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Abstract

Introduction: Dengue has been the most common arbovirus infection worldwide with 2.5 billion
people living in over 100 endemic tropical and subtropical regions. Due to the high number of
asymptomatic cases and the signs and symptoms being rather unspecific, dengue cases are often
under-reported and might influence dengue surveillance programs. Therefore, a rapid, easy to use,
inexpensive, and highly sensitive and specific diagnostic tool is essential for early and accurate
diagnosis to ease the clinical management of patients as well as for the development of new

interventions.



Areas covered: This report discusses the contemporary dengue diagnostic tool, mainly from the
aspect of molecular diagnosis where an overview of several nuclei acid amplification tests has been
included. Potential molecular diagnostic tools such as biosensor and microarray are also discussed in

this report.

Expert commentary: Rapidness and accuracy in terms of sensitivity and specificity is imperative in
dengue diagnosis for both clinical management and surveillance of dengue to ensure early treatment
and corrective control measures can be carried out. In the next five years it is expected that there will
be newer tests developed using not only the lateral flow techniques but more specifically biosensors
and nanotechnology. These new technologies will have to be validated with the appropriate number

and category of samples and to address the issue of cross-reactivity.

Keywords: Dengue, molecular diagnosis, NAATS, biosensor, microarray

1.0 Introduction

Dengue is an arthropod-borne viral infection caused by dengue virus with 4 distinct but
related serotypes (DENV1, DENV2, DENV3 and DENV4) transmitted through the mosquito Aedes
aegypti. Dengue is characterized by a sudden onset of high fever accompanied by a variety of
symptoms such as fatigue, headache, joint and muscle pain, nausea and rash. The clinical
manifestations of dengue range from asymptomatic, mild dengue fever to severe dengue, and the
complications that arise from the disease include severe plasma leakage, haemorrhage and organ
impairment [1]. A second infection by one of the different strains of dengue virus increases the risk of
severe complications, however the pathogenesis is still poorly understood and is explained only by
postulated theories related to viral virulence factors and host immune responses [2]. It has long been
stated that infection with one serotype results in life-long immunity to the same serotype, however,
recent cohort studies reported that homotypic reinfection does occur due to an incomplete protection
by the pre-existing antibodies [3, 4]. Furthermore, new classes of highly potent neutralizing antibodies
against dengue virus infection has also been identified in dengue-specific T cells and B cells [5, 6].
These scientific breakthroughs had rendered some existing knowledge obsolete, thus these issues
should be properly addressed before proceeding to newer objectives, especially in drug and vaccine
design. However, drug and vaccine development is yet a long and complex process, where current
patient management usually involves blood transfusion for significant bleeding or colloids

administration for refractory shock,[7] therefore, a suitable but ideal dengue diagnostic test for early



diagnosis is needed at the moment for clinical management, vaccine evaluations and early

interventions [8].

2.0 Dengue diagnosis

Most of the commercially available diagnostic tests are tailored to be used in different
scenarios depending on the patient conditions and the purpose for which the test is to be used, mainly
by the detection of the virus, viral nucleic acid, antigens or antibodies through molecular methods or
serological assays. As dengue viruses and antigens are cleared by the immune system after five days
of infections, the detection of virus, viral nuclei acid and antigens are recommended for acute samples
collected at 1-5 days after fever. On the other hand, samples collected after 5 days of fever should be
diagnosed with the detection of anti-dengue IgG and IgM antibodies.[7] Hence, the general approach
for dengue diagnosis in current clinical settings is mostly the combination of a molecular method with
serological methods, for example PCR with NS1 and IgM detection to cover samples collected at
different days of infection. Nevertheless, new techniques and technologies have been developed to
fulfil the requirements of an ideal dengue diagnostic test, which is characterized as inexpensive, easy
to use, highly sensitive and specific during all stages of infection, providing rapid results, able to
determine dengue virus serotype and able to differentiate dengue from other diseases with similar

clinical symptoms [9].
2.1 Contemporary dengue diagnosis

Virus isolation using cell cultures or live mosquito larvae has been the gold standard in
virological analysis as well as in monitoring dengue epidemiology and the evolution of different
serotypes, hence, it is still relevant as a diagnostic tool up to date. Among all the culture methods,
mosquito inoculation shown to be the most sensitive method for isolation of dengue viruses, followed
by virus isolation through mosquito cell cultures and suckling mice. However, this technique depends
largely on the quality of the specimen and it takes more than two weeks for a successful culture,
making it impractical to be used as a standard diagnostic technique[10]. Furthermore, its sensitivity
and specificity remains not as good as PCR[11] as this depends on the monoclonal antibodies used
which may not pick up strains as they evolve. Detection of viral RNA from patient’s blood sample
using PCR has been used as an early and serotype-specific diagnostic test, however, it is also limited
to samples collected during the acute phase of the infection, which is only useful in diagnosing
patients from 0 to 5 days after the onset of infection [12]. PCR has been developed as a robust and
sensitive tool for many diseases. It is simple, rapid and is able to detect viral genome from different
types of samples such as human serum, autopsy tissues and various body fluids [12]. However, the
success of PCR depends greatly on the region of viral genome that is being used in the amplification

step and hence, the most conserved region for each serotype has always been the region of choice.



Most PCRs developed lack a standard protocol and cannot be adjusted for false negative results due to
antigenic variation.[13] It is not efficient for samples collected later than 5-7 days after onset of fever.
Furthermore, this assay also requires infrastructure laboratories, apparatus, costly reagents and skilled

training which are usually found only in reference laboratories.

Viral NS1 antigen can be detected by enzyme-linked immunosorbent assay (ELISA) or rapid
immuno-chromatographic assays up to 9 days following the onset of symptoms, hence, it is more
applicable to patients that seek for medical care relatively later in the infection. However, it may be
compromised by the pre-existing IgG antibodies found at varying levels in patients with secondary
infection especially in hyper-endemic regions [9]. Due to the differential antibody responses triggered
based on the immune status of the host, dengue-specific IgG and IgM-based assays can be performed
using paired sera collected within a specific time frame to identify seroconversion between acute and
convalescent samples [14], as well as to differentiate between primary and secondary infections [15].
IgM detection for single samples, on the other hand, is still useful for dengue surveillance as IgM is
expressed earlier than IgG and is detectable after 3 days post onset of fever [12].Anti-dengue IgA
antibody has also been recognized as an early high quality serological marker as they are detectable in
acute serum that persist for a shorter period of time compared to IgM antibodies. The diagnostic value
of IgA antibody detection has been evaluated in different studies, while IgA specific lateral flow test
and ELISA have been developed over the decades [1, 2, 3]. The evaluations reported that these tests
demonstrated a good overall sensitivity (74-93%) and specificity (73-95%) with a good concordance
with IgM ELISA [1, 2]. A meta-analysis also reported that IgA-based diagnostic tests showed a
greater accuracy for secondary infections and when the samples were collected 4 days after fever [4].
However, the sensitivity and specificity of serological tests vary greatly between commercially
available kits and false-positive results might present in patients with previous infections of dengue or

other flaviviruses [9, 16].
2.2 Moleculardiagnosis of dengue

Over the years, a large number of molecular dengue virus detection assays have been
developed targeting different regions of the viral genome. Nuclei acid amplification tests (NAATS)
have been developed for the detection of dengue viruses including reverse transcription polymerase
chain reaction (RT-PCR), nucleic acid sequence-based amplification (NASBA), the loop-mediated
isothermal amplification (LAMP), transcription-mediated amplification (TMA) and recombinase
polymerase amplification (RPA). RT-PCR is amongst the most common method used, where its
development has advanced from conventional RT-PCR to real-time RT-PCR based on different dyes
and probes including SYBR Green and Tagman probes. Complex multi-step molecular assays have
also advanced to multiplex one step real-time RT-PCR, which can greatly improve the timeliness of

molecular diagnostic tests, however none of them have been commercialized probably due to



uncertain market potential [9, 17]. The advantages of the real time assay over conventional RT-PCR
include rapidity, higher sensitivity and specificity, easy standardization and in addition, able to
determine and quantify viral titre early in dengue illness. Although the treatment options for dengue
infection are not conditioned by dengue serotype causing the infection or viral titre present in the
system, this important information might be useful in the future to allow the physicians to take early
course of action in managing dengue patients [18], as high viremia titre, secondary infection and-a
serotype of DENV-2 has been proposed to correlate with increased disease severity in dengue[19, 20].
The clinical application of these real-time RT-PCR assays greatly depends on the types of samples
and for which purpose it is used. The pan-DENV assay using real time PCR or LAMP technique that
is able to detect but not distinguish between dengue serotypes was found generally to be more
sensitive (93-98%) compared to other assays (72-79%)[21, 22, 23], which is useful as a point-of-need
diagnostic method when serotype-specific dengue diagnosis is not required. Multiplex RT-PCR on the
other hand, enable serotyping of dengue viruses based on either the distinct melting temperature of
PCR amplicons for each serotype in the melting curve analysis during SYBR Green RT-PCR [24, 25]
or detected directly using serotype-specific primers and probes in Tagman RT-PCR [26, 27, 28, 29].
Multiplex RT-PCR was found to be as sensitive as hemi-nested RT-PCR, furthermore, Waggoner J, et
al (2013) reported that it is more sensitive in detecting samples tested positive only with anti-dengue
IgM antibodies (multiplex — 97.2%, hemi-nested — 44.4%) [30]. The development of in-house or
commercial real-time Tagman RT-PCR using primers-and probes that are specific to different regions
of the dengue viruses also allows differentiation of dengue from other flaviviruses. A Tagman-based
CDC RT-PCR assay targeting current-circulating strains of dengue viruses was the first molecular test
approved by the US Food and Drug Administration for the detection of dengue infection among
patients with suspected signs. and symptoms. It is said to detect clinically relevant contemporary
strains of dengue viruses. transmitted globally and did not produce false positive results for other
flaviviruses [31]. The maximum sensitivity of RT-PCR was observed within three days of fever [32]
and was found to be more sensitive than virus isolation and virus titration to detect dengue virus in
secondary infection [33]. Paudel D, et al (2011) reported that real-time SYBR Green RT-PCR was
equally sensitive in primary and secondary infections while real-time Tagman RT-PCR demonstrated
a lower sensitivity in secondary infections [34]. However, the involvement of the thermocycling step
in RT-PCR complicates the procedures and hence, it requires personnel with relatively high skill level

and the necessary equipment that increases the cost of the assay.

Dengue viral nuclei acid can also be detected by NASBA, LAMP, TMA and RPA, however,
these assays are not commonly used as diagnostic tools for dengue as they are less established than
RT-PCR. NASBA is an isothermal RNA amplification technique where the assay involves
amplification of viral RNA using a set of universal primers at 41°C without the need of

thermocycling. The amplified RNA can be detected by agarose gel-electrophoresis [35] or



electrochemiluminescence probe-hybridization [36] while serotyping is possible with the use of
serotype-specific capture probes. The development of a real-time NASBA assay using a serotype-
specific molecular beacon labelled with fluorophore by Lee, et al. (2015) for early dengue diagnosis
was shown to have a sensitivity of 88% for samples collected from the first day after the onset of
symptoms [37]. It was also proposed to be used for dengue infected Aedes mosquitoes as a virological
surveillance tool to predict the outbreaks of dengue [38]. However, the NASBA assay is rather an
expensive method and therefore, it is not commonly available in most diagnostic laboratories although

it is highly sensitive and specific to dengue viruses [39].

Reverse transcriptase LAMP (RT-LAMP) is described as a rapid, inexpensive, simple and
highly efficient isothermal amplification assay that can be used in resource limited settings. It
involves a reverse transcriptase step where the RNA samples are converted into. DNA, followed by
the amplification of DNA in an isothermal condition with universal or serotype-specific primers. The
LAMP-created DNA loops can then be detected using a flurophore-labelled probe specific to the
loops or DNA dyes that fluorescent under UV light [40]. Studies have been carried out to simplify the
procedures by establishing one-step LAMP to include the reverse transcriptase step during the LAMP
assay [41] and by developing a single-tube RT-LAMP-with a single set or a mixture of primers to
detect different dengue serotypes and genotypes, as well as to recognize multiple distinct regions of
the viral DNA to increase specificity of the assay [40,42, 43]. Real-time analysis is also possible for
RT-LAMP using spectrophotometry or turbidity meter for colorimetric detection [40]. Similar to other
nuclei acid detection method, RT-LAMP is only sensitive during early dengue infection, mainly
during 1-3 days after onset of fever [44]: A paper-based diagnostic device utilizing RT-LAMP with
fluorescent probes has also-been. developed by Lo, et al. (2013) [45], marking a possibility of

developing RT-LAMP as‘a.commercial point-of-care diagnostic tool.

The potential use.of TMA as a dengue diagnostic tool has been proposed since 2009 by
Muioz-Jordan; et al. (2009) [46], however, not much studies have been done on the development and
evaluation'of TMA as a diagnostic tool for dengue. TMA assay is originally employed worldwide for
the screening<of ‘blood donations for hepatitis B virus, hepatitis C virus, human immunodeficiency
virus type 1\ (HIV-1) and West-Nile virus [47]. TMA for the detection of dengue viruses has been
developed later in the mid-late 2000s and has been used in two studies to screen for possible dengue
infection in the blood samples of donors from Puerto Rico [48], Honduras, Brazil and Australia [49].
TMA assay amplifies RNA or DNA samples through RNA transcription and DNA synthesis in an
isothermal condition and the RNA amplicons are detected through chemiluminescence-labelled nuclei
acid probes [46]. This assay was found to be more sensitive as it detects dengue viruses in most

serologically confirmed cases that were tested negative in RT-PCR assay [50].



RPA, an alternative isothermal amplification method has been developed recently as a novel
diagnostic tool for the detection of dengue viral nuclei acid [51]. The involvement of reverse
transcriptase, recombinase, single-stranded DNA binding protein and strand displacing polymerase in
the assay allows rapid detection of both the viral RNA and DNA from clinical samples in a single
reaction. The procedure is significantly faster than RT-PCR as it takes only 3-20 minutes to perform
the assay [52]. Furthermore, the reaction requires a temperature of 37°C to 42°C which can be
achieved by just holding the reaction tubes or auxiliary electricity tapped from a vehicle as
demonstrated by Wahed, et al. (2014), making it a potential point-of-care diagnostic tool combining

RT-RPA with a portable fluorescence-reading device.
2.3 External quality assurance activities

The estimated performance of a molecular test greatly depends-on the selection of the
reference method in comparing the sensitivity and specificity of the test under evaluation. The
performance of serological tests is mostly evaluated by comparing the detection rate of positive
dengue infection with a well-established reference method or molecular tests such as RT-PCR. The
performance of molecular tests with a similar principle might-vary due to the different sequences of
primers and probes, as well as the methods and reagents .used during amplification [9]. The evaluation
of RT-PCR as the most established molecular test involves positive agreement with an existing RT-
PCR method or other diagnostic methods such-as viral isolation, direct virus titration [53], sequencing
of viral genome [31] or NS1 antigen detection [54] using clinical serum or plasma samples obtained
from local and global settings [53] or returning travellers [55]. The evaluation of other NAATS
methods mainly uses viral isolation or RT-PCR as a reference method to compare their performance
and feasibility as a dengue diagnostic test. Most of the evaluations access test performance based on
the detection threshold; sensitivity and specificity (Table 1) while some investigate also the positive
and negative predictive values of the test [32]. However, the sensitivity and specificity reported in the
evaluations also depends on the number of samples evaluated and the strain of viruses used in the
development. Not all developed assays evaluated specificity against the related viruses. Thus, false
negatives or positives are a concern indicating a need to improve specificity and hence rigorous
evaluation should be carried out in an organized and systematic manner to improve overall diagnostic

performance.

Table 1: Clinical performance of NAATs methods in term of their detection threshold,

sensitivity and specificity.

NAATSs method Detection threshold Sensitivity  Specificity = References
SYBR Green RT-PCR 1 copies/ul 83 —99% 66 —100%  [24, 34]
Taqman RT-PCR 10 copies/pl 78 —98% 74 -100%  [34, 56]

NASBA 1-10 copies/pl 99 -100%  96-100%  [35, 36]




LAMP 10-100 copies/pl 63-100%  92-100%  [51,57]
TMA 15 copies/pl 89% 100% [49, 58]
RPA 10 copies/ul 65-96%  94-99%  [51]

2.4 Challenges of dengue diagnosis

Flavivirus cross-reactivity highlights an issue in dengue diagnosis as flaviviruses such'as
West Nile virus, yellow fever virus, Japanese Encephalitis (JE) virus and the recent re-emerging Zika
virus share similar size, structural proteins and epitopes in inducing the production of cross-reactive
antibodies, therefore causing difficulties in differentiating flavivirus infectionsserologically [59].
Immunoassays targeting the non-structural protein 5 (NS5) has been studied to improve the specificity
of serological diagnosis and showed promising results in differentiating flavivirus as it-discriminated
between West Nile, yellow fever, JE virus and dengue infections. However, NS5 is present only
during viral replication resulting in a shorter detection period [60]-and might be masked by other more
immunogenic epitopes of the virus. Fortunately, differential diagnosis-can rely on molecular detection,
as there are remarkable differences noticed between the mapped antigenic relationships and identity of
amino acid sequence within flaviviruses [61]. Multiplex real-time RT-PCR and Pan-flavi RT-PCR
assays have been developed to detect virus-specific.amplicons from flavivirus consensus amplimers
located at the RNA polymerase domain of NS5 using newly characterized TagMan fluorogenic probes
and locked-nuclei acids probes[62]. The sequence variability presented in the large amplified region
of NS5 gene allows differential diagnosis of flavivirus infections with a specificity of 100% [63, 64],
however, the various sensitivities reported were evaluated against a known virus panel and has not

been evaluated with clinical samples.
2.5 Potential future dengue diagnosis

Current developments of dengue diagnostic tools mainly focus on 1) the evaluation and
improvement of current available diagnostic methods, 2) the development of diagnostic tools based on
other clinical markers, 3) the development of new methods for detecting dengue virus and 4) the
development of affordable and user friendly point-of-care tests. Studies have been carried out to
improve the performance of NAATs, RDTs and ELISAs by either improving the isothermal
amplification techniques for NAATS or using the combined antigen and antibody testing approach for
serological diagnosis [65]. Many researches have explored into the field of biosensors as alternative
technology for the detection of dengue where different transduction mechanisms and electrode
materials have been tested in the biosensing platform to improve the capability in detecting either
dengue virus [66] or dengue viral nuclei acid [67, 68, 69] as well as to allow the identification of
dengue serotypes [70]. Biosensors are said to improve the specificity down to one nucleotide

mismatch in the target DNA in detecting multiple dengue infections as they are able to identify



several dengue serotypes on a single sensing platform by selectively differentiating the
complementary sequences of each dengue serotype [69, 70, 71]. Furthermore, biosensors are
characterized as easy to use, inexpensive, require minimal sample preparation and allow continuous
monitoring, making it a promising new diagnostic kit for dengue infection [29]. Such diagnostic tools
that are amenable to resource-limited settings would be highly valuable for epidemiologic control and

containment during outbreaks.

High throughput multiplex DNA or oligonucleotide microarrays could also be the potential
point-of-care diagnostic tool in the future. Thousands of probes for simultaneous detection of several
targets can be coated in parallel to allow rapid and selective molecular detection of a panel of
clinically relevant microorganisms. Single or multiple dengue virus infections in clinical samples can
be detected through specific hybridization of the single-stranded RNA targets with serotype-specific
probes coated on the microarray [72]. Probes targeting a panel of arboviruses including Dengue,
Chikungunya and West Nile viruses or a panel of microorganisms can also be coated in parallel for
the characterization and identification of pathogens in clinical samples with high sensitivity and
specificity [73]. Such microarrays target the non-structural proteins, ribosomal RNA and cytochrome
genes concurrently to differentiate flaviviruses isolated from different mosquito genera and clinical
samples from the infected human [74, 75]. These microarrays can be utilized in clinical diagnosis as a
miniaturized portable point-of care tool as well as in arbovirus surveillance programs to screen,
analyse and identify arboviruses in infected mosquitoes. However their sensitivity and specificity
have yet to be fully validated and currently are not fully compliant with the basic requirements of a
rapid diagnostic test as gaps exist with regard to their field applicability, availability and affordability
as a point-of-care test. Therefore, future dengue assays are hoped to go beyond and may also include

surrogate markers for disease severity.

3.0 Conclusion

An ideal dengue diagnostic test depends on the purpose for which the test will be used. With
clinical presentations of acute dengue being rather non-specific, early detection methods are needed
for appropriate clinical management and monitoring of patients that lapse into severe dengue. The
goal to create a single assay to confirm dengue has not been reached. Newer biosensor techniques,
though promising, have also not reached the stage of application. Understanding this disease
especially its immune response patterns is essential when developing diagnostics for dengue. Hence
assays need to be sensitive, detectable early and have minimal cross reactivity with other flaviviruses.
It is hoped that the newer technologies will be able to confirm, be serotype-specific, have biomarkers

to predict disease severity and show some indication of immunity that has developed.



4.0 Expert commentary

Rapidness and accuracy in terms of sensitivity and specificity is imperative in dengue
diagnosis for both clinical management and surveillance of dengue to ensure early treatment and
corrective control measures can be carried out. False positives and false negatives need to be
minimized and the underlying disease states need to be understood so that they do not interfere with
dengue diagnosis. An important consideration is the expertise of the attending physician, as errors‘can
still be made as there are many diseases that mimic dengue. In hyperendemic areas, dengue can be
misdiagnosed as other tropical viral diseases or vice-versa as concurrent infections do occur and
dengue might be neglected. We should understand that there are always limitations to any developed
assay and for dengue, this would be firstly proper interpretation of the test result, the need for skilled
personnel for molecular assays, availability of basic infrastructure for molecular assays, proper critical
evaluation of molecular test, unable to differentiate primary and secondary infections, unable to give
timely results for clinical management, using the right test depends on when the sample was collected

and finally cost.

5.0 Five year view

In the next five years it is expected that there will be newer tests developed using not only the
lateral flow techniques but more specifically biosensors and nanotechnology. A number of such tests
are currently under validation. Thosethat-have been developed so far have not been validated with the
appropriate number and category of samples. More often than not the specificity is usually the one not
properly validated as issues with cross reactivity are difficult to validate. Getting samples that do not
contain any antibody to flaviviruses is difficult and also the fact that with globalization people
exposed to different flaviviruses carry these antibodies and hence may cross react with flaviviruses
from other areas when using only serological tests. The new technologies will have to address these
issues. One other point to note is what marker(s) to use, i.e. antigen versus antibody or both. Certainly
the combo will be best but users will have to note that in some instances they need to repeat the test a
few days later.if it is negative for the antigen/antibody. With the advent of Zika virus or any other
such. flavivirus we will envisage problems when using serology and hence for these the best
alternative is virus itself or its antigens that are specific to the virus bearing in mind the percent

homology between the various antigenic regions of the viruses.



Key issues

e Dengue is a mosquito borne viral infection with clinical manifestations ranging from
asymptomatic, mild dengue fever to severe dengue.

e Due to the lack of an established antiviral drug against dengue, an ideal dengue diagnostic test
for early diagnosis is needed for clinical management and early interventions.

e Diagnostic tools that are amenable to resource-limited settings would be highly valuable for
epidemiologic control and containment during outbreaks.

e The choice of diagnostic test depends on the purpose for which the test to be used, mainly by
the detection of the virus, viral nucleic acid, antigens or antibodies.

e RT-PCR is the amongst the most common molecular diagnostic test used in laboratory
settings, however, other NAATS such as LAMP and NASBA with proper validation could be
potentially the standard molecular dengue diagnostic tool.

e Biosensors and microarrays have been developed as a potential point-of-care diagnostic test
with improved sensitivity and portability, however, - have-not met the validity and

requirements of a rapid test for dengue.

Funding

This paper was not funded.

Declaration of Interest

S.D. Sekaran is paid staff of University Malaya and PI of grant. Soe Hui Jen is paid a research
assistant salary from University Malaya Research Grant No RP042C-15HTM. The authors have no
other relevant affiliations or financial involvement with any organization or entity with a financial
interest in or financial conflict with the subject matter or materials discussed in the manuscript apart

from those disclosed.



References

Reference annotations

* Of interest
** Of considerable interest

1. Gubler D, Clark G. Dengue/dengue hemorrhagic fever: the emergence of a global health
problem. Emerging Infectious Diseases. 1995;1:55-7.

2. Martina B, Koraka P, Osterhaus A. Dengue Virus Pathogenesis: an Integrated View. Clin
Microbiol Rev. 2009;22:564-82.

3. Forshey B, Reiner R, Olkowski S, Morrison A, Espinoza A, Long/K, Vilearromero S,
Casanova W, HJ W, Halset E, Kochel T, Scott T, Stoddard S. Incomplete protection against dengue
virus type 2 re-infection in Peru. PLOS Neglected Tropical Diseases. 2016;10:¢0004398.

4. Waggoner J, Balmaseda A, Gresh L, Sahoo M, Montoya M, Wang C; Abeynayake J, Kuan G,
Pinsky B, Harris E. Homotypic dengue virus reinfectionsin Nicaraguan children. Journal of
Infectious Diseases. 2016.

* It has long been stated that infection with one serotype results in life-long immunity to the same
serotype. This pediatric dengue cohort study in- Nicaragua reported the first set of virologically
confirmed homotypic dengue virus re-infections.

5. Smith S, Alwis A, Kose N, Jadi R, Silva A, Crowe Jr J. Isolation of dengue virus-specific
memory B cells with live virus antigen from human subjects following natural infection reveals the
presence of diverse novel functional groups of antibody clones. Journal of Virology. 2014;88:12233-
41.

6. Dejnirattisai W, Wongwiwat' W, Supasa S, X Z, Dai X, Rouvinski A, Jumnainsong A,
Edwards C, Quyen N, Duangchinda T, Grimes J, Tsai W, Lai C, Wang W, Malasit P, Farrar J,
SImmons C, Zhou Z, Rey F, Mongkolsapaya J, Screaton G. A new class of highly potent, broadly
neutralizing-antibodies isolated from viremic patients infected with dengue virus. Nature Immunology.

2015;16:170-7.

7. Dengue case management. CDC; 2015.
8. Dengue and severe dengue. 2015.
9. Peeling R, Artsob H, Pelegrino J, Buchy P, Cardosa M, Devi S, Farrar D, Gubler D, Guzman

M, Halstead S, Hunsperger E, Kliks S, Nathanson H, Nguyen V, Rizzo N, Vazquez S, Yoksan S.
Evaluation of diagnostic tests: dengue. Evaluating Diagnostics 2010:S30-8.
* This article gives insights into all the various assays and their usefulness in dengue diagnosis

10. Samuel P, Tyagi B. Diagnostic methods for detection & isolation of dengue viruses. Indian J

Med Res. 2006;123:615-28.



11. Lolekha R, Chokephaibulkit K, Yoksan S, Vanprapar N, Phongsamart W. Diagnosis of
dengue infection using various diagnostic tests in the early stage of illness. Southeast Asian J Trop
Med Public Health. 2004;35:391-5.

12. Laboratory Guidance and Diagnostic Testing. CDC; 2016.

13. Maneekarn N, Morita K, Tanaka M, Igarashi A, Usawattanakul W, Sirisanthana V, Innis B,
Sittisombut N, Nisalak A, Nimmanitya S. Applications of polymerase chain reaction for identification
of dengue viruses isolated from patient sera. Microbiol Immunol. 1993;37:41-7.

14. Martins A, Pereira T, Oliart-Guzman H, Delfino B, Mantovani S, Brafia A, Branco, FL,
Filgueira Junio J, Santos A, Ramalho A, Guimardes A, Araujo T, Oliveira C, Fonseca B, Silva-Nunes
M. Seroprevalence and Seroconversion of Dengue and Implications for Clinical Diagnosis in
Amazonian Children. Interdiscip Perspect Infect Dis. 2014;2014:5 pages.

15. Sekaran S, Ew C, Subramaniam G, Kanthesh B. Sensitivity of dengue virus-NS-1detection in
primary and secondary infections. Afr J Microbiol Res. 2009;3:105-10:

16. Shamala DS. Laboratory diagnosis of dengue: A review: The International Medical Journal
Malaysia 2015;14:17-28.

** This review paper provides an overview on the evaluated perfomance of lists of commercialized
molecular and serological diagnostics kits.

17. Peeling R, Olliaro P. Reimagining the future of the diagnosis of viral infections. Journal of
Infectious Diseases. 2016.

18. Shu P, Chang S, Kuo Y, Yueh Y, Chien L, Sue C, Lin T, Huang J. Development of group-
serotype-specific one-step SYBR Green ‘I-based Real-Time Reverse transcription-PCR assay for
dengue virus. Journal of Clinical Microbiology. 2003;41:2408-16.

19. Vaughn D, Green<S, Kalayanarooj S, Innis B, Nimmannitya S, Suntayakorn S, Endy T,
Raengsakulrach B, Rothman A; Ennis F, Nisalak A. Dengue viremia titer, antibody response pattern
and virus serotype-correlate with disease severity. J Infect Dis. 2000;181:2-9.

20. Wang W, Chao D, Kao C, Wu H, Liu Y, Li C, Lin S, Ho S, Huang J, King C. High levels of
plasma dengue  viral load during defervescence in patients with dengue hemorrhagic fever:
implications forpathogenesis. Virology. 2003;305:330-8.

21. Dauner A, Mitra IGJ, T, Seales S, Pal S, Yang S, Guevara C, Chen J, Liu Y, Kochel T, Wu S.
Development of a pan-serotype reverse transcription loop-mediated isothermal amplification assay for
the detection of dengue virus. Diagn Microbiol Infect Dis. 2015;83:30-6.

22. Waggoner J, Abeynayake J, Sahoo M, Gresh L, Tellez Y, Gonzalez K, Ballesteros G,
Balmaseda A, Karunaratne K, Harris E, Pinsky B. Development of an internally controlled real-time
reverse transcriptase PCR assay for Pan-dengue virus detection and comparison of four molecular
dengue virus detection assays. Journal of Clinical Microbiology. 2013;51:2172-81.

23. Go Y, Rajapakse R, Kularatne S, Lee P, Ku K, Nam S, Chou P, Tsai Y, Liu Y, Chang H,

Wang H, Balasuriya U. A pan-dengue virus reverse transcription-insulated isothermal polymerase



chain reaction (RT-iiPCR) assay intended for point-of-need diagnosis of dengue infection using
POCKITTM Nucleic Acid Analyzer. J Clin Microbiol. 2016;54:1528-35.

24, Yong Y, Thayan R, Chong H, Tan C, Sekaran S. Rapid detection and serotyping of dengue
virus by multiplex RT-PCR and real-time SYBR green RT-PCR. Singapore Medicine Journal.
2007;48:662-8.

25. Chen H, Parimelalagan M, Lai Y, Lee K, Koay E, Hapuarachchi H, Ng L, Ho P, ChuJ.
Development and evaluation of a SYBR Green-based real-time multiplex RT-PCR assay for
simultaneous detection and serotyping of dengue and chikungunya viruses. J Mol Dlagn.
2015;17:722-8.

26. Kong Y, Thay C, Tin T, Devi S. Rapid detection, serotyping and quantitation of dengue
viruses by TagMan real-time one-step RT-PCR. Journal of Virological Methods. 2006;138:123-30.
27. Gurukumar K, Priyadarshini D, Patil J, Bhagat A, Singh A, Shah'P; Cecilia- D. Development
of real time PCR for detection and quantitation of Dengue Viruses. VirolJ. 2009;6.

28. Cecilia D, Kakade M, Alagarasu K, Patil J, Salunke A, Parashar D, Shah P. Development of a
multiplex real-time RT-PCR assay for simultaneous detection of dengue and chikungunya viruses.
Arch Virol. 2015;160:323.

29. Simmons M, Myers T, Guevara C, Jungkind D, Williams M, Houng H. Development and
validation of a quantitative, one-step, multiplex, real-time reverse transcriptase PCR assay for
detection of dengue and chikungunya viruses. J Clin Microbiol. 2016;54:1766-73.

30. Waggoner J, Abeynayake J, Sahoo M, Gresh L, Tellez Y, Gonzalez K, Ballesteros G, Pierro
A, Gaibani P, Guo F, Sambri V, Balmaseda A, Karunaratne K, Harris E, Pinsky B. Single-reaction,
multiplex, real-time RT-PCR for the detection, quantitation and serotyping of dengue viruses. PLoS
Neg Trop Dis 2013;7:e2116.

31. Santiago G, Vergne E, Quiles Y, Cosme J, Vazquez J, Medina J, Medina F, Coléon C,
Margolis H, Mufioz-Jordan J. Analytical and clinical performance of the CDC real time RT-PCR
assay for detection and typing of dengue virus. PLoS Neg Trop Dis. 2013;7:¢2311.

32. Ahmed N, Broor S. Comparison of NS1 antigen detection ELISA, real time RT-PCR and
virus-isolation for rapid diagnosis of dengue infection in acute phase. J Vector Borne Dis.
2014;51:194-9.

33. Sa-ngasang A, Wilbulwattanakij S, Chanama S, O-rapinpatipat A, A-neugoonpipat A,
Anantapreecha S, Sawanpanyalert P, Kurane 1. Evaluation of RT-PCR as a tool for diagnosis of
secondary dengue virus infection. Jpn J Infect Dis. 2003;56:205-9.

34, Paudel D, Jarman R, Limkittikul K, Klungthong C, Chamnanchanunt S, Nisalak A, Gibbons
R, Chokejindachai W. Comparison of real-time SYBR green dengue assay with real-time tagman RT-
PCR dengue assay and the conventional nested PCR for diagnosis of primary and secondary dengue

infection. North American Journal of Medical Sciences. 2011;3:478-85.



35. Fernando L, Vasher M, Alocilja E. A DNA-based nanobiosensor for the rapid detection of the
dengue virus in mosquito. International Journal of Medical, Health, Biomedical, Bioengineering and
Pharmaceutical Engineering. 2015;9:818-21.

36. Wu S, Lee E, Putvatana R, Shurtliff R, Porter K, Suharyono W, Watts D, King C, Murphy G,
Hayes C, Romano J. Detection of dengue viral RNA using a nuclei acid sequence-based amplification
assay. J Clin Microbiol. 2001;39:2794-8.

37. Lee E, Livesay J, Pal S, Dauner A, Hatch S, Rothman A, Wu S, Pal R. Development of a real-
time NASBA assay for the early detection of dengue infection2015 May.

38. Jittmittraphap A, Thammapalo S, Ratanasetyuth N, Jampangern W. Rapid .detection of
dengue viral RNA in mosquitoes by nucleic acid-sequence based amplification (NASBA). Southest
Asian J Trop Med Public Health. 2006;37:1117-24.

39. Bhat V, Chavan P, Ojha S, Nair P. Challenges in the laboratory diagnosis-and management of
dengue infections. Open Microbiol J. 2015;9:33-7.

** This review paper highlights the implications and correlates” of dengue laboratory diagnosis in
terms of molecular and serological diagnosis.

40. Dauner A, Pal S, Wu S, inventorsRT-LAMP assay for the detection of pan-serotype dengue
virus USA patent US8685649B2. 2014 April 1.

41. Neeraja M, Lakshmi V, Lavanya V, Priyanka E; Parida M, Dash P, Sharma S, Rao P, Reddy
G. Rapid detection and differentiation of dengue virus serotypes by NS1 specific reverse transcription
loop-mediated isothermal amplification (RT-LAMP) assay in patients presenting to a tertiary care
hospital in Hyderabad, India. J Virol Methods. 2015;211:22-31.

42. Teoh B, Sam S, Tan K, Johari J, Danlami M, Hooi P, Esa R, AbuBakar S. Detection of
dengue viruses using reverse ‘transcription-loop-mediated isothermal amplification. BMC Infect Dis.
2013;13.

43, Lau Y, Lai M, Teoh B, Jamil J, Johari J, Sam S, Tan K, AbuBakar S. Colorimetric detection
of dengue by.single tube reverse transcriptase-loop-mediated isothermal amplification. PLoS ONE.
2015;10:e0138694.

44. Sahni A, Grover C, Sharma B, Khan I, Kishore J. Reverse transcription loop-mediated
isothermal, amplification (RT-LAMP) for diagnosis of dengue. Armed Forces Med J India.
2013;69:246-53.

45, Lo S, Yang S, Yao D, Chen J, Tu W, Cheng C. Molecular-level dengue fever diagnostic
devices made out of paper. Lab Chip. 2013;13:2686-92.

46. Muiioz-Jordan J, Collins C, Vergne E, Santiago G, Peterson L, Sun W, Linnen J. Highly
sensitive detection of dengue virus nuclei acid in samples from clinically ill patients. J Clin Microbiol.
2009;47:927-31.

47. Stramer S. Nucleic acid testing for transfusion-transmissible agents. Curr Opin Hematol.

2000;7:387-91.



48. Stramer S, Linnen J, Carrick J, Foster G, Krysztof D, Zou S, Dodd R, Tirado-Marrero L,
Hunsperger E, Santiago G, Mufioz-Jordan J, Tomashek K. Dengue viremia in blood donors identified
by RNA and detection of dengue transfusion transmission during the 2007 dengue outbreak in Puerto
Rico. Transfusion. 2012;52:1657-66.

49, Linnen J, Vinelli E, Sabino E, Tobler L, Hyland C, Lee T, Kolk D, Broulik A, Collins C,
Lanciotti R, Busch M. Dengue viremia in blood donors from Honduras, Brazil, and Australia.
Transfusion. 2008;48:1355-62.

50. Muiioz-Jordan J. NS1 detection in addition to reverse transcriptase PCR and transcription-
mediated amplification of dengue virus RNA in acutely ill patients J Clin Microbiol. 2009;47:1983.
51. Teoh B, Sam S, Tan K, Danlami M, Shu M, Johari J, Hooi P, Brooks D; Pipenburg O,
Nentwich O, Wilder-Smith A, Franco L, Tenorio A, AbuBakar S. Early detection of dengue virus by
use of reverse transcription-recombinase polymerase amplification. J Clin Microbiol.-2015;53:830-7.
52. Wahed A, Patel P, Faye O, Weidmann M. Detection of dengue virus in'ten minutes using
reverse transcription recombinase polymerase amplification assay. Int J Infect Dis. 2014;S1.

53. Callahan J, Wu S, Dion-Schultz A, Mangold B, Peruski L, Watts D, Porter K, Murphy G,
Suharyono W, King C, Hayes C, Temenak J. Development and evaluation of serotype- and group-
specific fluorogenic reverse transcriptase PCR (Taqman) assays for dengue virus. J Clin Micro.
2001;39:4119-24.

54. Alm E, Lesko B, Lindegren G, Ahlm C, Sederholm S, Falk K, Lagerqvist N. Universal
single-probe RT-PCR assay for diagnosis of dengue infections. PLOS Neg Trop Dis. 2014;8:e3416.
55. Grobusch M, Niedrig M, Gobels K, Klipstein-Grobusch K, Teichmann D. Evaluation of the
use of RT-PCR for the early diagnosis-of dengue fever. Clin Microbiol Infect. 2006;12:395-7.

56. Najioullah F, Viron F, Cesaire R. Evaluation of four commercial real-time RT-PCR kits for
the detection of dengue viruses in clinical samples. Virology Jounal. 2014;11.

57. Hu S, Li-M; Zhong L, Lu S, Liu Z, Pu J, Wen J, Huang X. Development of reverse-
transcription loop-mediated isothermal amplification assay for rapid detection and differentiation of
dengue virus serotypes 1-4. BMC Microbiol. 2015;15.

58. Morales Borgers R. Dengue virus: from basics to new technology in testing and transfusion
safety. J Blood Disord Transfus. 2013;4.

59. Houghton-Trivifio N, Montafia D, Castellanos J. Dengue-yellow fever sera cross-reactivity;.
Journal of Public Health. 2008;10:299-307.

60. Wong S, Boyle R, Demarest V, Woodmansee A, Kramer L, Li H, Drebot M, Koski R, Fikrig
E, Martin D, Shi P. Immunoassay targeting nonstructural protein 5 to differentiate West Nile virus
infection from dengue and St. Louis Encephalitis virus infections and from flavivirus vaccination.
Journal of Clinical Microbiology. 2003;41:4217-23.

61. Mansfield K, Horton D, Johnson N, Li L, Barrett A, Smith D, Galbraith S, Solomon T, Fooks
A. Flavivirus-induced antibody cross-reactivity. Journal of General Virology. 2011;92:2821-9.



62. Patel P, Landt O, Kaiser M, Faye O, Koppe T, Lass U, Sall A, Niedrig M. Development of
one-step quantitative reverse transcription PCR for the rapid detection of flaviviruses. Virol J.
2013;10.

* Flavivirus infections are difficult to be differentially diagnosed serologically due to the production
of cross-reactive antibodies. The Pan-Flavi assay developed by Patel and colleagues provides insight
on the performance of a molecular tool targeting the flavivirus NS5 gene to detect 30 flaviviruses
simultaneously.

63. Chao D, Davis B, Chang G. Development of multiplex real-time reverse transcriptase PCR
assays for detecting eight medically important flavivirus in mosquitoes. Journal- of Clinical
Microbiology. 2007;45:584-9.

64. Domingo C, Patel P, Linke S, Achazi K, Niedrig M. Molecular diagnosis of flaviviruses.
Future Virology. 2011;6:1059-74.

65. Fry S, Meyer M, Semple M, Simmons C, Sekaran S, Huang J,,McElnea C, Huang C-Y, Valks
A, Young P, Cooper M. The Diagnostic Sensitivity of Dengue Rapid Test Assays Is Significantly
Enhanced by Using a Combined Antigen and Antibody Testing Approach. PLoS Neglected Tropical
Diseases. 2011;5:¢1199.

66. Tung Y, Wu M, Wang G, Hsieh S. Nanostructured electrochemical biosensor for th0065
detection of the weak binding between the dengue virus and the CLECSA receptor. Medicine.
2014;10:1335-41.

67. Jin S-A, Poudyal S, Marinero E, Kuhn R, Stanciu L. Impedimetric Dengue Biosensor based
on Functionalized Graphene Oxide Wrapped Silica Particles. Electrochimica Acta. 2016.

68. Yu H, Montesa C, Rojas N; Enriquez E. Nucleic-Acid Based Lateral Flow Strip Biosensor via
Competitive Binding for Possible Dengue Detection. Biosensors Bioelectronics Journals. 2012;3.

69. Rai V, Hapuarachchi H, Ng L, Soh S, Leo Y, Toh C. Ultrasensitive cDNA Detection of
Dengue Virus RNA Using Electrochemical Nanoporous Membrane-Based Biosensor. PLoS ONE.
2012;7:e42346.

70. Huang'M, Xie H, Wan Q, Zhang L, Ning Y, Zhang G-J. Serotype-specific identification of
dengue virus by silicon nanowire array biosensor. Journal of Nanoscience and Nanotechnology.
2013;13:3810-7.

71. Deng J, Toh C. Impedimetric DNA biosensor based on a nanoporous alumina membrane for
the detection of the specific oligonucleotide sequence of dengue virus. Sensors. 2013;13:7774-85.

72. Diaz-Badillo A, Lourdes Muifioz M, Perez-Ramirez G, Altuzar V, Burgueio J, Mendoza-
Alvarez J, Martinez-Mufioz J, Cisneros A, Navarrete-Espinosa J, Sanchez-Sinencio F. A DNA
microarray-based assay to detect dual infection with two dengue virus serotypes. Sensors.

2014;14:7580-601.



73. Berthet N, Paulous S, Coffey L, Frenkiel M, Moltini I, Tran C, Matheus S, Ottone C,
Ungeheuer M, Renaudat C, Caro V, Dussart P, Gessain A, Després P. Resequencing microarray
method for molecular diagnosis of human arboviral diseases. J Clin Virol. 2013;56:322-7.

74. Grubaugh N, Petz L, Melanson V, McMenamy C, Turell M, Song L, Pisarcik S, Kengluecha
A, Jaichapor B, O'Guinn M, Lee J. Evaluation of a field-portable DNA microarray platform and
nuclei acid amplification strategies for the detection of arboviruses, arthropods, and bloodmeals. AmJ
Trop Med Hyg. 2013;88:245-53.

* One of the current focuses in developing future molecular diagnostic tests is a user-friendly point-
of-care test with improved performance. Grubaugh and colleagues evaluated a portable DNA
microarray platform as a multiplexed assay to detect 14 flaviviruses, mosquitoes and bloodmeals.

75. Grunaugh N, McMenamy S, Turell M, Lee J. Multi-gene detection and identification of

mosquito-borne viruses using an oligonucleotide microarray. PLoS Neg Trop Dis.2015;7:¢2349.





