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Minor groove binder modification of widely used TagMan hydrolysis probe for detection

of dengue virus reduces risk of false-negative real-time PCR results for serotype 4
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Summary

Dengue is a vector-transmitted viral infection that is a significant cause of morbidity and
mortality in humans worldwide, with over 50 million apparent cases and a fatality rate of 2.5% of
0.5 million severe cases per annum in recent years. Four serotypes are currently co-circulating.

Diagnosis of infection may be by polymerase chain reaction, serology or rapid antigen test for
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NS1. Both pan-serotype and serotype-specific genome detection assays have been described,
however, achieving adequate sensitivity with pan-serotype assays has been challenging.
Indeed, as we show here, inspection of components and cycling parameters of a pan-serotype
RT-gPCR assay in use in laboratories worldwide revealed insufficient probe stability to
accommodate potential nucleotide mismatches, resulting in false-negatives. A minor-groove
binder (MGB)-modified version of the probe was designed and its performance compared with
that of the original probe in 32 samples. Eight of the samples were undetected by the original
probe but detected by the MGB madified probe and six out of seven of these that could be
serotyped belonged to serotype 4. Sequencing of the region targeted by the probe in these
samples revealed two mismatches which were also universally present in all other serotype 4
sequences in a public database. We therefore recommend adoption of this MGB modification in

order to reduce the risk of false-negative results, especially with dengue serotype 4 infections.

Keywords: dengue, TagMan, false-negative, sensitivity, serotype 4, minor groove binder

Abbreviations:

MGB = minor groove binder

gPCR = quantitative polymerase chain reaction

RT-gPCR = reverse transcription quantitative polymerase chain reaction

Cq = quantification cycle (sometimes referred to as C; or threshold cycle)

1. Introduction

Dengue, caused by a member of the family Flaviviridae, is the most common arboviral infection
worldwide. Globally, case incidence is thought to be 50-100 million per annum, though the true

number may be higher as not all infections are apparent and misclassification may occur in
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regions with a high burden of febrile illness (Bhatt et al., 2013; Stanaway et al., 2016). Clinical
infections range widely in severity from asymptomatic to dengue haemorrhagic fever and death.
Other than supportive therapy no specific treatment is available and as yet there is no effective
vaccine universally recommended for those at risk (Aguiar et al., 2016; Halstead, 2017; World
Health Organization, 2017). A vaccine would need to prevent infection in the infection-naive,
such as travellers to dengue-endemic regions, and neonates in endemic countries, as well as
those who have experienced primary infection. Recommendations for the only licensed vaccine
currently available (the Pasteur CYD-TDV) are limited to those aged 9-45, who are likely to have

previously been exposed to infection (Sridhar et al., 2018; Wilder-Smith et al., 2018).

Four serotypes co-circulate in most endemic countries, and these are genetically variable
(Costa et al., 2012). Initial infection with any serotype gives type-specific lifelong immunity,
however, prior infection with one serotype can predispose to a more serious episode on

subsequent infection with a different serotype (Halstead et al., 1970; Katzelnick et al., 2017).

Diagnosis of dengue is on clinical suspicion based on symptoms and travel history; in addition a
wide variety of laboratory methods are in current use. Blood samples may be analysed for
RNA, IgM and IgG or NS1 antigen; the presence of RNA and/or IgM suggesting acute infection.
Point of care diagnostic tests are also available, although the sensitivity of these tests when
performed in the field has been variable (Pang et al., 2017; Sa-ngamuang et al., 2018).
Molecular techniques are widely used, though the resource requirements for these tests mean
that their implementation may not be feasible in resource-limited settings. Molecular tests to
detect viraemic infections include qualitative/nested PCR, reverse-transcription quantitative
PCR (RT-gPCR) and isothermal amplification methods (Domingo et al., 2010; Poersch et al.,
2005). Some tests seek to differentiate serotypes for epidemiological purposes, while others

are intended to be pan-serotype. Serotyping of dengue infection has limited applicability in
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immediate clinical management. However, epidemiological surveys are important to assess
whether a predominant serotype in a locale is supplanted, bringing with it the risk of secondary

infections and more severe consequences.

A widely cited pan-serotype RT-qPCR assay published in 2002 (Drosten et al., 2002) that is
apparently used by laboratories in many countries (Domingo et al., 2010) was identified in a
literature search and evaluated using archived samples. An initial failure to detect one of four
samples tested led to a closer inspection of this assay and, as a result, to its improvement
through minor groove binder (MGB) modification of its TagMan probe (i.e. 5" hydrolysis probe).
The MGB-modified and un-modified probe (herein designated the ‘original’ probe) assays were
tested on a larger group of samples and two sequence mismatches between the ‘original’ probe
and dengue serotype 4 sequences were identified. The MGB maodification was thus shown to

prevent false-negative results being generated with serotype 4 samples.

2. Materials and Methods

2.1 Samples

Samples #1-21: Archived EDTA-plasma samples from University College London Hospital that
had been submitted for arbovirus testing between January and August 2016 were reviewed. 21
samples that had been reported elsewhere as positive for dengue virus RNA were identified and
retrieved from storage at -20 °C The total storage time at -20 °C varied between 5 and 14
months prior to nucleic acid extraction (mean 10 months). Samples #22-32: Archived samples
were stored at -80 °C since 2012 (Samples #22, 26-30), 2016 (Samples #23-25) or 2018
(Samples #31-32). All samples from Brazil were processed at the Flavivirus Laboratory,

Instituto Oswaldo Cruz, Rio de Janeiro, Brazil.
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2.2 Ethical Approval

The study was approved by the local University College London Hospital Clinical Governance
committee following regulatory requirements for diagnostic assay development for Samples #1-
21 and the Ethical Screening Committee of Fiocruz (CAAE): 90249218.6.1001.5248 (2.998.362)

for Samples #22-32.

2.3 Nucleic acid extraction

RNA was extracted from plasma samples manually using the Qiagen viral RNA mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions (except volumes as follows) or
the Qiagen EZ1 BioRobot. Sample input and elution volumes for manual extraction were
matched to the BioRobot for the samples from UCLH: 200 ul sample input and 90 pl elution.

For samples from Brazil, only 100ul was available, which was supplemented with 100ul
negative normal human serum, and extracted as described. Extracted RNA was stored at -

80°C.

2.4 Reverse-transcription quantitative polymerase chain reaction (RT-qPCR)

Real-time RT-gPCR was performed in accordance with the MIQE guidelines (Bustin et al.,
2009) using TagMan Fast Virus 1-Step Master Mix (cat. no. 4444432, Life Technologies,
Paisley, UK), primers at 600 nM and probe at 100 nM (sequences as in (Drosten et al., 2002)
and Figure 1, synthesized by Sigma, Haverhill, UK); either a 6-carboxyfluorescein (FAM)/
tetramethylrhodamine (TAMRA) probe for the ‘original’ assay (Drosten et al., 2002) or a FAM/
minor groove binder (MGB)-non-fluorescent quencher probe (synthesized by Life Technologies)
for the MGB-modified assay (Figure 1). Each well contained 15 pl total reagents with 1 pl RNA
extract, and each condition was run in triplicate wells. Cycling conditions (ABI 7500 thermal

cycler, Applied Biosystems) were: 50 °C 5 mins, 95 °C 20 secs, then 45 cycles of 95 °C 3 secs,
5
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60 °C 1 min. Negative controls (H20) were run on every plate. Data were analysed using the

ABI 7500 software v2.0.6.

2.5 Synthesis of RNA by in vitro transcription

Transcripts used to generate the dengue RNA dilution series were synthesised using the T7
MegaScript kit (Life Technologies) and PCR amplicons as template, amplified from Sample #14
(serotype 2). RNA from this clinical samples was initially reverse transcribed using Superscript
IV and random hexamers (both Life Technologies). Amplified DNA template was produced by
nested PCR using primers EG273/EG250 then EG295/EG296 (Table 1) and Platinum SuperFi
polymerase (cat. no. 12351010, Life Technologies). Transcripts were cleaned up using the
MegaClear kit (Life Technologies) and the yield assessed using the Nanodrop One® (Thermo

Scientific, Paisley, UK).

2.6 Sequencing

RNA extracts were reverse transcribed using Superscript IV with reverse primer EG244 (Table
1) (Samples #2, #3, #6-17 and #19-21) according to the manufacturer’s instructions. Where
amplification by nested PCR was initially unsuccessful, random hexamers were used for the
reverse transcription step (Samples #4 and #18). Nested PCR reactions were carried out on all
samples using the primers in Table 1 and Platinum SuperFi Taq polymerase according to the
manufacturer’s instructions in 25 pl (first round) and 50 pl (second round) reactions. After the
second round, 5 pl PCR reaction product was analysed by agarose gel electrophoresis to
ensure unique bands of the correct size had been obtained, and DNA from the remaining 45 pl
reaction product was purified by the QIAquick PCR purification kit (Qiagen). Bi-directional

Sanger sequencing of the purified amplicon was carried out by Genewiz Ltd. (Essex, UK).

2.7 Serotyping
6
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To assign serotype to Samples #1-21, the segment that was sequenced (corresponding to
10467-10660, numbering according to GenBank AF038403) was used as input for a nucleotide

BLAST search (www.ncbi.nim.nih.qov/BLAST) and the serotype of the closest matched dengue

sequences from the database noted. None of the sequences from this study matched more
than one serotype. Samples #22-32 were assigned a serotype using the method described in

(Santiago et al., 2013).

2.8 Sequence analyses to explore probe/target mismatches in serotype 4 samples
Analysis of .abl files, alignment to template and inspection of sequences was carried out using

DNADynamo (Blue Tractor Software Ltd).

To create a multiple sequence alignment, all whole virus genome sequences from samples
taken from a human host, classified as dengue serotype 4 that included data between
nucleotides 10635 and 10701 (the gPCR amplicon from (Drosten et al., 2002), numbering
according to AF038403) were downloaded from the Virus Pathogen Database and Analysis
Resource (www.viprbrc.org), aligned using MUSCLE via the online interface, then opened in
Seqotron (Fourment and Holmes, 2016) for further analysis. This dataset comprised 192
genomes. The section encompassing the ‘original’ assay primers and probe was selected and
extraneous sequence data removed, as well as any genomes with missing data for this section.
The resulting FASTA file contained 147 sequences from geographically diverse locations. To
create Supplementary Table 1, the percent identity of each nucleotide at each position was

calculated using consensus mode in DNADynamo.

3. Results

3.1 A widely used pan-serotype RT-gPCR assay can yield false-negative results

7
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In 2010, an international external quality assessment exercise for molecular diagnostics of
dengue was reported, in which participating laboratories were able to compare the performance
of their assays (Domingo et al., 2010). The most widely used published assay in that
international assessment was the RT-qPCR pan-serotype assay described by Drosten et al. in
2002 (Drosten et al., 2002). This assay was therefore selected for further evaluation. The
primer and probe binding sites for this assay are shown in Figure 1, and are located in the 3’
terminal non-coding region of the genome, where there is a high degree of sequence
homogeneity between serotypes. In order to encompass the genetic diversity of serotype 4

there are two reverse primers (R1 and R2) in the mix at a 1:1 ratio.

10630 10706

F P R1

GGATAGACCAGAGATCCTGCTGT CAGCATCATTCCAGGCACAM@AACGCCAGAAAATGGAATG
Serotype 1 CGCTGGGAGAGACCAGAGATCCTGCTGTCTCTACAGCATCATTCCAGGCACAGAACGCCAGAAAATGGAATGGTGCT
Serotype 2 CGCTGGGAAAGACCAGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACAGAACGCCAGAAAATGGAATGGTGCT
Serotype 3 CGCTGGGAGAGACCAGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACAGAACGCCAGAAAATGGAATGGTGCT
Serotype 4 CGCTGGGAAAGACCAGAGATCCTGCTGTCTCTGCAACATCAATCCAGGCACAGAGCGCCGCGAGATGGATTGGTGTT

GAGCGCCGCAAGATGGATTG
R2

Figure 1. Representatives of the four dengue serotypes showing primer/probe binding
sites.

The sequences are: serotype 1 Hawaii (EU848545); serotype 2 New Guinea C (AF038403);
serotype 3 Philippines H87 (M93130); serotype 4 Philippines H241 (AY947539). F = forward
primer; P = probe; R1 = reverse primer 1; R2 = reverse primer 2. The genomic numbering
refers to AF038403 (serotype 2). The black shading represents the single nucleotide overlap

between the probe and the reverse primer.

Preliminary tests on four known RNA-positive samples (sample numbers #18 - #21)

unexpectedly gave one false-negative result. The properties of the primers and probe were
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therefore investigated further. The melting temperatures (Tm) of the oligonucleotides were
calculated by several alternative methods as shown in Table 2. These calculations revealed
that the Tr, of the probe was approximately the same as that of the primers. This was a
surprising finding given that TagMan probe design guidelines state that the probe T should be
about 10 °C higher than that of the primers (Bustin, 2000). If the probe T is too low then stable
binding may not occur before displacement and hydrolytic cleavage by the DNA polymerase
during amplification. An inadequate T difference between that of the probe and that of the
primers would be likely to make probe hybridization unstable in the face of even minor

sequence mismatch.

3.2 MGB-modified probe has optimised characteristics and reduces risk of false-negatives
Heterogeneity in the bases upstream of the probe sequence, and the proximity of the reverse
primer downstream of the probe, meant that extending the probe to increase its Tm was not an
option. To optimise the assay we therefore elected to synthesise an alternative probe of
identical sequence and length but with a 3' minor groove binder (MGB) moiety. This stabilises
the duplex, increasing the T, of the probe by between 10 and 20 °C, without lengthening it
(Garson et al., 2012). This alternative probe was synthesised (EG242) and the assay was

designated ‘MGB-modified’.

To investigate whether adding the MGB maodification to the probe made a difference to assay
characteristics (PCR efficiency and detection limit) a dilution series of a sample with a high viral
load (Sample #14) was prepared. Ten-fold serial dilutions were made and analysed by both the
MGB-maodified and the ‘original’ assays in triplicate (Figure 2a). The fitted regression line for the
MGB-maodified probe showed detection at approximately 1 Cq lower than the ‘original’ probe

across most of the dilution range (Figure 2a). The slopes, -3.33 and -3.17, representing a
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nominal PCR efficiency of ~99.7 % and ~106.6 %, and the R squared values (0.998 and 0.994)
for the MGB-modified and ‘original’ assays respectively, were not significantly different. The
dilution series was repeated a second time with RNA transcript generated from Sample #14 to
assess the minimum copy number detectable by the two assays (Figure 2b). Again, fitted
regression lines for the MGB-modified probe showed detection at approximately 1 Cq lower than
the ‘original’ probe across most of the dilution range, equivalent to approximately a 2-fold
increase in sensitivity (Figure 2b). The limit of qualitative detection for both assays was
approximately 100 RNA copies per reaction, though the limit of quantitation was ~1000 copies.
Similar slopes, nominal PCR efficiencies and R squared values were seen (-3.26 and -3.24,
~102.5 % and ~103.4 %, 1.000 and 0.999 for the MGB-modified and ‘original’ assays

respectively) (Figure 2b).
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243  Figure 2. Amplification of samples generated from ten-fold serial dilutions.
244  Each dilution was analysed in triplicate using both the MGB-modified probe and the ‘original’
245  probe. Error bars represent the standard deviation of the mean of positive wells. a) Ten-fold

246  serial dilutions were made with Sample #14 nucleic acid extract, covering the dilution range
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from 10! to 108, The nominal PCR efficiency, R?, and slope for the MGB-modified assay were
99.7 %, 0.998 and -3.33, and for the ‘original’ assay were 106.6 %, 0.994 and -3.17. b) Ten-fold
serial dilutions were made with RNA transcript generated from Sample #14 template. Between
10° and 108 copies per sample were tested; for both assays, only samples with 102 copies or
more yielded a positive result. The nominal PCR efficiency, R?, and slope for the MGB-modified
assay were 102.5 %, 1.000 and -3.26, and for the ‘original’ assay were 103.4 %, 0.999 and -

3.24.

To compare the performance of the MGB-modified and ‘original’ assays on a wide variety of
samples, 32 archived samples reported elsewhere as dengue RNA-positive were tested.
Overall, 29 of 32 samples were found to be positive with the MGB-modified assay but only 21 of
32 with the ‘original’ assay. Sample #5 yielded one positive well out of three repeats and
Sample #25 yielded two positive wells out of three repeats with the MGB-modification but zero
of three were positive with the ‘original’ probe for both these samples. For every positive
sample, the Cq with the MGB-modified assay was approximately one cycle lower than generated

by the ‘original’ assay (Figure 3 and Table 3).

12



'original' I
MGB-modified

40 : undetectable above this line*

prwy

36 -

32

Cq mean

28 -

24 -

20

16 -

N N N N NN N N L N == [Py

123 456 7 8 9101112131415161718192021222324 2526272829 3031 32
264 Sample
265  Figure 3. A comparison of Cq values obtained with 32 archived samples assayed by the
266 MGB-modified and the ‘original’ assay.
267 Each sample was analysed in triplicate; error bars represent the standard deviation of the mean
268  of positive samples. If fewer than 3 of 3 wells yielded positive results (Samples #5 and #25) ,
269 the number of positive wells is given above each bar. Samples for which 3/3 wells were
270 negative are shown with Cq mean above 40 cycles.
271
272 3.3 False-negative results with ‘original’ probe were from serotype 4 samples
273  To determine whether dengue serotype may be associated with the inability of the ‘original’

274  assay to detect certain samples, a region between nucleotides 10467-10660 (numbering based
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on serotype 2, GenBank AF038403) was amplified by nested PCR and sequenced for 19 of
Samples #1-21, yielding the serotype data shown in Table 3. Two samples, samples #1 and #5,
did not yield amplicons for sequencing. Samples #22-32 were serotyped by the molecular
assay described in (Santiago et al., 2013) (Table 3). The samples that were undetectable with
the ‘original‘ assay but were detectable in triplicate with the MGB-modified assay (i.e. Samples
#6, #19, #27, #28, #29 and #31) were all serotype 4, suggesting that this serotype (an early
evolutionary breakaway from the lineage that led to serotypes 1-3, (Costa et al., 2012)) may be
particularly poorly detected by the ‘original’ version of this assay. To understand why the
‘original’ probe without the MGB modification may not have detected these samples, the region
covering the gPCR amplicon was sequenced, corresponding to 10479-10701 (numbering
according to GenBank AF038403) from Samples #6 and #19. These data were appended to
the sequencing data generated for serotyping (10467-10660, Table 3) and are shown in Figure
4. Sample #14, a serotype 2 sample which was detected by both the MGB-modified and
‘original’ probes was also sequenced in this region to provide a control for comparison. The
sequencing clearly demonstrated two mismatches in the probe binding region, for serotype 4
samples only. The destabilizing effect of these mismatches would have been negated by the

MGB moiety in the modified probe.

DENV-14 CCATGGAAGCTGTACGCATGGCGTAGTGGACTAGCGGTTAGAGGAGACCCCTCCCTT -~AC----AAATCGCAGCAACAATGGGGGCCC-AAGGTGAGATGAAGCTGTAGTCTCACTGGAAGGAC
DENV-6 CCATGGAAGCTGTACGCGTGGCATATTGGACTAGCGGTTAGAGGAGACCCCTCCCATCACTGACAAAACGCAGCARAARAGGGGGCCCGAAGCCAGGAGGAAGCTGTACTTCTGGTGGAAGGAC
DENV-19 CCATGGAAGCTGTACGCGTGGCATATTGGACTAGCGGTTAGAGGAGACCCCTCCCATCACTGACAARACGCAGCAAAAAAGGGGGCCCGAAGCCAGGAGGAAGCTGTACTTCTGGTGGAAGGAC

DENV-14 TAGAGGTTAGAGGAGACCCCCCCGAAATAAAAAACAGCATATTGACGCTGGGAAAGACCAGAGATCCTGCTGTCTCCTCAGCATCATTCCAGGCACAGAACGCCAGARAATGGAATG
DENV-6 TAGAGGTTAGAGG. CCCCCCCARCAC. ~CAGCATATTGACGCTGGGAAAGACCAGAGATCCTGCTGTCTCTGCAACATCAATCCAGGCACAGAGCGCCGCAAGATGGATTG
DENV-19 TAGAGGTTAGAGGAGACCCCCCCAACACAAAAA-CAGCATATTGACGCTGGGAAAGACCAGAGATCCTGCTGTCTCTGCAACATCAATCCAGGCACAGAGCGCCGCAAGATGGATTG

F P R1&R2

Figure 4. Sequence alignment of Samples #6, #14 and #19
The amplicon covering the section 10467-10701 (numbering according to AF038403) including
binding sites for the primers and probe is shown for Samples #6, #14 and #19. A section

between 10479-10701 was amplified, sequenced and appended to data from 10467-10660,

14
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used to serotype all samples (Table 3). Samples #6 and #19 are serotype 4; Sample #14 is the
high titre sample used to generate Figure 2 and is serotype 2. Mismatches to the assay primers
and probe are shown with arrows and highlighted in bold. Outside of the primer/probe binding
regions (delineated by horizontal lines), sequence differences between the samples are also
highlighted in bold. There are two different reverse primers (R1 and R2 mixed 1:1) therefore
although there are five variant sites between the two serotypes in this region, all have ~100%

homology with one of the reverse primers.

3.4 Two mismatches in probe binding site are present in all available serotype 4 sequences

We investigated whether the ‘original’ probe mismatches with serotype 4 samples found in this
study are also found in previously sequenced samples from around the globe. A multiple
sequence alignment was prepared from all available dengue serotype 4 genomes from the Virus
Pathogen Database and Analysis Resource (www.viprbrc.org) with sequence data covering the
entire forward primer and reverse primer binding region (n = 147 sequences). This
demonstrated that the two mismatches found in the probe-binding region of Samples #6 and
#19 in this study are in fact universally present in all available dengue serotype 4 genomes

(Supplementary Table 1).

3.5 No false positive signals are seen in dengue-negative samples

To ensure that the MGB-modified probe maintained its specificity and did not yield false positive
results with other members of the family Flaviviridae, 16 samples from patients with hepatitis C
and 22 samples from patients with Zika virus were tested in vitro by g°PCR. None of the
samples tested by gPCR yielded false-positive results. An in silico analysis using NCBI Primer-
BLAST also failed to find any cross-reactivity with the human genome, or with the genomes of
other members of the Flaviviridae including the following viruses: hepatitis C, chikungunya, Zika

and yellow fever.
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4. Discussion

The incidence of dengue is slowly rising worldwide and vigilance is increasingly required in non-
endemic countries where dengue is imported by returning travellers (Neumayr et al., 2017;
Stanaway et al., 2016). As yet, there is no vaccine that can be universally recommended and
no cure, and morbidity and mortality remains high in countries that can least afford the dual
burdens of healthcare costs and loss of human capital. A clear and accurate understanding of
incidence is key to obtaining a full epidemiological picture of the disease, and accurate
diagnostic tools are essential. In this study, we have shown how the sensitivity of a pan-
serotype RT-qPCR assay, employed to diagnose viraemic dengue infection can be significantly
improved by MGB madification of the TagMan hydrolysis probe. Dengue serotype 4 comprises
a significant minority of infections worldwide, and therefore the diagnostic tools chosen by
laboratories must reliably detect this serotype. In the quality assessment study of 2010
(Domingo et al., 2010), samples of dengue serotype 4 were included at a level of 10° genome
equivalents per mL, two orders of magnitude higher than the minimum detection requirement to
achieve an ‘acceptable’ classification in this exercise. Despite this relatively high level, 14/46
laboratories failed to classify the serotype 4 sample as dengue positive. Several pan-serotype
dengue assays proposed in the literature include more than one primer (or probe) to ensure
detection of dengue serotype 4 (Alm et al., 2014; Dumoulin et al., 2008; Santiago et al., 2013).
Interestingly, the modification to the (Drosten et al., 2002) assay proposed by Dumoulin et al. is
the addition of a second probe identically located but with two nucleotides changes to map
exactly the dengue serotype 4 consensus sequence (Dumoulin et al., 2008). When the
(Drosten et al., 2002) assay was originally published in 2002, MGB-probes were only just

becoming available; their widespread use not common until a few years later. It is therefore
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appropriate to update this assay using technological advances that have become available

since that time.

The MGB modification acts as a molecular clamp, increasing the affinity of the probe for its
complementary sequence and hence increasing the Trn. In this way, the qualities of the probe
can be modified without changing sequence or length. This has been previously shown to make
assays more tolerant of mismatches between the probe and target sequence and can raise the
Tm of the probe to around 10 °C higher than the T, of the primers (Garson et al., 2012; Nolan et
al., 2006). While the effect on detection of the serotype 4 samples was dramatic in terms of
preventing false-negatives, the detection of other serotypes was not impaired, and indeed,
appeared to be improved by a mean of about one cycle compared to the non-MGB probe.
There is therefore a clear case for laboratories that use the ‘original’ assay to switch to using an
MGB-madified probe, which will increase reliability of detection of serotype 4 samples without

adversely affecting detection of serotypes 1, 2 and 3 or compromising specificity.

In terms of the travel history of patients from whom Samples #1-21 derived, more than half had
been to Thailand or Indonesia (including Bali), in line with previous data from travellers from
Europe with dengue (Neumayr et al., 2017) (Supplementary Table 2). Samples #22-32 were
from patients resident in Brazil. Out of the 32 total samples, seven were found to be serotype 4
and of the 21 European samples, two were found to be serotype 4. This is also broadly in line
with sentinel European laboratory data that found this serotype to be the least commonly
isolated (Neumayr et al., 2017). Both of the sequenced viruses isolated from these samples
had two mismatches with the probe (out of 20 nucleotides), in common with all serotype 4
sequences available in a public database that covered this section of the genome. Whilst these

mismatches might not prevent very highly viraemic samples from being detected, they would be
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likely to cause a false-negative result to be returned if the level of viraemia was moderate or

low.

Although all archived samples from UCLH analysed here had been reported as dengue RNA-
positive when tested as fresh samples, they had been stored at -20 °C for up to 14 months
(average of 10 months) and due to clinical requirements, had been subjected to freeze thaws
before commencing the present study. The Brazilian samples were stored at -80 °C after
collection. We speculate that the storage at -20 °C , and/or a reduced input level of sample
through both reduced extraction volume and reduced sample input to the RT-gPCR assay, may
account for the failure of both the modified and the ‘original’ assays to detect Samples #1, #11,

and #30 and for the difficulty in obtaining amplicons for sequencing from Samples #1 and #5.

5. Conclusion

In conclusion, we have shown that an MGB-modification of a TagMan probe from a widely used
RT-gPCR assay can improve the sensitivity of the assay for dengue serotype 4 samples, which
contain two mismatches with respect to the probe sequence. In light of this, we would suggest
that laboratories that use the ‘original’ assay to detect dengue viraemia use the MGB-modified

probe to avoid false-negative results from infections with dengue serotype 4.

Acknowledgements:
We acknowledge the help and support of David Brown (PHE, UK), Ana Bispo (Fundagéo
Oswaldo Cruz, Brazil), Jim Waite (UCLH, UK) and Paul Grant (UCLH, UK) during this work. We

also thank Ali Golshan-Zadeh for technical assistance.

18



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

Author contributions:
EG, EN and JG designed the study. EG, JH, RF and PS performed experiments. EN provided
samples. EG and JG analysed data and wrote the paper. All authors had the opportunity to

review the manuscript before submission.

Funding:

This work was funded by grants from EPSRC i-sense Early Warning Sensing Systems in
Infectious Disease (EP/K031953/1) (EG); the NIHR Biomedical Research Centre and the
UCLH/UCL BRC funded NIHR Health Informatics Collaborative study (JH, EN, RF); The
European Union’s Horizon 2020 Research and Innovation programme (ZIKAction, grant
agreement 734857; JH, PS, EN and ZIKAplan, grant agreement 734548; PS); Faperj (Fundacéo
Carlos Chagas Filho de Amparo a Pesquisa do Estado do Rio de Janeiro) E-26/2002.930/2016
(PS). The funders had no role in study design, collection, analysis and interpretation of data, or

the writing and submission of the paper.

Competing interests:

Declarations of interest: none.

19



416

417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465

References

Aguiar, M., Stollenwerk, N., Halstead, S.B., 2016. The Impact of the Newly Licensed Dengue
Vaccine in Endemic Countries. PLoS neglected tropical diseases 10, e0005179-23.
doi:10.1371/journal.pntd.0005179

Alm, E., Lesko, B., Lindegren, G., Ahim, C., S6derholm, S., Falk, K.I., Lagerqgvist, N., 2014.
Universal Single-Probe RT-PCR Assay for Diagnosis of Dengue Virus Infections. PLoS
neglected tropical diseases 8, €3416-10. doi:10.1371/journal.pntd.0003416

Bhatt, S., Gething, P.W., Brady, O.J., Messina, J.P., Farlow, AW., Moyes, C.L., Drake, J.M.,
Brownstein, J.S., Hoen, A.G., Sankoh, O., Myers, M.F., George, D.B., Jaenisch, T., William
Wint, G.R., Simmons, C.P., Scott, T.W., Farrar, J.J., Hay, S.1., 2013. The global distribution
and burden of dengue. Nature 496, 504-507. doi:10.1038/nature12060

Bustin, S.A., 2000. Absolute quantification of mMRNA using real-time reverse transcription
polymerase chain reaction assays. J. Mol. Endocrinol. 25, 169-193.

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R.,
Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2009. The MIQE
guidelines: Minimum information for publication of quantitative real-time PCR experiments.
Clinical Chemistry 55, 611-622. doi:10.1373/clinchem.2008.112797

Costa, R.L., Voloch, C.M., Schrago, C.G., 2012. Comparative evolutionary epidemiology of
dengue virus serotypes. Infection, Genetics and Evolution 12, 309-314.
doi:10.1016/].meegid.2011.12.011

Domingo, C., Niedrig, M., Teichmann, A., Kaiser, M., Rumer, L., Jarman, R.G., Donoso-Mantke,
0., 2010. 2nd International External Quality Control Assessment for the Molecular
Diagnosis of Dengue Infections. PLoS neglected tropical diseases 4, e833-9.
doi:10.1371/journal.pntd.0000833

Drosten, C., Gottig, S., Schilling, S., Asper, M., Panning, M., Schmitz, H., Gunther, S., 2002.
Rapid Detection and Quantification of RNA of Ebola and Marburg Viruses, Lassa Virus,
Crimean-Congo Hemorrhagic Fever Virus, Rift Valley Fever Virus, Dengue Virus, and
Yellow Fever Virus by Real-Time Reverse Transcription-PCR. Journal of Clinical
Microbiology 40, 2323—-2330. do0i:10.1128/JCM.40.7.2323-2330.2002

Dumoulin, A., Marti, H., Panning, M., Hatz, C., Hirsch, H.H., 2008. Pan-Dengue Virus Detection
by PCR for Travelers Returning from the Tropics. Journal of Clinical Microbiology 46, 3104—
3106. doi:10.1128/JCM.01294-08

Fourment, M., Holmes, E.C., 2016. Seqotron: a user-friendly sequence editor for Mac OS X.
BMC Res Notes 9, 106. doi:10.1186/s13104-016-1927-4

Garson, J.A., Ferns, R.B., Grant, P.R., ljaz, S., Nastouli, E., Szypulska, R., Tedder, R.S., 2012.
Minor groove binder modification of widely used TagMan probe for hepatitis E virus reduces
risk of false negative real-time PCR results. Journal of virological methods 186, 157-160.
doi:10.1016/j.jviromet.2012.07.027

Halstead, S.B., 2017. Dengvaxia sensitizes seronegatives to vaccine enhanced disease
regardless of age. Vaccine 35, 6355-6358. doi:10.1016/j.vaccine.2017.09.089

Halstead, S.B., Nimmannitya, S., Cohen, S.N., 1970. Observations related to pathogenesis of
dengue hemorrhagic fever. IV. Relation of disease severity to antibody response and virus
recovered. Yale Journal of Biology and Medicine 42, 311-328.

Katzelnick, L.C., Gresh, L., Halloran, M.E., Mercado, J.C., Kuan, G., Gordon, A., Balmaseda, A.,
Harris, E., 2017. Antibody-dependent enhancement of severe dengue disease in humans.
Science 358, 929-932. doi:10.1126/science.aan6836

Neumayr, A., Mufioz, J., Schunk, M., Bottieau, E., Cramer, J., Calleri, G., LOpez-Vélez, R.,
Angheben, A., Zoller, T., Visser, L., Serre-Delcor, N., Genton, B., Castelli, F., van Esbroeck,
M., Matteelli, A., Rochat, L., Sulleiro, E., Kurth, F., Gobbi, F., Norman, F., Torta, I., Clerinx,
J., Poluda, D., Martinez, M., Calvo-Cano, A., Sanchez-Seco, M.P., Wilder-Smith, A., Hatz,

20



466 C., Franco, L., for TropNet, 2017. Sentinel surveillance of imported dengue via travellers to

467 Europe 2012 to 2014: TropNet data from the DengueTools Research Initiative. Euro

468 Surveill. 22, 30433-9. d0i:10.2807/1560-7917.ES.2017.22.1.30433

469 Nolan, T., Hands, R.E., Bustin, S.A., 2006. Quantification of MRNA using real-time RT-PCR.
470 Nature Protocols 1, 1559-1582. doi:10.1038/nprot.2006.236

471 Pang, J., Chia, P.Y., Lye, D.C., Leo, Y.S., 2017. Progress and Challenges towards Point-of-
472 Care Diagnostic Development for Dengue. Journal of Clinical Microbiology 55, 3339-3349.
473 doi:10.1128/JCM.00707-17

474  Poersch, C. de O., Pavoni, D.P., Queiroz, M.H., Borba, L. de, Goldenberg, S., Santos,

475 C.N.D.D., Krieger, M.A., 2005. Dengue virus infections: comparison of methods for

476 diagnosing the acute disease. Journal of Clinical Virology 32, 272-277.

477 doi:10.1016/j.jcv.2004.08.008

478  Sa-ngamuang, C., Haddawy, P., Luvira, V., Piyaphanee, W., lamsirithaworn, S., Lawpoolsri, S.,
479 2018. Accuracy of dengue clinical diagnosis with and without NS1 antigen rapid test:

480 Comparison between human and Bayesian network model decision. PLoS neglected

481 tropical diseases 12, e0006573-14. doi:10.1371/journal.pntd.0006573

482 Santiago, G.A., Vergne, E., Quiles, Y., Cosme, J., Vazquez, J., Medina, J.F., Medina, F., Coldn,
483 C., Margolis, H., Mufioz-Jordan, J.L., 2013. Analytical and Clinical Performance of the CDC
484 Real Time RT-PCR Assay for Detection and Typing of Dengue Virus. PLoS neglected

485 tropical diseases 7, e2311-15. doi:10.1371/journal.pntd.0002311

486  Sridhar, S., Luedtke, A., Langevin, E., Zhu, M., Bonaparte, M., Machabert, T., Savarino, S.,
487 Zambrano, B., Moureau, A., Khromava, A., Moodie, Z., Westling, T., Mascarefias, C.,

488 Frago, C., Cortés, M., Chansinghakul, D., Noriega, F., Bouckenooghe, A., Chen, J., Ng, S.-
489 P., Gilbert, P.B., Gurunathan, S., DiazGranados, C.A., 2018. Effect of Dengue Serostatus
490 on Dengue Vaccine Safety and Efficacy. The New England journal of medicine 379, 327—
491 340. doi:10.1056/NEJM0a1800820

492  Stanaway, J.D., Shepard, D.S., Undurraga, E.A., Halasa, Y.A., Coffeng, L.E., Brady, O.J., Hay,
493 S.1., Bedi, N., Bensenor, I.M., Castafieda-Orjuela, C.A., Chuang, T.-W., Gibney, K.B.,

494 Memish, Z.A., Rafay, A., Ukwaja, K.N., Yonemoto, N., Murray, C.J.L., 2016. The global
495 burden of dengue: an analysis from the Global Burden of Disease Study 2013. The Lancet
496 Infectious Diseases 16, 712—-723. doi:10.1016/S1473-3099(16)00026-8

497  Wilder-Smith, A., Hombach, J., Ferguson, N., Selgelid, M., O'Brien, K., Vannice, K., Barrett, A.,
498 Ferdinand, E., Flasche, S., Guzman, M., Novaes, H.M., Ng, L.-C., Smith, P.G.,

499 Tharmaphornpilas, P., Yoon, |.K., Cravioto, A., Farrar, J., Nolan, T.M., 2018. Deliberations
500 of the Strategic Advisory Group of Experts on Immunization on the use of CYD-TDV dengue
501 vaccine. The Lancet Infectious Diseases. doi:10.1016/S1473-3099(18)30494-8

502  World Health Organization, 2017. Dengue vaccine: WHO position paper, July 2016 —

503 recommendations. Vaccine 35, 1200-1201. doi:10.1016/j.vaccine.2016.10.070

504

21



