative also by our assay. A moderate cor-
relation between the number of RCPs and the CT values
was observed (r � 0.53, P � 0.002; see Fig. 6B in the
online Data Supplement). We performed an ROC anal-
ysis (see Note 1 in the online Data Supplement), and our
assay achieved an area under the curve of 0.86, with max-

Fig. 3. Reverse transcription–C2CA analytical performance
on cell culture isolates and reference strains of influenza
samples.
(A), Comparison of 8-plex and 1-plex using ASMD as readout. Er-
ror bars correspond to the SD from the mean (n = 3). The green
dotted line illustrates the limit of detection. (B), Subtyping using
dual labeling and 32 PLPs in combination with MRE. Subtype
percentage of total RCP count after subtracting the channel-
specific limit of detection (n = 2); values below the limit of detec-
tion were set to zero. The conditional color coding relative to RCP
counts of the samples is shown in green.

Padlock Probe Assay for Influenza Diagnostics

Clinical Chemistry 64:12 (2018) 1709

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/64/12/1704/5608700 by guest on 24 M
ay 2023



imal sensitivity and absolute specificity of 77.5% and
100%, respectively, for detecting influenza in clinical na-
sopharyngeal specimens (Fig. 4, A and B). Moreover, we
differentiated between influenza A and B with a sensitiv-
ity of 73% for influenza A and 67% for influenza B (Fig.
4C here and Fig. 7 in the online Data Supplement).
Details of the subtyping performance are summarized in
Fig. 4C.

Discussion

One of the challenges in the development of influenza
molecular diagnostics is the evolution of new influenza
variants every season. Thus, nucleic acid detection-based
assays that target only a single region in the influenza
genome have a risk of false-negative results because of
primer/probe mismatches (31 ). Therefore, a strategy that
targets all gene segments has explicit advantages because
it could overcome this limitation (29 ). In this study, we
implemented and tested the diagnostic potential of this
strategy by designing PLPs targeting conserved regions in
all 8 genome segments. In addition to increasing the ro-
bustness, our results show that this approach also in-
creased the analytical sensitivity of the assay by an order
of magnitude, allowing the detection of down to 18 RNA
copies. This was further confirmed when using the mix-
ture of 32 PLPs for which the assay reached a specificity
of up to 100% for all 4 influenza subtypes without in-
creasing the background signal (Fig. 3B). These results
demonstrate the advantages of PLPs for designing highly
multiplexed assays and, in this case, to eventually be able
to target more regions per gene segment and include
different variants or other relevant respiratory infections,
like RSV and Streptococcus pneumoniae (32–34).

Moreover, the adaption of the MRE cartridge al-
lowed us to perform the differential subtype analysis in a
digital manner without the need for specialized commer-
cial instruments, unlike platforms like digital PCR. And
although we were limited by the fluorescent filters avail-
able, the number of targets analyzed can be increased
by adapting sequencing-by-ligation chemistries (35 ) or
an array-based format (36 ), both of which would allow
the discrimination of subtype- and segment-specific sig-
nals for the detection of emerging strains. Further im-
provements of the MRE module could be the use of
alternative membranes with decreased autofluorescence
properties (37 ) or the selection of a fluorophore with a
spectral emission different to that of nitrocellulose.

Despite this limitation, we were able to perform an
assessment of the clinical diagnostic properties of both
the design of the 32-PLP mixture and the MRE module
by analyzing nasopharyngeal swab RNA extracts from 50
patients. The obtained clinical specificity is comparable
with those reported for RT-qPCR, whereas the sensitiv-
ity is in the range of immunoassays (Fig. 4A here and
Table 1 in the online Data Supplement), with the further
advantage of providing information about influenza sub-
type. Subtyping performance showed a sensitivity of
73% for influenza A (11 H3N2, 3 H1N1) and 67% for
influenza B (4 Victoria, 4 Yamagata). The Simplexa assay
does not subtype A and B strains; therefore, ROC anal-
ysis on the subtyping level could not be performed. How-
ever, the subtypes scored by our assay are consistent with
the influenza subtypes in circulation during the 2016 to
2017 season (38 ). Interestingly, we also found a moder-
ate quantitative correlation between the CT values given
by the Simplexa assay and RCP counts (see Fig. 6 in the
online Data Supplement), which is not expected to be

Fig. 4. Sensitivity and specificity analysis of the reverse transcription–C2CA for the 50 blinded testing of patient samples.
(A), Raw data of the reverse transcription–C2CA results for influenza A and B detection using the Simplexa assay as gold standard. TP, true
positive; FN, false negative; TN, true negative; FP, false positive. (B), ROC analysis (n = 50) of the reverse transcription–C2CA results. AUC, area
under the curve. (C), Sunburst chart of assay performance including all fluorescence channels.
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high considering that both assays were run from different
aliquots of the sample collected at different time points
and using different extraction and reverse transcription
methods.

Possible future work includes approaches focusing
on simplicity toward routine and point-of-care applica-
tions, and boosting the sensitivity. This includes the
adaption of direct RNA detection approaches to elimi-
nate the reverse transcription step (39 ), expanding the
number of PLPs per genome segment or simply by in-
creasing the volume of enriched RCPs. Moreover, the
C2CA assay used in this study can be automated with
routine robotic stations or by adapting reported micro-
fluidic automation strategies (36, 40 ) or existing com-
mercial solutions (Aquila 1000, Q-linea AB).

In conclusion, we have presented a proof of concept
and diagnostic performance of a PLP-based assay for the
detection and subtyping of influenza from clinical naso-
pharyngeal patient samples. We demonstrate the high
specificity and multiplexing capability of PLPs, together
with RCA, for inexpensive digital quantification readout
to bring this assay closer to clinical applications.
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