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Preface

Dengue is the most prevalent arthropod-borne virus in the tropical and subtropical areas of
the world being transmitted by mosquitoes from genus Aedes, principally the highly wide-
reaching A. aegypti and A. albopictus. Dengue virus (DENV) is present in four serotypes
(DENV1-4) with genetic intraserotypic variation. Multiple dengue serotypes co-circulation
lead to increasing risk for recombination and this occurs in subtropical and tropical regions.
Natural history of DENV indicates that all serotypes circulating in the world originated
from a single ancestor and dispersed from sylvatic forests of Africa and Asia, where the re-
cently new serotype DENV5 was isolated. DENV5 was restricted to an outbreak occurred in
2007 in a sylvatic area of Malaysia and thus is not included as a global serotype.

All DENV serotypes are associated to different clinical manifestations ranging from asymp-
tomatic, nonspecific flu-like symptoms and classical expression (high fever, headache, pain
behind the eyes, muscle and joint pains, rash) to severe hemorrhagic dengue fever and
shock syndrome due to exacerbation in immunologic response resulting in high decrease in
platelets and plasma leakage. Risk for severe dengue fever increases in heterotypic secon-
dary infection, a phenomenon described as ADE (antibody-dependent enhancement), which
is one of the principal drawbacks in dengue vaccine development. Therefore, a correct diag-
nosis with monitoring of serotypes and its genetic variation is of great importance to the
management of different clinical manifestations associated to DENV and also to a vaccine
implementation.

In the end of 2015, a tetravalent recombinant dengue vaccine developed by Sanofi Pasteur
(CYD-TDV, Dengvaxia®), which presents as the backbone of the yellow fever-attenuated
live vaccine, was licensed in Mexico. The efficiency of this vaccine is low (and varies accord-
ing to serotypes and in different regions) being recommended by the World Health Organi-
zation only to regions with high burden of disease. Thus, until an efficient vaccine can be
developed, the main strategy to manage DENV corresponds to vector control with participa-
tion of community.

In this scenario, the edited book Dengue - Immunopathology and Control Strategies contains
eight chapters divided in three sections that underline the important aspects of DENV, in-
cluding virus replication cycle and pathology, diagnostic methods, and control. The first sec-
tion brings knowledge on the basic aspects of dengue virus replication which can be
associated to its immunopathology. The first chapter focuses on cellular factors involved in
DENV infection and viral replication modulation, including a description of molecular and
cellular tools to be used in identification and description of new factors associated to DENV
replication. In order to comprehend the mechanism of ADE, in Chapter 2, the natural in
vivo route of DENV was assessed from the entrance of the virus via the skin until its arrival
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and distribution inside regional draining lymph nodes and its potential association with an-
tigen-presenting cells. Participation of the liver in the pathology of DENV was approached
in Chapter 3.

The second section includes two chapters on dengue diagnosis and emphasizes that in spite
of the many scientific efforts, this subject continues to be a drawback in the disease control.
Chapter 4 corresponds to a review on strong and weak aspects of available DENV diagnos-
tic methods and a prospect for its improvements. Development of optical DENV diagnostic
tests employing spectroscopy is shown in Chapter 5.

Vector-based control strategies are discussed in the third section of the book, in Chapter 6.
The authors reveal the utility of insecticide-treated houses in the reduction of A. aegypti pop-
ulation in a Latin American region. Chapters 7 and 8 correspond to, respectively, a descrip-
tion on regulation of dengue vaccines and the experience of Mexico in the implementation
of the unique registered dengue vaccine.

Hopefully, this book will bring valuable information about dengue disease basic aspects,
immunopathology, and diagnostic and control strategies to a broad public including under-
graduate and postgraduate students, researchers from different knowledge areas, and
health professionals. I am grateful to all authors for their precious contributions and to In-
Tech Corporation for the opportunity to participate as an editor of a book on this important
global life-threatening disease.

Marcia Aparecida Speranca, PhD
Center for Natural and Human Sciences
Federal University of ABC

Campus Sao Bernardo do Campo

Sao Paulo, Brazil
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Chapter 1

Cellular Control of Dengue Virus Replication: Role of

Interferon-Inducible Genes

Hirotaka Takahashi and Youichi Suzuki

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67984

Abstract

Dengue, one of the most common mosquito-borne viral infectious diseases in the world,
is caused by the dengue virus (DENV). This enveloped RNA virus has immunologi-
cally distinct serotypes that increase the risk of life-threatening diseases, such as den-
gue haemorrhagic fever. However, no effective antiviral therapy against DENV infection
has yet been established. As seen in other RNA viruses, various cellular factors have
been reported to participate in efficient DENV replication. On the other hand, increas-
ing recent evidence demonstrates that host cells harbour inhibitory factors that limit the
DENV replication. In particular, it is well known that the response of interferons (IFNs),
the first line of a host defence system against invading pathogens, evokes the expression
of a number of genes that negatively regulate various steps of virus replication. This
set of inhibitory genes, called interferon-stimulated genes (ISGs), is considered to be a
central force in IFN-mediated antiviral responses. In this chapter, we focus our attention
on the cellular factors involved in DENV infection, particularly to those that modulate
DENV replication through their association with viral RNA. In addition, we also sum-
marize general experimental approaches for identifying the host factors of RNA viruses,
including DENV.

Keywords: dengue virus, cellular factors, RNA untranslated regions, interferon-

stimulated genes, identification systems

1. Introduction

Dengue virus (DENV) is an enveloped and positive-strand RNA virus that belongs to the
genus Flavivirus of the Flaviviridae family [1]. An important characteristic of the Flavivirus
is that this genus consists of a large number of arthropod-borne viruses, many of which
are transmitted by mosquitoes and ticks. In addition, flavivirus infection often causes

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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life-threatening diseases in humans, such as haemorrhagic fever, encephalitis, and men-
ingitis [2]. Recently, the Zika virus (ZIKV), a member of the flavivirus family that has
spread explosively throughout the Americas, is reported to be associated with neurological
complications [3, 4]. Flaviviruses, therefore, have significant clinical as well as economic
impacts on modern society.

DENV is a mosquito-borne virus widely distributed in the tropical and subtropical areas of
the world. This flavivirus infection is transmitted to humans via the bite of infected mos-
quitos. The primary vector of DENV infection is Aedes aegypti, while Aedes albopictus, which
originated in Asia but has extended its range to other regions of the world, is also capable of
spreading a dengue outbreak. DENV has four antigenically distinct serotypes (from DENV-1
to DENV-4). Primary infection with one of the serotypes is often asymptomatic or causes self-
limiting dengue fever (DF). However, secondary infection of different serotypes increases the
risk of more serious forms of DENV infection, such as dengue haemorrhagic fever (DHF) and
dengue shock syndrome (DSS), due to the presence of non- or sub-neutralizing antibodies
generated during the primary infection. Therefore, dengue is a significant threat to humans,
yet there is currently no specific antiviral available for DENV infection [1, 5]. However, it
should be noted that a live attenuated vaccine against DENV developed by Sanofi Pasteur
(Dengvaxia) has been licensed for use in a limited number of countries, including Mexico and
the Philippines, although the efficacy of the DENV vaccine in endemic countries is still under
investigation [6].

2. Brief overview of DENYV replication

DENYV infection begins with its entry into a permissive cell via receptor-mediated endocytosis
(Figure 1). So far, various types of human cells, such as macrophages, lymphocytes, hepa-
tocytes, and endothelial cells, are reportedly susceptible to DENV infection. Among them,
monocyte lineage cells (i.e., dendritic cells [DCs] and macrophages) are thought to be the
primary targets of DENV in humans. As the entry receptors of DENV, several cellular pro-
teins, including C-type lectin receptors (e.g., DC-SIGN/CD209, mannose receptor/CD206) and
phosphatidylserine receptors (e.g., TIM, TAM), have been demonstrated [7].

Upon entry into the cell, a membrane fusion between DENV envelope (E) glycoprotein and
endosomal vesicle occurs, leading to the release of viral RNA into the cytoplasm. The DENV
genome is a single-stranded positive-sense RNA and is approximately 10-kb long. The viral
RNA contains a single long open reading frame (ORF) flanked by highly structured 5 and
3" untranslated regions (UTRs), with a type 1 cap (m7GpppAmp) at the 5’ terminus and no
poly(A) tract at the 3’ terminus [8]. The single ORF is translated to a large polyprotein, which is
subsequently cleaved co- and post-translationally into three structural (capsid [C], pre-mem-
brane [prM], and E) and seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) by viral (NS3) and host proteases (Figure 1A). Of the NS proteins, NS5, the
largest viral protein, functions as an RNA-dependent RNA polymerase (RdRp), which syn-
thesizes a complementary minus-strand RNA template and, in turn, produces many copies of
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Figure 1. The genome structure and replication cycle of DENV.

positive-strand viral genomic RNA. Viral RNA replication takes place in the so-called repli-
cation complexes (RCs) composed of viral RNA and proteins as well as hypothetical cellular
proteins, which are formed on the endoplasmic reticulum (ER) membrane. This membrane
structure, rearranged by DENV infection, is also the place of viral RNA translation, protein
processing, and progeny virion assembly [9]. The immature particles then bud into the ER
lumen and are transported through the secretion pathway of the trans-Golgi network, in
which progeny virions undergo a maturation process via a conformational change of prM
and E proteins on the virion surface. Finally, mature, infectious virions egress from infected
cells by exocytosis (Figure 1B) [5, 8].

3. Cellular factors involved in DENV replication: interaction with viral
RNA untranslated regions

As seen in other RNA and DNA viruses, flaviviruses, including DENV, have been shown
to utilize biological processes of the host to replicate efficiently in infected cells through the
interaction between viral and cellular proteins. Although the biological relevance of many
of the host interactors in in vivo replication and the pathogenicity of DENV remain unclear,
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those virus-host interactions could serve as attractive targets of antiviral drugs [2]. In addition
to the entry receptors, intracellular factors implicated in the replication cycle of DENV have
been comprehensively reviewed elsewhere [2, 8, 10, 11]. Meanwhile, it is becoming apparent
that various cellular cofactors are recruited into the 5" and 3" UTRs of DENV RNA, which
results in enhanced virus replication [12].

The DENV 5" and 3' UTRs are approximately 100 and 350700 nucleotides long, respectively
(Figure 1A). The primary sequences located within or adjacent to the UTRs have been shown
to be essential for virus replication [8]. For instance, complementary sequences, termed
CS (cyclization sequence) elements, found in the ORF of capsid and the 3" UTR and UAR
(upstream of the AUG region) elements, found in the 5" and 3’ UTRs, are reported to physi-
cally anneal to mediate DENV genome cyclization. This cyclization is likely to recruit the
DENV RdRp at the 5" end of the viral genome and then likely to facilitate viral RNA amplifica-
tion [13]. Additionally, DENV UTRs form stable secondary and tertiary structures, and these
structural integrities are thought to be important for the regulation of viral RNA synthesis
and translation process. Therefore, albeit the sequences are diverse, UTR secondary structures
are highly conserved among flaviviruses [8]. Furthermore, these regions have been demon-
strated to contain several cellular proteins [12].

An early study that employed an in vitro-formed nucleoprotein complex of synthesized
DENV 3' UTR and mosquito cell extracts identified some RNA-binding proteins—the La
autoantigen, translation elongation factor-1a (EF-1at), and polypyrimidine tract-binding pro-
tein (PTB)—as the DENV UTR-associated cellular factors in cells [14]. Subsequent studies
have also revealed that human La protein binds not only with the DENV 3" UTR but also with
the 5" UTR [15, 16]. Interestingly, interactions of La protein with viral proteins NS3 and NS5
were shown, suggesting that the La protein is somehow involved in the function of RC in
infected cells [15]. The La autoantigen is reported to associate with RNA polymerase III tran-
scription; interestingly, this RNA-binding protein has also been shown to stimulate the trans-
lation of viral and cellular mRNAs by binding with their UTRs [17]. As with mosquito EF-1c,
its human homologue (i.e., EF1A) has been reported to specifically recognize the conserved
3'-terminal stem-loop (SL) in the 3" UTR of West Nile virus (WNV) RNA [18]. Given the colo-
calization of EF-1a with the DENV RC in the infected cell [19], it can be suggested that this
cellular protein also plays an important role in the function of flaviviral RNA. However, the
precise step of flaviviral replication in which EF-1a is involved remains to be elucidated [19].

PTB is a ubiquitous RNA-binding protein known to be involved in splicing, polyadenyl-
ation, stability, and translation of cellular mRNA [20]. With regard to its role in virus infec-
tion, PTB has been shown to bind to the UTRs of picornaviruses [21, 22] and the hepatitis C
virus (HCV) [23]; it functions as an internal ribosome entry site, (IRES)-trans-acting factor,
to activate viral translation [24, 25]. On the other hand, several studies have raised ques-
tions about the involvement of PTB in the translation process of those RNA viruses [26-28].
Interestingly, both La and PTB were implicated in HCV replication [29]. In the case of DENV
infection, PTB is reportedly required for efficient replication. Furthermore, PTB interacted
with a DENV protein, NS4, as well as viral RNA, suggesting that PTB associates with DENV
RCs [30]. Although it remains unclear whether PTB regulates DENV RNA simplification or
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the translation process (or another step of virus infection), PTB may function as a molecular
chaperone to stabilize the structured viral RNA [30, 31]. In addition to the host factors men-
tioned above, recent studies using tobramycin RNA aptamer affinity chromatography identi-
fied DDX6 (DEAD-box RNA helicase) and ERI3 (putative 3'-5" RNA exonuclease) as DENV
UTR-binding cellular proteins that promote DENV replication [32, 33].

The genome of flaviviruses, including DENV, encodes enzymes required for viral RNA syn-
thesis (i.e.,, RdRp and helicase) and viral protein processing (i.e., protease); however, the viral
protein translation process must rely fully on the translational machinery of the host [34],
except for the methyltransferase activity conferred by NS5, which adds a type 1 7-methyl-
guanosine cap to the 5’ terminus of viral RNA. It is, therefore, not surprising that cellular
factors are associated with DENV RNA during viral translation [8, 35]. At the initiation step
of eukaryotic mRNA translation, a 5' cap structure is first recognized by a eukaryotic initia-
tion factor, eIF4E, which, in turn, leads to the recruitment of eIF4G. eIF4G serves as a scaffold
protein that binds the DEAD-box RNA helicase elF4A and also the poly(A)-binding protein
(PABP), resulting in the circularization of mRNA [8]. This complex formation induces the
association of the 43S ribosomal subunit through the binding of the elF3 complex. Finally,
the 60S ribosomal subunit joins the initiation complex that enables the elongation process of
translation [8]. In the case of DENYV, its genomic RNA is 5" capped but lacks 3'-end poly(A)
sequences [8]. Nevertheless, PABP is shown to interact with DENV 3’ UTR in vitro by recog-
nizing the A-rich regions upstream of 3’ SL in the 3' UTR [36]. Indeed, a study using chimeras
reported that mRNA based on a cellular (globin) gene and DENV RNA revealed that DENV 3’
UTR exhibits functions similar to those of polyadenylated non-viral UTRs in enhancing trans-
lation rather than RNA stabilization [37]. Thus, it is plausible that as with cellular mRNA,
translated DENV RNA also forms a closed-loop structure via association with host translation
factors [38]. In addition, it is demonstrated that DENV RNA may be able to produce proteins
by a 5’ cap-independent translation mechanism in certain cellular situations in which the
elF4E is starved and, thereby, canonical host translation is inhibited [39].

4. Experimental procedures for identifying the cellular factors

In the following sections, we summarize several general approaches to search for the cellular
factors involved in virus infections.

4.1. Conventional methods using living cells
4.1.1. Gene expression analysis and proteomic analysis

Studies using a microarray system, quantitative RT-PCR analysis, and GeneChip analysis
have revealed that the expression levels of many mRNAs in host cells are dramatically altered
upon DENV infection [40—42]. It is highly possible that some of these DENV-responsible
genes and their products function as crucial positive or negative regulators of DENV rep-
lication in cells. Indeed, tumour necrosis factor-related apoptosis-inducing ligand (TRAIL),
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whose mRNA expression level significantly increased with DENV infection, was found to be
a negative regulator of DENV replication [42]. In addition to the analysis of the gene expres-
sion profile, the global host protein expression profile upon DENV infection was also investi-
gated by comprehensive proteomic analysis. Conventionally, the total host proteins extracted
from infected cells and control cells were separated by two-dimensional PAGE (2-D PAGE),
and the proteins whose expression levels were altered by the viral infection were picked up,
and their amino acid sequences were determined with mass spectrometry (MS) analysis.
Previous studies have identified many host factors that respond to DENV infection [43, 44].
More recently, a proteomic analysis based on stable isotope labelling by amino acids in cell
culture (SILAC), which overcame the limitations of sensitivity and resolution of 2-D PAGE,
was developed and applied to DENV research [45, 46]. The technologies of high-throughput
gene expression analysis and proteomic analysis are thought to be powerful tools for under-
standing the global cellular expression profile of host cells upon DENYV infection, both at the
gene and at the protein levels. From the results of these assays alone, however, it is difficult to
distinguish whether DENV-responsible host factors that are identified are indeed involved in
the regulation of viral replication. To understand the roles and functions of these hit factors
requires further functional analysis.

4.1.2. RNAi screening

RNA interference (RNAi) is a well-known approach for identifying novel host factors in
virus-infected cells. When the knockdown of a host gene by RNAi alters the efficiency of viral
replication, it is highly possible that this gene works as a host factor of the virus. Currently,
commercial siRNA pools that cover most human genes are available, and many genome-wide
comprehensive screenings for many kinds of viruses have been performed thus far [47-49].
In studies of flaviviruses, hundreds of host factor proteins involved with the early steps of
WNYV infection have been identified by silencing more than 20,000 human genes from a small
interfering RNA (siRNA) pool [50]. An additional bioinformatic study, followed by the siRNA
screening, revealed that many of these hits were involved in the ubiquitin-proteasome path-
way and the ER-associated degradation (ERAD) pathway, both of which are essential for
many steps of viral replication. In addition to host factors in human cells, one study aimed
to identify host factors from insect cells, another host of DENV [51]. In that study of DENV-
adapted cells from Drosophila melanogaster and an siRNA pool targeting more than 20,000
genes of Drosophila, the proteins that accelerate or inhibit the replication of DENV in Drosophila
cells were identified [51]. Then human analogues of hit genes in Drosophila cells were subse-
quently silenced in DENV-infected human cultured cells, and 42 of these were found to be
common host factors in human and Drosophila cells [51]. It is noteworthy that RNAi screening
can identify host factors that can affect viral replication either by direct interaction with viral
components or by indirect interaction, such as the regulation of the IFN pathway.

4.1.3. Yeast two-hybrid analysis

For researchers attempting to identify host factors that directly interact with viral proteins,
yeast two-hybrid (Y2H) analysis is a common and effective way; numerous host factors of
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many viruses, including DENV, have been identified using this system [52-58]. Taking advan-
tage of good throughput, several large screenings were performed to build DENV host inter-
actomes using human cDNA libraries. One study reported that a Y2H analysis using either
partial or full-length DNA fragments encoding each DENV protein and the human liver
cDNA library identified 105 viral-host interactions; further knockdown experiments using
siRNAs revealed that six proteins were essential for the efficient viral replication of DENV
[59]. Another study also carried out a Y2H assay using NS3 and NS5 proteins from DENV and
other flaviviruses as bait, and 108 human proteins were identified as interacting with NS3 or
NS5 or both [60]. In addition, Y2H assays were performed to identify DENV proteins inter-
acting with host factors from human and mosquito cDNA libraries. They identified several
common host factors conserved in both humans and mosquitos [61]. These studies identified
many host proteins that interact with DENV proteins; however, few of the hits overlap in
independent studies. Although this might be caused mainly by the fact that the assay in each
study was performed in different conditions and with different cDNA libraries, it is also pos-
sible that each study includes many false positives and false negatives.

4.2. Wheat germ-based protein array system
4.2.1. Overview of the protein array technology

As described above, the living cell-based methods are powerful tools for identifying viral-host
interactions since the assays could be carried out under physiological conditions, at least par-
tially. However, these methods have several disadvantages. First, proteins whose expression
levels are quite low or that show cytotoxicity are hard to analyse. Second, immunoprecipitation
assays are commonly used to detect the interaction between a protein and a protein; however,
the number of interactions that can be detected at one time is limited. Therefore, it is highly pos-
sible that many researchers have potentially overlooked important but difficult-to-detect inter-
actions in their first screenings using living cells. To solve these problems, we recently developed
anovel biochemical screening method based on a wheat germ cell-free protein synthesis system
(wheat cell-free system) and high-throughput binding assay. The wheat cell-free system enables
the synthesis of various kinds of eukaryotic proteins in a 96-well format [62]. So far, proteins
having several transmembrane domains, relatively large molecular weights, and cytotoxic activ-
ity were successfully synthesized by this system [63, 64]. This robust protein synthesis system
allows us to establish a “protein array”, from which tens to thousands of recombinant proteins
sorted by their functions were arrayed into each well of a 96-well plate [65]. The protein arrays
currently available in our research group are shown in Table 1 [65-70]. Based on these protein
arrays, we have established a high-throughput binding assay for identifying proteins directly
bound to target proteins from the array. To perform hundreds to tens of thousands of binding
reactions, a luminescent-based binding assay, called AlphaScreen, was employed [65, 66, 71].
This assay is able to use crude translation products of wheat cell-free synthesis to detect binding
reactions by mixing these crude proteins in a 384-well plate, followed by adding two beads and
the antibody for detection. Because of its flexibility, AlphaScreen can be used not only as a bind-
ing assay but also as a protein cleavage assay for a viral protease. The principle of the assays is
shown in Figure 2.



10 Dengue - Immunopathology and Control Strategies

Protein array

Origin

Number of proteins

References

Protein kinase

E3 ligase
Deubiquitinating enzyme
Single transmembrane protein

Auto-antigen protein

Human and mouse

Human and mouse
Human
Human and mouse

Human and mouse

400

250
85
730
2100

Masaki et al. [66], Miyakawa et al.
[67], Kudoh et al. [68]

Takahashi et al. [65], Tan et al. [69]
Unpublished
Unpublished

Matsuoka et al. [70]

Table 1. Wheat cell-free-based protein arrays currently available in our research group.

4.2.2. Practical applications for viral research

We and other research groups have done several assays using this technology to identify host
proteins that interacted with viral proteins. In researching the HCV (a virus related to DENV),
several protein kinases were found to bind directly with the HCV non-structural protein
NS5A using the protein kinase array; by phosphorylating NS5A through additional functional
analysis using a cultured cell system, one protein kinase, Casein kinase I-a, was found to regu-
late viral replication [66]. The protein kinase array was used to identify other host factors that
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Figure 2. A schematic diagram of binding assay and protease assay based on AlphaScreen technology.
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functionally interacted with human immunodeficiency virus (HIV) proteins [67, 68]. In the
case of the protease assay, one research article demonstrated that a protease from xenotropic
murine leukaemia virus-related virus (XMRV) and 24 cellular proteins that were target can-
didates of the viral protease were synthesized; in vitro cleavage assay revealed several novel
substrates of XMRV protease [72], indicating the feasibility of using wheat cell-free-based
protein array technology and high-throughput biochemical assay based on AlphaScreen.

4.2.3. Wheat cell—free protein array for DENV research

Thus far, NS3 and NS5 proteins of DENV have been considered difficult to synthesize as full-
length active recombinant proteins using a conventional protein expression system, such as
for Escherichia coli. We previously reported that the wheat cell-free system successfully synthe-
sized full-length NS3 and NS5 proteins in a soluble form; some biochemical analyses revealed
that both recombinant proteins possessed enzymatic activities [63], indicating the usefulness
of the expression system for the preparation of DENV proteins. In addition to these soluble
proteins, NS4B, a protein with at least three transmembrane domains, was synthesized with
the wheat cell-free system (Figure 3A). Our preliminary study demonstrated that NS4B was
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Figure 3. Identification of E3 ligases targeting DENV NS4B by wheat cell-free-based protein array system. (A) Expression
of biotinylated NS4B with wheat cell-free system. The total translation products of NS4B (T) and supernatant (S) after
centrifugation of the total translation product were subjected to SDS-PAGE, followed by immunoblot analysis using anti-
biotin antibody. M is the molecular marker. (B) Ubiquitination of NS4B. HEK293T cells overexpressing FLAG-tagged NS4B
and HA-tagged ubiquitin were treated with proteasomal inhibitor MG132, and FLAG-tagged NS4B was precipitated with
anti-FLAG antibody. The NS4B and ubiquitin were detected by immunoblot analysis using anti-FLAG antibody and anti-
HA antibody, respectively. (C) AlphaScreen assay to identify the E3s targeting DENV NS3 and NS4B proteins using the E3
protein array. Biotinylated NS3 and NS4B were used as bait, and biotinylated DHFR was used as negative control of NS
proteins. The relative luminescent signal was calculated as follows: the value from E3 and NS4B/value from E3 and DHFR.
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highly ubiquitinated when NS4B was overexpressed in HEK293T cells (Figure 3B), suggest-
ing that the amount of NS4B expressed was regulated in host cells in a ubiquitin/protea-
some-dependent manner. When a protein is ubiquitinated and, subsequently, degraded by
the 265 proteasome, E3 is a determinant of the ubiquitination, as E3 specifically binds to the
target protein and transfers activated ubiquitin from the ubiquitin conjugation enzyme, E2
[73]. Therefore, we screened NS4B-binding E3s from the E3 protein array using AlphaScreen,
as we recently reported [65]. NS3 was used as control to determine the NS4B-specific E3s. As
shown in Figure 3C, many E3s were found to bind with recombinant N54B. Currently, addi-
tional functional analysis, such as in vitro ubiquitination assay and protein degradation assay
in cells, is ongoing.

5. Restriction of DENV infection by cellular inhibitors

As previously mentioned, DENV hijacks the host's biological process for its efficient replica-
tion. Meanwhile, it has become apparent that DENV infection can be limited by cellular fac-
tors. In this sense, the innate immune response induced by IFN is considered to be the first
line of defence against DENV [8]

Generally, RNA viruses that infect target cells are sensed by the pattern recognition receptors
(PRRs), which specifically recognize a component of invading viruses. As for DENV infec-
tion, the membrane-bound Toll-like receptors (TLR3, TLR7, TLR8) and the cytosolic receptors
(retinoic acid-inducible gene I [RIG-I], melanoma differentiation-associated gene 5 [MDAJ5])
are reported to be the PRRs for viral RNA [74-77]. These recognitions in turn activate adaptor
molecules of the PRR, leading to the activation of a downstream phosphorylation cascade and
the subsequent production of IFN and pro-inflammatory cytokines (Figure 4) [78]. Among
the IFNs produced, type I IFNs, including IFNa, IFN-{, and IFN-w, play an important role in
antiviral immunity [79]. The type I IFN then binds to its receptors (IFNAR) on neighbouring
cells and signals to induce the phosphorylation of signal transducers and the activators of
transcriptions 1 and 2 (STAT1 and 2) in cytoplasm. This phosphorylation of STAT1/2 triggers
the formation of IFN-stimulated gene factor 3 (ISGF3) with IFN-regulatory factor 9 (IRF9).
Finally, the ISGF3 complex translocates to the nucleus and acts as a transcription activator
for the expression of a number of genes by binding to the IFN-stimulated response elements
(ISREs) on chromosomes (Figure 4) [80].

As seen above, IFN is considered to be an inducer of the antiviral state, and it has been well
demonstrated that actual antiviral effector molecules in the IFN response are a subset of the
genes upregulated by IFN, which are called IFN-stimulated genes (ISGs). Thus far, hundreds
of genes have been classified as ISGs, and many of them are reported to have inhibitory effects
on divergent families of viruses, including flaviviruses [80-83]. Importantly, several ISGs
have also been shown to restrict DENV infection, and their suppressive effects are likely to
be exerted at the multiple steps of virus replication, including virus entry (IFITMs [84, 85],
ADAP? [86]), viral RNA/protein synthesis (ISG20 [87], viperin [88, 89]), and infectious virion
production (tetherin [90], ISG15 [91, 92]). In addition, a comprehensive study using an over-
expression of a cDNA library derived from known ISGs demonstrates the involvement of
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Figure 4. Intracellular recognition of RNA viruses and IFN responses (left). PRRs-sensing virus-specific nucleic acid
structures (ssSRNA and dsRNA) activate signalling cascades via phosphorylation of transcription factors (IRF3 and
IRF7), which leads to the expression of IFN genes together with NF-kB (right). Binding of IFNs produced from virus-
infected cells to type I TFN receptor (IFNAR) activates JAK1 and TYK?2, which, in turn, phosphorylate STAT1 and STAT2.
Phosphorylation of STAT1/2 induces the formation of ISGF3 complex with IRF9, and finally, ISGF3 translocated in
nucleus binds to ISREs to induce ISG expressions. ssRNA, single-stranded RNA; dsRNA, double-stranded RNA; MAVS,
mitochondrial antiviral-signalling protein; JAK1, Janus kinase 1; and TYK2, tyrosine kinase 2.

many more ISGs in the restriction of DENV [93]. However, the precise mechanisms of these
ISG-mediated anti-DENYV activities remain unclear, and we will have to wait for future stud-
ies for detailed analysis.

6. Identification of RyDEN/C190rf66 as novel anti-DENV ISG

It has been well demonstrated that a gain-of-function (i.e., overexpression) screen of cDNA
is a powerful approach to identifying antiviral ISGs [82, 83, 93, 94]. In a recent study, we
employed the gain-of-function strategy using a pool of cDNA library derived from type 1
IFN-treated cells to search for ISGs suppressing DENV replication in human cells [95]. In this
approach, a human cervical carcinoma cell line, HeLa, was treated with type I IFN (a mixture
of human IFN-a and -w) for 24 hours at a concentration that had been reported to inhibit
DENYV infection in vitro [96], and mRNA from the IFN-treated HeLa cells was converted into a
library of cDNA and transferred to a HIV-based lentiviral vector. Then, a human hepatoma cell
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line, Huh?.5, was exposed to the HIV vector carrying the IFN cDNA library. Huh7.5 cells are
highly susceptible to DENV and, therefore, exhibit massive cell death upon DENV infection.
Therefore, we expected that if anti-DENV genes derived from IFN-treated HeLa cells were
introduced into DENV-permissive Huh?7.5 cells, those cells should be non-permissive and
survive DENV-induced cell death. As anticipated, even with the DENV challenge, surviving
cell clones were obtained; subsequent sequencing analysis revealed that approximately half
of DENV-resistant clones harboured an ORF of a gene on chromosome 19, C190rf66, in the
integrated HIV vector genome [95]. Since C190rf66 was a previously uncharacterized gene, we
named this repressor of yield of DENV (RyDEN).

The ORF of RyDEN (C190rf66) encodes a 291 amino acid protein, and the secondary structure
prediction suggested that the RyDEN protein contained a nuclear localization signal (NLS) in
the middle region and a nuclear export signal (NES) in the C-terminal region. Additionally, a
characteristic glutamic acid (E)-rich domain was found in the C-terminus.

The anti-DENV activity of RyDEN was confirmed by creating stable cell lines that expressed
epitope tag-fused human hepatoma cell lines, and all DENV serotypes (i.e., DENV-1-4) were
found to be inhibited by RyDEN expressions. In line with the fact that this gene was first
identified by the gain-of-function approach using an IFN-derived cDNA library, expressions
of RyDEN in various human cell lines were upregulated by IFN treatment to a greater or
lesser extent, indicating that RyDEN is a bona fide anti-DENV ISG. More importantly, when
the endogenous expression of RyYDEN mRNA was knocked down by RNAI, the suppressive
activity of type I IFNs against DENV became less effective, suggesting that RyDEN was a
major contributor of the IFN-mediated anti-DENV response [95].

One question to ponder: what is the molecular mechanism by which RyDEN suppresses
DENYV replication? Affinity purification-mass spectrometry analysis with affinity tag-fused
RyDEN found that RyDEN interacted with two other cellular proteins, poly(A)-binding pro-
tein cytoplasmic 1 (PABPC1) and La motif-related protein 1 (LARP1). PABPC1 is a member
of the PABP family; as described above, this protein bridges the 5" and 3’ ends of mRNA by
binding both the elF4G and the poly(A) tail, which stimulates the initiation of translation [97].
LARP1 is also an RNA-binding protein and one of the LARPS, which shares the signature
motif with the La autoantigen, called the La motif (LM). Therefore, Larp and La proteins are
categorized as being in the same family [98]. Intriguingly, LARP1 is shown to interact with
PABP to stimulate the mRNA translation process [99, 100]. Considering the positive effect
of PABP on translation [97], the association of PABPC1 and LARP1 with RyDEN suggests
that RyDEN might interfere with the translation of DENV RNA by inhibiting PABPC1 and
LARP1 functions. Indeed, this speculation was supported by the following findings: (i) an
RNAi-mediated knockdown of PABPC1 and LARP1 significantly reduced the level of DENV
replication, (ii) PABPC1 interacted with DENV RNA in infected cells, (iii) the expression of
RyDEN suppressed the expression of the reporter protein from a DENV-based sub-genomic
RNA replicon that lacked structural (C, prM, E) genes, and (iv) the recruitment of RyDEN
to the DENV RNA 3" UTR was enhanced by the presence of PABPC1 in vitro [95]. Therefore,
one could envisage that the anti-DENV activity of RyDEN, an antiviral ISG, is exerted during
the translation of viral RNA by associating PABPC1/LARP1 with the 3" UTR and somehow
interfering with the function of the translation factors (Figure 5). Or another possibility is that
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Figure 5. Possible mechanisms by which RyDEN restricts the function of DENV RNA. RyDEN, whose expression is
upregulated by IFN, associates with DENV RNA through interaction with PABPC1 and LARP1 that are required for
DENV replication. This association may result in (i) translational suppression or (ii) degradation of viral RNA in the
cytoplasm.

RyDEN may facilitate the degradation of viral RNA, since PABPC1 and LARP1 have been
reported to be involved in eukaryotic mRNA decay as processing body (P-body) and stress
granule (5G) components (Figure 5) [99, 101]. In accordance with this notion, a recent study
revealed that RyDEN (also referred to as FLJ11286 or IRAV) was colocalized with cytoplasmic
P-bodies in IFN-treated cells [102]. Furthermore, it was noteworthy that RyDEN expression
limited a diverse range of RNA and DNA viruses [83, 95, 102], indicating that RyDEN is a
broad-spectrum antiviral ISG.

7. Concluding remarks

This chapter highlighted the molecular interactions between DENV and host factors, particu-
larly focused on the cellular regulation of DENV replication. As is well known, IFN response
is one of the host controls of DENV infection and pathogenesis [96, 103, 104]. Although the
effector molecules in the IFN response that actually interfere with virus replication remain
fully clarified, profound efforts have been made to identify the IFN-inducible cellular factors
restricting RNA virus replication, including DENV [80]. It should be noted that antagonistic
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effects of DENV infection on IFN signalling and production, which are mediated by several
means using viral factors, are observed [105-107]. However, the characterization of anti-
DENV ISGs is to illuminate the “heel of Achilles” of DENV, which will provide the underpin-
nings for the development of antivirals against dengue.
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Abstract

Dengue virus (DENV) infects humans through the skin. The early infection and encoun-
ters between DENV and cutaneous immune and non-immune cells only recently are
under investigation. We have reported DENV-infected cutaneous dendritic cells (DCs),
also keratinocytes and dermal fibroblasts permissive to DENV infection. Now, upon cuta-
neously inoculating fluorescently labeled DENV into immune-competent mice, we found
DENYV mostly in dermis from 1 h post-inoculation. Afterwards, DENV rapidly localized
in the subcapsular sinus of draining lymph nodes (DLNs) associated with CD169+ mac-
rophages, suggesting virus travelling through lymph flow. However, DENV association
with CD11c+ DCs in the paracortex and T:B border suggests DENV being ferried from
the skin to DLNs by DCs too. DENV was not associated with F4/80+ macrophages nor
with DEC205+ DCs, but it was inside B cell follicles early after cutaneous inoculation.
DENYV inside B follicles likely affects the development of humoral responses. Antibody
responses deserve very careful scrutiny as neutralizing memory antibodies are crucial to
counteract homotypic reinfections whereas non-neutralizing ones might facilitate hetero-
typic DENV infection or even Zika infection, another flavivirus. Unravelling the DENV
journey from skin to lymph into regional nodes and the cellular compartments will aid to
understand the disease, its pathology and how to counteract it.

Keywords: dengue virus, skin, lymph nodes, immune tissues, macrophages, dendritic

cells, B cell follicles
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1. Introduction

Dengue virus (DENV) is an important viral pathogen affecting every year almost 400 million
people worldwide [1]. Over the past 50 years, the incidence of dengue has increased 30-fold
mainly in tropical and subtropical areas causing serious public health problems [2]. DENV
triggers a diversity of clinical manifestations, from an asymptomatic infection in the majority
of cases, to a mild febrile illness or a life-threatening hemorrhagic disease such as severe den-
gue (SD) or dengue shock syndrome (DSS) [3].

DENV is transmitted to humans when a priorly infected Aedes aegypti female mosquito bites
to take a ~4.2 ul blood meal by probing around 141 s in the skin of a healthy person [4, 5].
By the time that half-length (~0.9 mm) of the proboscis is inserted, around 50,000 DENV
plaque-forming units are deposited in the dermis, where a variety of resident immune and
non-immune cells are located, including dermal dendritic cells (DCs), macrophages (Mfs),
T lymphocytes, mast cells, keratinocytes, fibroblasts, etc., as well as lymphatic and blood ves-
sels through which migrating cells travel to lymph nodes (LNs) and arrive at the skin [6-9].

While the regional (cutaneous) responses to DENV entrance are recently under intense scru-
tiny [10-14], less much is known about how exactly DENV gets its way into lymphatic ves-
sels, secondary lymphoid tissues (if at all) and to which cells might be associated in each of
these compartments. By infecting immune-competent mice through the skin, we recently
demonstrated not only a strong germinal center (GC) reaction in the draining lymph nodes
(DLNs) but also the presence of viral proteins inside these organs [13]. Others have also
reported viral proteins inside LNs (NS1, NS3, PrM and E protein) both in humans and mice,
suggesting that at least the interactions of viral antigens (Ags) with LN-immune cells are
taking place [13, 15, 16].

There is scarce information of the early events happening in the skin during DENV entrance.
Some authors have reported an immunomodulatory environment by the mosquito saliva
[17, 18], for instance, downregulation of antiviral molecules such as interferon  (IFN-{),
IFN-y, some pattern recognition receptors, or even sustained viremia, among others, helping
to establish the infection [19, 20]. It has also been demonstrated a productive infection of fibro-
blasts, keratinocytes, DCs and Langerhans cells in the skin, but whether these cells participate
in the global pathology of the disease remains unclear [10-12, 14, 21].

The appropriate interactions between Ags and immune system cells are essential to start an
efficient adaptive immune response in secondary lymphoid tissues such as LNs. For most
Ags—including pathogens—it is not well known how exactly they reach LNs and then the
subcompartments within, for instance, the B cell follicles. Experimental evidence suggests
that certain free Ags could reach LNs directly by lymph flow and then distribute by subcapsu-
lar (SCS) and medullary sinus or by means of conduits inside [22-25]. These Ags could also be
ferried to nodes by sentinel cells coming from peripheral tissues such as the skin or mucosae.
Of note, these various paths of Ag transport are highly dependent on Ag size [22].

However, there is no information on how DENV reaches the DLNs after cutaneous infec-
tion, where exactly DENV might be localized inside DLNSs (if it does), and whether the first
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contact between DENV and immune cells could influence subsequent immune responses,
for instance, neutralizing or facilitating antibodies.

We aimed at assessing the natural in vivo route of DENV, from its entrance through the skin
until its arrival and distribution inside regional DLN, as well as, its potential association with
antigen presenting cells (APCs).

2. Materials and methods

2.1. Mice

Adult male BALB/c mice were used for all the experiments. Mice were fed ad libitum and
housed in a specific pathogen-free environment at the local animal facilities, UPEAL. The
experimental procedures were approved by the ethical committee of the Center for Advanced
Research, The National Polytechnic Institute, Cinvestav-IPN. A group of mice was cutane-
ously inoculated in the shaved inguinal region with a single dosage of 1 x10° PFU of fluo-
rescently labeled DENV serotype 2, another group with 5 ug of Alexa Fluor 555-Ovalbumin
(Life Technologies; Eugene, OR, USA) and the control group with sterile phosphate-buffered
saline (PBS) only. After 1, 3, 6, 12 and 24 hours post-inoculation (hpi), small pieces of skin at
the inoculation site and DLNs were extracted and processed either to perform flow cytometry
or in situ fluorescence, as indicated.

2.2. Antibodies and reagents

The following primary antibodies were used: rat anti-F4/80 (Cl:A3-1), rat anti-CD169
(MOMA-1), both were purchased from Serotec-Bio-Rad (Kidlington, UK); hamster anti-CD11c
(HL3), rat anti-B220 (RA3-6B2), rat anti-Gr-1 (RB6-8C5), rat anti-I-A/I-E (2G9), all purchased
from BD Pharmingen (San Diego, CA, USA) and rat anti-DEC-205 (205yekta) was purchased
from eBioscience (San Diego, CA, USA). Primary antibodies were used directly coupled to
allophycocyanin, fluorescein isothiocyanate, PerCP/Cy5.5 or were detected by the follow-
ing secondary reagents: donkey anti-rat Alexa Fluor 488 purchased from Life Technologies
(Eugene, OR, USA) and Cyb5-streptavidin and 4',6-diamino-2-fenilindol (DAPI) purchased
from Invitrogen (San Francisco, CA, USA).

2.3. Obtaining dengue virus stock

We obtained DENV stock in vitro by infecting the insect cell line C6/36 (from Aedes albop-
ictus larvae) with brain extracts of infected neonate mice. C6/36 cells were grown in mini-
mum essential medium eagle (MEM) supplemented with 10% Fetal Bovine Serum (Gibco),
Amphotericin B, Penicillin, Streptomycin, Pyruvate, Vitamins and r-glutamine, at 34°C in
75-cm? culture flask (Corning). Infection was performed when cells reached 95% conflu-
ency. After 48 h post-infection, cell supernatant containing DENV was collected and concen-
trated with Amicon Centrifugal Filter Units (Merk Millipore, Co. Cork, IRL). Quantification
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of infectious virions was performed by means of a plaque forming assay in Baby Hamster
Kidney cell (BHK-21) and reported as Plaque-Forming Units (PFU)/ml.

2.4. Fluorescent labeling of dengue virus

For in vivo DENV tracking in tissues (skin and LNs), we labeled DENV with a strong red fluo-
rescent dye (PKH-26, Sigma). Briefly, DENV was mixed with PKH-26 dye in the appropriate
diluent and incubated for 5 min at room temperature. To stop the reaction, we added washing
buffer (10% Fetal Bovine Serum in PBS). Because of the virus size, we applied ultrafiltration
using centrifugal filter units and centrifuged at 4000 x g for 20 min at 4°C. The last step of
washing was carried out only with cold sterile PBS.

2.5. Immunofluorescence of LNs and skin

DLN and skin samples were obtained after 1, 3, 6, 12 and 24 hpi from the different groups of
experimental animals: PBS-inoculated mice, mice injected with Ovalbumin (OVA) tagged with
Alexa Fluor-555 or mice inoculated with fluorescently labeled DENV. Tissues were embedded
in optimal cutting temperature (OCT) compound Tissue Tek (Sakura FineTek, Torrance, CA,
USA), frozen in liquid nitrogen and cut into 5 pm sections on a cryostat (Leica). Cryosections
were put on poly-L-lysine-coated glass slides and fixed with ethanol for 7 min at -20°C. To
identify Mfs, we used F4/80 and CD169 antibodies, CD11c and DEC-205 antibodies for DCs
and B220 antibody for B lymphocytes; tissue sections were immunolabeled overnight at 4°C
with the corresponding primary antibodies. After three washing steps, fluorescent secondary
antibodies or streptavidin were incubated during 1h or 15 min, respectively. Images were
scanned with Leica TCS SP8 AOBS Confocal microscopy using objectives with 10x and 40x
magnification and analyzed with Leica Software.

2.6. Flow cytometry of lymph node cell suspensions

DLNSs were obtained 1, 3, 6, 12 and 24 h after animals were inoculated in the skin with either
PBS as a control, or with fluorescently labeled DENV. The cell suspension obtained was blocked
with Universal Blocker (BioGenex Laboratories, San Ramén, CA). Then, single-cell suspension
was incubated with anti-CD11c, anti-I-A/I-E, anti-Gr-1, anti-F4/80, anti-CD169, anti-B220 and
secondary antibodies for 25 min at 4°C in FACS buffer (BSA 1%, NaN, 0.01% in PBS) to iden-
tify APCs and finally fixed with paraformaldehyde 1% for FACS reading. Labeled cell suspen-
sions were acquired with a BD LSR Fortessa III and analyzed with Flowjo X.0.6 for Windows
(Ashland, OR).

2.7. Statistical analyses

We performed an ANOVA test for comparing groups using GraphPad Prism v6.0 Software,
lines in bars or dots represent + SEM (standard error of the mean). We considered 95% confi-
dence intervals and significant difference when the P value was <0.05.
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3. Results

3.1. Upon cutaneous inoculation DENYV is located in the deep dermis and therefore not
associated with epidermal DEC-205+ DCs

To assess the distribution of DENV in the skin upon cutaneous (intradermal) inoculation, we
used immunocompetent mice and fluorescently labeled DENV. We assessed skin cryosections
after 1, 3, 6, 12 and 24 h post-intradermal inoculation of DENV and, as a control we evalu-
ated the distribution of fluorescently labeled OVA at 1 h and 12 hpi. DENV was readily found
in the basement of the dermis at all the times evaluated and its presence decreased over
time. Putative associations of DENV with epidermal DEC-205+ DCs were not observed, likely
because DENV was much deeper than the rather superficial epidermal DEC-205+ cells. At
24 hpi, the skin appears thicker than at early times suggesting recruitment of cells (Figure 1A).
While no fluorescent signal was detected in skin of mice inoculated only with PBS (Figure 1A),
fluorescent OVA was clearly seen in the dermis at 1 h but not at 12 hpi (Figure 1B).

3.2. Ovalbumin is found in the medullary sinus of the LNs at 1h but notat 12h
post-cutaneous inoculation

Ovalbumin has been used as model Ag in some experimental approaches to describe the
distribution of molecules inside LNs. Because of its molecular size, OVA reaches LNs quickly.
We used red fluorescent OVA as a control molecule and evaluated its distribution after 1h

A) DENV
PBS 1h 3h 6h 12h 24h

B) OVA
1h 12h

Figure 1. Inoculation of fluorescently labeled DENV allows its identification in the skin of immune-competent mice.
Mice were cutaneously inoculated with red fluorescent DENV in the inguinal region and skin cryosections were
analyzed after 1, 3, 6, 12 and 24 hpi by confocal microscopy. As controls, mice received either PBS or red fluorescent OVA.
DEC-205+ DCs (green) are localized mainly in the epidermal layer in all experimental conditions. (B) Red fluorescent
OVA was in the dermis at 1 h but much less was seen at 12 hpi, whereas (A) red fluorescent DENV was located in the
deep dermis from 1 hpi decreasing afterwards. In the skin of PBS-inoculated mice, no red fluorescence was detected (left
image in (A)). Nuclei were stained with DAPI (blue). Stratum corneum exhibits some autofluorescence at 3 h and 24 hpi
(A) and 12 hpi (B). Bar scale =300 um. Images are representative of six skin sections per experimental group.
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A) OVA 1h B) OVA 12h

Figure 2. Distribution of red fluorescent OVA in LNs after cutaneous inoculation. DLNs from mice cutaneously
inoculated with red fluorescent OVA were harvested at (A) 1 hpi and (B) 12 hpi. CD169+ (top images) and F4/80+ (bottom
images) Mfs are seen in green, whereas nuclei are seen in blue. Red fluorescent OVA is clearly observed in the medullary
sinus of DLNs at 1 hpi, but not at 12 hpi. The distribution of OVA seems contained by the SCS Mfs but not by F4/80+ Mfs.
Bar scale =300 um (left images) and 100 um (right images). Images are representative of six LNs per experimental group.

and 12 hpi. At 1 hpi, OVA was found in the medullary sinus mainly associated with CD169+
Mfs and much less with F4/80+ Mfs (Figure 2A). At 12 hpi, only scarce red fluorescence was
detected in F4/80+ cells (Figure 2B).

3.3. Cutaneous DENV reaches lymph node B follicles since 1 h post-inoculation

To ascertain whether DENV was distributed in B cell follicles at early times post-cutaneous
inoculation, we obtained DLNs of mice after 1, 3, 6, 12 and 24 hpi. DLNs cryosections were
labeled with B220 antibody to identify B lymphocytes. Red fluorescent DENV was clearly iden-
tified in the paracortical areas, the SCS, the medullary sinus and in some B cell follicles (top pic-
tures) at early time points. For a more detailed examination of B cell follicles, we used a higher
magnification objective (bottom pictures) showing that at 1 hpi, small clusters of DENV mark
were present inside follicles in apparent close association with B cells. At 3 hpi, very few asso-
ciations were detected in follicles probably because most DENV fluorescence was by then seen
at the medullary zone. In contrast, at 6 hpi, we observed some DENV mark inside B cell follicles
and even in cells with macrophage-like morphology and the red fluorescence apparently in
the cytoplasm. At 12 h and 24 hpi, we did not detect fluorescent DENV signal in situ (Figure 3).

3.4. Inside lymph nodes DENV appears differentially associated with CD169+ and to
F4/80+ macrophages in situ

Mfs are crucial for the clearance of pathogens and have been classified according to restricted
markers and location inside LNs. Mfs located in the medullary sinus—where highly phago-
cytic activity is carried out—are called medullary Mfs, whereas those delineating the floor
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PBS 1h Jh 6h 12h 24h

Figure 3. DENV and B cells in DLN cryosections of mice cutaneously inoculated with red fluorescent DENV. LNs
cryosections of mice inoculated in the skin with red fluorescent DENV were probed with B220 antibody detected with
green fluorescence. Analysis was performed by confocal microscopy at 1, 3, 6, 12 and 24 hpi. We found red fluorescent
DENV from 1 h to 6 hpi in B cell follicles (green fluorescence), at 1 hpi DENV was mainly in perifollicular areas. Nuclei
were stained with DAPI as observed in blue. As control, DLN sections from PBS-inoculated mice were analyzed, and
no red fluorescence was detected (left images). Scale bar =300 pm (top images) and 100 um (bottom images). Images are
representative of six LNs per experimental group.

of SCS are called SCS Mfs. Medullary Mfs are either CD169+ or F4/80+, whereas SCS Mfs
are CD169+ [26].

We assessed in situ in DLNs the potential involvement of CD169+ or/and F4/80+ Mfs in
capturing DENV after 1, 3, 6, 12 and 24 h post-cutaneous inoculation. Interestingly, since
1hpi, many CD169+ cells with seemingly cytoplasmic DENV were observed, mainly in
SCS and medullary sinus. DENV was also found in paracotical areas in association with
CD169- cells (Figure 4A). In contrast, at 1 hpi only few F4/80+ medullary Mfs were associated
with DENV (Figure 4B). After 3 hpi, DENV was mostly restricted to medullary sinus and
the CD169+ Mfs (Figure 4A). At this time point, DENV was poorly associated with F4/80+
Mfs. Interestingly, many F4/80- cells, most likely CD169+ Mfs, were observed with large
amounts of DENV apparently in small phagocytic vesicles, as was observed at high mag-
nification (Figure 4B). After 6 hpi, we still detected DENV signal mainly associated with
CD169+ Mfs (Figure 4A). At the latest times evaluated (12 and 24 hpi), no red fluorescent
signal was detected.

3.5. The CD11c+ DCs in regional lymph nodes are DENV+ from early times
post-cutaneous inoculation

DCs migrate from peripheral tissues such as the skin (and mucosae) to secondary lymphoid
organs like LNs. Because DENV enters through the skin, it is highly likely that skin DCs might
participate in delivering DENV into DLNs. We thus probed DLN cryosections with CD11c and
DEC-205 antibodies at 1, 3, 6, 12 and 24 h post-cutaneous inoculation of red fluorescent DENV.
At 1 hpi, we found DENV in close association with CD11c+ cells but not with DEC-205+ cells in
the DLN paracortex. At 3 hpi, we could not find DENV in the paracortex, neither associated with
CD11c+ cells nor with DEC-205+ cells; instead, red fluorescent DENV was restricted to medul-
lary areas. At 6 hpi, DENV was associated with some CD11c+ cells, but not with DEC-205+ cells.
As mentioned before, DENV was not detected in regional LNs at 12 h nor at 24 hpi (Figure 5).
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A) PBS 1h 3h 6h 12h 24h

B) pBS 1h 3h 6h 12h 24h

Figure 4. DENV and (CD169+ or F4/80+) macrophages in regional LNs. DLNs from mice inoculated in the skin with PBS
or red fluorescent DENV were collected at 1, 3, 6, 12 and 24 hpi, and cryosections were labeled to identify (A) CD169+
or (B) F4/80+ Mfs both in green. Nuclei were stained with DAPI as observed in blue. DLN sections were scanned by
confocal microscopy. (A) DENV was distributed in SCS at 1hpi (yellow color at the edge) and mainly in medullary
sinuses apparently in the cytoplasm of CD169+ Mfs from 1h to 6 hpi (white arrowheads, bottom images). (B) Very few
associations of red-fluorescent DENV with F4/80+ Mfs were found in the medullary zones. No red fluorescence was
detected in PBS inoculated mice (left images). Bar scale =300 um [top images in (A) and (B)] and 100 pm [bottom images
in (A) and (B)]. Images are representative of six LNs per experimental group.

3.6. Flow cytometry analysis of Ag presenting cells and DENV in DLNs after cutaneous
inoculation

For a more quantitative assessment of APCs associated with DENV, we used DLN cell sus-
pensions from mice inoculated at various times with fluorescent DENV in the skin. A very
low proportion (0.06-0.17%) of B cells was positive for DENV at all time points evaluated
(1 h-24 hpi). This might be due to the very low number of Ag-specific B cells (Figure 6A).
CD169+ Mfs were also positive for DENV, with an apparent peak (0.83%) at 3 hpi, which cor-
relates well with the medullary localization observed in situ (Figure 6B). Regarding F4/80+
Mfs, the proportion of positive cells varied from 0.3 to 0.57% along the experiment, with the
maximum at 1 hpi (Figure 6C). DCs were identified as Gr-17, MHC-II* and CD11c" cells and
were the most abundant DENV+ population. The highest mean proportion (4%) of DENV+
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PBS 1h 3h 6h 12h 24h

Figure 5. DENV and DCs in regional lymph nodes. Immune-competent mice were intradermally inoculated with
red fluorescent DENV, and DLNs were harvested at 1, 3, 6, 12 and 24 hpi. CD11c+ DCs were identified in light blue
fluorescence, DEC-205+ DCs in green, whereas nuclei are seen in dark blue. As described, DENV was detected from
1h to 6 hpi. At 1hpi, red fluorescent DENV was located in the paracortical area and clearly associated with light blue
CD11c+ DCs which then appear white due to merged colors (bottom image, yellow arrowheads indicate white color
DCs). Red DENV was not associated with green DEC-205+ DCs. Cryosections of PBS inoculated mice did not show red
fluorescence (left images). Bar scale =300 um (top images) and 100 um (bottom images). Images are representative of six
LNs per experimental group.

DCs was seen at 1 hpi decreasing afterwards to a minimum (0.85%) at 24 hpi (Figure 6D).
We integrated all values in a graph (Figure 6E) to compare the percentages of all DENV+
APCs assessed. It seems that DCs are the main DENV+ cells, especially at early times post-
inoculation, suggesting that either these cells are carrying DENV from skin to the nodes or are
the main cells capturing the virus once DENV arrives into the nodes.
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Figure 6. Flow cytometry assessment of DENV+ cells in regional LNs. Cell suspensions of DLNs harvested 1, 3, 6, 12 and
24 h after inoculating red fluorescent DENV were labeled for B cells (B220), Mfs (CD169 and F4/80) and DCs (CD11c).
Red fluorescence co-staining was used to determine the percentage of each DENV+ cell population. (A) A very low
proportion of DENV+ B cells was observed from 1h to 24 hpi. (B) The amount of DENV+ CD169+ Mfs was higher
than (C) DENV+ F4/80+ Mfs from 1h to 24 hpi. (D) The proportion of DENV+ CD11c+ DCs was higher than the other
populations, reaching a maximum at 1hpi declining afterwards. Graph in (E) shows the integrated results of all cell
subsets during the kinetic follow up. Bars in graphs represent the median + SEM of percentages, and ANOVA analysis
was performed, considering *p>0.05, **p>0.01 and ***p >0.0001.
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4. Discussion

While many cells in the skin can make contact with DENV during mosquito biting (a topic under
intense investigation recently), very few cells will have the ability to capture DENV and to ferry
it into lymphatic vessels and from there to secondary lymphoid tissues. Cutaneous DCs can
uptake DENV and migrate into DLNs to the DC area, where the most likely cells to make the
first immune contacts with DENV+ DCs will be T lymphocytes [27]. Some B cells could also
interact with DENV Ags in this area and follow either an extrafollicular response or get into a GC
reaction [28, 29]. Still another possibility inside LNs is the display of DENV Ags by Mfs, either
in the SCS or deeper in the paracortical and medullary zones [30]. Thus, LNs are crucial organs
to establish effective adaptive immune responses. For this, the efficient interaction between
immune cells and Ags is needed. The ensuing events upon arrival of Ags inside LNs might
depend on how these Ags are getting there, whether the Ag is arriving alone through the lymph
flow or is carried by different cells which could be important to the type of the immune response
that follows. Herein, we discuss some of these possibilities regarding DENV infection in vivo.

DENYV enters the human host through the skin while mosquitoes feed. After locating a suit-
able host, an infected mosquito probes throughout the dermis introducing the proboscis and
is during this process that the salivary glands release the virus [31]. Conceivably, viral parti-
cles are likely to interact first with the various cells of epidermal and dermal layers. However,
both the very early stages of DENV infection and the initial local encounters between DENV
and elements of the local immune system in situ remain largely unexplored.

By infecting ex vivo healthy human skin explants from non-cadaveric samples, our group
demonstrated DENV-infected cutaneous DCs [11]. We have also identified that human kera-
tinocytes and dermal fibroblasts are permissive to DENV infection and that they respond
by secreting a wide variety of soluble mediators that contribute to induce an immune-acti-
vated microenvironment and an antiviral state [10, 11, 32]. Now, upon cutaneous inoculation
of fluorescently labeled DENV into immune-competent mice, we evaluated the presence of
DENYV as well as its localization in both the skin and the DLNs. We did a kinetic follow-up by
in situ immunofluorescence as well as in cell suspensions by FACS. In the skin, we found the
virus localized mostly through the dermis at 1 h post-inoculation, afterwards DENV was dis-
tributed deep in the skin. To the best of our knowledge, this is the first time that fluorescently
labeled DENV is used to assess its distribution in vivo.

Some reports in humans and mice have shown DENV proteins inside LNs, both at the periph-
ery and inside B cell follicles [13, 16, 33-35]. Where the virus is located inside DLNs could
influence the first contact with cells from the immune system and the subsequent immune
response. However, how DENV reaches the DLNs after cutaneous infection has not been
explored in vivo. Using the vesicular stomatitis virus, researchers have investigated how viral
particles that enter through peripheral tissues are handled within DLNs, identifying a popu-
lation of Mfs on the floor of the SCS and in the medulla of LNs that capture viral particles
within minutes after subcutaneous injection [30]. Similar to other Ags delivered through
the skin, the Bluetongue Virus is transported rapidly through the Ilymph to the DLNs in its
natural host the sheep [36].
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After 1 h of skin inoculation and once in DLNs, we found DENV associated with CD169+ Mfs
from the subcapsular and medullary sinus and with CD11c+ DCs in the paracortical area. The
association with these two cell types was seen especially at early times (1-6 h) after cutane-
ous inoculation. The rapid localization of DENV in the SCS of the DLNs is consistent with
delivery of putative cell-free virus through the lymphatic fluid, besides that DCs might be
also carrying the virus [36]. In the immune-deficient murine model (AG129 mice), it has been
shown that Mfs from the SCS are important controlling the spreading of DENV. These SCS
Mfs contained NSI1 protein, likely implying that they are trapping DENV Ags or are being
actually infected [37]. In these same immune-deficient mice, after intra-footpad inoculation,
it was shown that DENV initially targets Mfs of the DLN [38]. As SIGN-R1, the murine homo-
log of human DC-SIGN is highly expressed on SCS Mfs [39], it is likely that DENV is infecting
these Mfs in the DLN. Indeed, DC-SIGN is one of the molecules used by DENV to enter host
cells [40].

After the SCS Mfs trap DENYV, these cells could translocate surface-bound viral particles
across the SCS floor and make DENV Ags available to other cells, for instance, migrating B
cells in the underlying follicles. It seems that these Mfs from the SCS act as vigilants against
many different pathogens and are able to discriminate between lymph-borne viruses and
other particles of similar size [30]. CD169+ Mfs in LNs could capture lymph-borne viruses
preventing their systemic dissemination and could guide captured virions across the SCS
floor for the efficient activation of follicular B cells [30, 37].

In addition to this, DENV associated with DCs highly likely implies that DENV is transported
from the skin to the DLNs by DCs. We and others have found DENV-infected cutaneous DCs
in human cadaveric and non-cadaveric healthy skin explants infected ex vivo [11, 14, 21]. Thus,
DENV might be reaching DLNs also through cutaneous DCs. Also, migratory DENV-infected
DCs have been found in the skin DLNs of mice lacking IFN-a/p receptor (IFNAR” mice)
infected through the skin, suggesting that dermal DCs might be ferrying DENV to regional
nodes and likely triggering the adaptive immune response [14].

DCs are specialized sentinel cells that uptake Ags at peripheral tissues and travel to DLNs fer-
rying Ags to paracortical areas, where B cells migrating toward follicles are likely to encoun-
ter these Ags [23, 27, 41]. A hallmark of specific B lymphocyte activation is BCR-mediated
capturing/acquisition of Ags. This will facilitate the subsequent Ag presentation from B cells
to T cells in order to develop efficient T cell-dependent antibody responses [42]. DCs may
provide B cells with broader access to Ags, particularly those of large sizes or associated with
particulate materials. Lastly, through Ag presentation to T cells, DCs could subserve func-
tions such as cellular platforms facilitating activation, colocalization and mutual communica-
tion of rare Ag-specific T and B cells, whose interaction may ultimately lead to optimal T and
B cell responses [41].

Tracking in vivo fluorescently labeled DENV from the skin permitted us to know the rapid
(1 hpi) localization of DENV in subcapsular and medullary Mfs of DLN, its association with
CD11ct+ DCs in the T:B border and the presence of DENV inside B cell follicles. All these
events make highly plausible that Ag-specific B cells would be recognizing DENV and makes
feasible that they would be receiving T cell help, these cellular interactions are needed to lead
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to full antibody responses. To this respect, it is worth mentioning that antibody responses to
DENYV need very careful examination; ideally, these responses should be neutralizing [43, 44].
However, the potentially detrimental impact of non-neutralizing antibodies enhancing the
infection in vivo is only beginning to be elucidated, not only in heterotypic reinfections with
DENYV but also in infections with other flaviviruses such as Zika [44-48].

Altogether, these data suggest that after being inoculated into skin, DENV is reaching the
regional lymph nodes in at least two ways, through the lymph fluids but also being carried by
cells. Travelling with DENV from the skin to the regional LNs will allow us to better understand
how the immune system is being alerted or affected and which might be the cells responding
at each stage. We believe that it is important to decipher the in vivo biology of these cellular
responses to DENV entrance, not only for making better models to study early interactions
among DENYV, skin-resident and LN cells but also to better understand the pathology of DENV.
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Abstract

Objective: To assess the utility of liver function tests (LFTs) for early recognition and
prediction of severity of dengue fever in hospitalized patients. Study Design: An ana-
lytical study. Place and duration of study: Services Institute of Medical Science and Fatima
Memorial Hospital, Lahore, from September to December 2010. Methodology: Admitted
cases of dengue fever were divided into three groups: mild, moderate, and severe
increases in aminotransferases. Elevation in LFTs was co-related with good or bad out-
come i.e. (survival or complication free stay) or (death or complications). Results were
analyzed in SPSS version 18. Results: Out of the 353 patients with mean age of 37.12 +
15.45 years, 245 (69.4%) were males and 108 (30.6%) were females. Seventy five patients
(21.2%) had mild elevation of aminotransferases (twofold increases), 265 patients (75.1%)
had moderate increases (three to fourfold), and 13 (3.7%) had severe (>4 fold increase).
Alanine transaminase (ALT) was statistically higher in patients with septicemia, hepatic,
and renal failure (p-value <0.05). Aspartate transaminase (AST) was higher in almost all
complications. Prolonged hospital stay was associated with raised LFTs and greater com-
plications and mortality. AST was found to be twice as much raised as ALT. Conclusion:
AST and ALT were statistically higher in patients with worse outcome thus can lead to
early recognition of high risk cases.

Keywords: dengue fever, liver disease, liver function tests, severity

1. Definition of subject area

Dengue fever has emerged as a biggest global pandemic caused by a flavivirus with signifi-
cant impact on the disease burden in population living in tropical countries with 1-2 epidemics
every year [1].
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1.1. Dengue virus

Dengue virus (DENV) has four serotypes (DEN 1-4). Currently, all the serotypes have
diffused in tropical and subtropical regions of the world [2].

1.2. Mode of transmission

DENVs are transmitted via the female mosquito species Aedes Aegypti and less commonly by
Aedes Albopictus [2].

1.3. Incubation period

Dengue virus has an incubation period of 3-10 days with average of 5-6 days [3].

1.4. Period of infectivity

Within first 5 days of illness, if Aedes mosquito feeds on patient blood, it will become infec-
tive [3].

1.5. Outcome of dengue infection

Majority of dengue infections are asymptomatic. Among symptomatic presentation is highly
variable from mild flu-like illness to classical dengue fever (DF) (bone-break fever) and even
some complicate into dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS),
which are life threatening (Table 1) [4].

If total score >6, then patient has high chances of having dengue fever
¢ This scoring system carries

e sensitivity = 90.7%

* specificity = 86.9%

* positive predictive value = 81.4%

* negative predictive value = 93.6%.

¢ Chang et al. [5].

2. Description of study

Involvement of liver with deranged liver function tests (LFTs) is likely with dengue fever and
which may include mildly raised in serum total bilirubin, increased alanine transaminase
(ALT) and aspartate transaminase (AST), and decreased in serum albumin which can be a
used as a prognostic indicator [6].
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1 Epidemiology Score
Recent travel to Southeast Asia or four endemic dengue fever in Taiwan within 1 week 4

2 Clinical symptom
Skin rash 3
Bleeding signs (Included petechia, gum bleeding, epistaxis, gastrointestinal bleeding, 3
hemoptysis, hematuria, and menorrhagia)
Fever 2
Headache, retrobulbar pain, bone pain, myalgia 1
GI symptoms (poor appetite, abdominal pain, diarrhea and nausea) 1
Absence of cough and rhinorrhea 1

3 Differential diagnosis
Fever >7 days -8
Identified infection focus (e.g., Eschar of scrub typhus and upper respiratory infection) -10

Table 1. Diagnostic criteria for dengue fever.

3. Objectives of the study

The objectives of the chapter are as follows:

1. To evaluate such alterations in the liver function test as an early marker for severity and
timely diagnosis of dengue fever complications and severity [7].

2. To identify patients who might develop severe complications.

3. To decrease the degree of in hospital stay by categorizing patients into mild, moderate,
and high risk groups according to their raised transaminases (ALT and AST) levels [8].

4. Materials and methods

A study was conducted in different government as well as private tertiary care setups in
Lahore from September 2010 to December 2010. The total 353 patients were included in the
study. It was a simple randomized sample and the study design was a cross-sectional obser-
vational study.

4.1. Categorization of patients

Patients were divided into three groups and categorized to have mild, moderate, or severe liver
dysfunction. Group I included patients who had twofold or lesser increase in liver enzymes; in
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group II patients, liver function tests were between twofold and fourfold greater than normal;
group III patients had liver function tests greater than fourfold above normal. The correlation
of these groups with the development of complications, mortality, and number of days of hos-
pital stay was studied. Good outcome was taken as survival and complication free pattern of
disease, while bad outcome was taken as development of complication or mortality.

4.2, Results and conclusion

¢ The effects of dengue fever on liver are usually asymptomatic but can be atypical and have var-
ied severity. From asymptomatic elevated transaminase levels to fulminant hepatic failure, the
variable manifestations are a big challenge to the clinicians treating the condition (Tables 2—4).

Variables Mean Std. deviation Minimum Maximum
Age (years) 37.12 15.456 4 80
Duration of fever 5.49 2.64 1 35

Table 2. Descriptive statistics of demographical variables.

Complications Severity of disease Total n =85
Mild n =27 Moderate 1 = 38 Severe 1 =20

DHF 12 (14. 11%) 11 (12.94%) 1(1.17%) 24 (28.23%)
DSS 4 (4.7%) 4 (4.7%) 4 (4.7%) 12 (14.11%)
Hemorrhage 8(9.41%) 18 (21.17%) 3 (3.52%) 29 (34.11%)
Septicemia 0 (0%) 2 (2.35%) 3 (3.52%) 5 (5.88%)
Hepatic failure 0 (0%) 1(1.17%) 4 (4.7%) 5 (5.88%)
Encephalopathy 2 (2.35%) 1(1.17%) 1(1.17%) 4 (4.70%)
Respiratory failure 1(1.17%) 1(1.17%) 2(2.35%) 4 (4.70%)
Renal failure 0 (0%) 0 (0%) 2 (2.35%) 2 (2.35%)
Total 27 (31.76%) 38 (44.70%) 20 (23.52%) 85

Table 3. Complications versus severity of disease.

The reversal of alanine transaminase and aspartate transaminase (ALT to AST) ratio observed
in dengue fever as compared to that seen in other viral hepatitis can lead to an early diagnosis
of these patients.

* Increasing trend in aminotransferases is associated with major complications and a bad
outcome as compared to patients with mild or moderate hepatic dysfunction.

* Severe hepatitis and specifically raised alanine transaminase (ALT) levels are a poor prog-
nostic indicator of outcome in dengue fever.
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¢ The younger age group of patients was directly associated with severely raised levels of
alanine transaminase (ALT) and thus contributing to a higher mortality.

4.3. Pathogenesis of DF, DHF, and DSS

Dengue virus presumably affects the reticulo-endothelial system of the body in skin, lymph
nodes, spleen, marrow and liver [9].

DHEF and DSS are caused by disorder of the immune system. In recovery phase (days 7-14) of
first infection, another serotype is superinfected. Then antibodies against first serotype binds
with new entrant serotype antigen leading to immune complex formation, their deposition
on endothelium leading to widespread vessel wall injury, hemorrhages, and third spacing of
fluid [4].

4.4. Dengue virus and liver

The dengue virus affects the liver but mostly, liver involvement is usually subclinical. But it
can still lead to acute fulminant hepatic failure in dengue-affected countries. Dengue should
be a differential in management of acute fulminant hepatic failure and as a triggering factor
in patient with acute on chronic liver failure [6].

Despite being asymptomatic in majority of cases, clinical presentation like acute hepatitis and
even acute fulminant liver failure may rarely appear as a complication.

4.5. Pathogenesis of liver injury

Hepatic dysfunction is a crucial feature seen in DENV infection. Hepatocytes and Kupffer cells
are prime targets for DENV infection. Pathogenesis of hepatic injury in dengue is believed
to be primarily a T cell-mediated process involving interaction between antibodies and the
endothelium and a concomitant cytokine storm [7, 10].

4.6. Liver morphology

Liver biopsy and microscopy reveals fatty change (microvesicular) along with hepatocyte
necrosis and hyperplasia. Additionally, there is mononuclear cell infiltration at the portal
tract along with destruction of Kupffer cells and Councilman bodies [11].

Tests result Mean Std. deviation Minimum Maximum
TLC 4.7711 2.17496 1 20

ALT 100.29 102.14 11 1102

AST 234.17 136.09 21 1680

PT 16.71 3.59 10 60

APTT 34.40 1.650 19 50

Table 4. Descriptive statistics of different investigations.
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Hepatocyte damage with necrotic changes mostly starts with midzonal area and then spreads
to centrilobular area. As these particular areas are more sensitive to anoxic or immune-
mediated injury [7, 8].

5. Clinical presentation with liver involvement in dengue fever

Clinical evidence suggests that dengue-related hepatic involvement incudes the presence of
liver enlargement. Among the clinical features of hepatic involvement, patients have abdomi-
nal pain (18-63%) and nausea/vomiting (49-58%). Abdominal pain and anorexia are more
common in DF than DHF [12].

Hepatomegaly can be seen in both DF and DHF but more common in DF. The incidence of
hepatomegaly in the adult patients varies from 4 to 52%. Clinical jaundice has been found in
only 1.7-17%, and hyperbilirubinemia has been found to be as high as 48% [13, 14].

5.1. Biochemical picture of liver (LFTs) in dengue fever

The most common abnormality has been raised transaminases levels. The raised aspartate
transaminase (AST) levels are found around 63-97% of patients, whereas the elevated alanine
transaminase (ALT) levels are found in 45-96% of patients [8].

Studies have shown in majority of cases that aspartate transaminase (AST) is usually more
raised than alanine transaminase (ALT), more during the early infection, especially within
first week and then declining to normal levels in next 3 weeks. Aspartate transaminase (AST)
is more raised than alanine transaminase (ALT), the additional aspartate transaminase (AST)
is released from damaged myocyte.

The reversal of alanine transaminase and aspartate transaminase (AST/ALT) ratio is helpful to
differentiate it from other acute viral hepatitis like HAV, HBV, HCV, etc., where this is rarely
seen except in alcoholic hepatitis [6].

The average levels of aspartate transaminase (AST) ranged from 93.3 to 174 U/L while alanine
transaminase (ALT) from 86 to 88.5 U/L. The level of increase in hepatic transaminases can
easily mimic acute viral hepatitis.

5.2. Role of transaminases as marker of severity of dengue fever

The median aspartate transaminase (AST) and alanine transaminase (ALT) values have been
found to be higher for severer forms of dengue than for uncomplicated dengue fever [15].

This hints at a possible association between increased transaminase levels with increasing dis-
ease severity. Interestingly, the values of liver enzymes were noted to be higher in the febrile
and the severer phases of dengue fever.

Aspartate transaminase (AST) has various sources including the heart, striated muscle, eryth-
rocytes, etc., apart from the liver, whilst alanine transaminase (ALT) primarily is hepatic in
origin. Therefore, rise in aspartate transaminase (AST) might not be a true reflection of hepatic
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involvement. Moreover, patients with high levels of enzymes may be labeled as severe dis-
ease without any effect on the final outcomes [16].

Hypoproteinemia or hypoalbuminemia ranges from 16.5 to 76%. The heterogeneity in the
population and severity of the disease may be responsible for such a wide range.

Coagulation abnormalities have been found in multiple studies. International normalized
ratio (INR) > 1.5 have been found in 11% of patients, while abnormal prothrombin time (PT),
partial thromboplastin time noted in 34-42.5% of the cases [17].

Increasing bleeding episodes have been seen with increasing alanine transaminase and aspar-
tate transaminase (AST/ALT) levels, but correlation between PT and transaminase levels is
not found to be strong during the recovery period, which means liver synthetic function like
clotting factor production is usually well preserved.

Liver involvement comes commonly and with more severity in children as compared to
adults [18]. Treatment is primarily supportive, and the prognosis is usually good. Differential
diagnosis and hepatotoxic drugs should be avoided [19].

5.3. Suggestions

Liver function tests should be used as routine initial part of the investigative studies in a
patient with suspected dengue fever.

Serial monitoring of liver function tests, especially alanine transaminase (ALT), should be
done to identify high-risk cases.
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Abstract

Dengue is an increasingly common mosquito-borne, flaviviral disease of significant pub-
lic health concern. The disease is endemic throughout tropical and subtropical regions,
placing almost half of the world’s population at risk, and each year approaching 100
million people in around 130 countries are infected. There is acknowledged to be four
antigenically distinct serotypes of the virus, and arguably a fifth, each of which elicits
a full spectrum of clinical disease. This ranges from asymptomatic self-limiting infec-
tion to life-threatening severe manifestations characterized by plasma leakage, bleeding,
and/or organ failure. Recovery from primary infection by one serotype provides life-
long immunity against reinfection by that particular serotype, whereas with subsequent
infections by other serotypes, the risk of developing severe dengue is increased. Rising
mortality and morbidity rates caused by infection in recent years are attributable partly
to a lack of availability of effective antiviral therapies and vaccines. In this context, early
detection of infection with sensitive and specific laboratory tools and the prompt clinical
management of this disease is a health care priority. Although a variety of techniques are
currently used for laboratory diagnosis of dengue, no single methodology satisfies the
ideal requirement for both sensitivity and specificity, while also being rapid and inex-
pensive. Newer detection tools that can fill this acknowledged gap in dengue diagnosis
are urgently required.

Keywords: dengue, virus, diagnosis, serotype, antibody, nucleic acid, PCR
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1. Introduction

Dengue is a mosquito-borne viral disease that has a wide-ranging geographical distribution
throughout the tropics and subtropics. It is estimated that currently over 3.9 billion people are
at risk of infection [1], with 96 million notified clinical cases per year in at least 128 countries
worldwide [2]. Dengue virus (DENV) is transmitted by mosquitoes of the Aedes genus,
primarily Ae. aegypti, but also Ae. albopictus and Ae. polynesiensis [3]. DENV is a member of
the family Flaviviridae [4], which also includes the other major human pathogens West Nile,
yellow fever, Zika, Japanese encephalitis, and tick-borne encephalitis viruses. Four sero-
types of the virus (DENV-1 to DENV-4) have been known for many years, while a putative
fifth serotype, DENV-5, was identified recently [5]. This new subtype was identified during
screening tests on virus samples collected during an outbreak in Malaysia in 2007 [6].

DENV infection may result in a progressive scope of clinical sequelae, viewed traditionally
as ranging from asymptomatic infection through to dengue fever (DF) and the more severe
disease manifestations of dengue haemorrhagic fever (DHF) and dengue shock syndrome
(DSS). More recently [7], the World Health Organization proposed a revised classification that
categorizes infection as follows: (1) dengue; (2) dengue with warning signs (abdominal pain,
persistent vomiting, fluid accumulation, mucosal bleeding, lethargy, liver enlargement, and
increasing hematocrit with decreasing platelets); and (3) severe dengue (dengue with severe
plasma leakage, severe bleeding, and/or organ failure). Asymptomatic infections are charac-
terized by undifferentiated fever with or without rashes. In the majority of clinical cases, the
initial presentation of dengue is not apparent until clear signs and symptoms develop. In turn,
this delay limits the ability to make an early and accurate clinical diagnosis. Moreover, there
are no specific therapies for dengue, such as anti-viral drugs. Any treatment is essentially sup-
portive, and thus, there is a very important challenge in making an informed estimate of the
severity of a patient’s disease as early as is practicable. The preliminary stages of DF are often
confused with other febrile tropical diseases [8], which may lead to inappropriate therapy.

Although very recently, the first licensed dengue vaccine (DENV-1 to DENV-4 chimera
constructed on a yellow fever 17D backbone, recombinant, live attenuated, tetravalent virus
(CYD-TDV; Dengvaxia®, Sanofi Pasteur)) has been registered for use [9], major challenges
to vaccine effectiveness and long-term safety in the administered population remain. This
scenario, therefore, still demands a quick and reliable diagnostic approach. While a variety of
laboratory diagnostic techniques have been in use for many years, each has its limitations [10],
to date no tool proving to be reliable, rapid, and cost-effective. There is, therefore, a pressing
need to improve the way in which dengue is diagnosed. The overall scenario calls for the
development of reliable and rapid dengue diagnostic tools.

2. Current laboratory methods for dengue diagnosis

2.1. Virus isolation

Virus isolation is considered to be the gold standard technique in dengue diagnosis [11].
Isolation is highly successful when specimens are collected in the viraemic period, which
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starts 2-3 days before the onset of fever and lasts for a further 2-3 days [12]. Routinely, serum
is the primary choice of sample. In addition, other types of specimen, including plasma,
peripheral blood, cerebrospinal fluid, pleural fluid, and tissues of reticuloendothelial origin
such as liver, spleen, lymph nodes, lung, and thymus, are of substantial importance [7, 12,
13]. Diagnostic sensitivity is dependent upon the timing of specimen collection, proper stor-
age, and transportation. Since the DENV virus particle is heat-labile, appropriate handling
and prompt delivery to the laboratory is required. When storage is warranted, a standard
refrigerator temperature (~4°C) is quite appropriate in the short term, while for a longer dura-
tion, freezer temperatures of —20 or -70°C are recommended. In the latter case, they should be
maintained in order to prevent thawing [13].

There are different methods available for the isolation of DENV including inoculation of spec-
imens into mosquitoes (adults or larvae); various in vitro insect or mammalian cell cultures;
and injection intra-cerebrally in mice [12, 14-16].

2.1.1. Specimen inoculation into mosquitoes

Inoculation of specimens into both adult and larval mosquitoes with the objective to isolate
DENV is considered to be the most sensitive and specific culture technique. Generally, mos-
quitoes belonging to the Toxorhynchites genus are used for this purpose. The advantage of
these over Aedes mosquitoes is that the former has an unusual life cycle in not being hema-
tophagous, so may be handled with impunity. In addition, the comparatively larger size of
Toxorhynchites facilitates easier introduction of inocula. However, the fact that between 5 and
20 mosquitoes are needed to produce results of higher sensitivity is considered a drawback of
this method. Alternatively, adult male Ae. aegypti and Ae. albopictus mosquitoes are also useful
for virus isolation [17, 18]. The preferred route for specimen inoculation of mosquitoes is intra-
thoracic. Incubation for 14 days at 32°C following inoculation precedes mosquito storage at
=70°C [19]. Successful virus infection of mosquitoes is confirmed by the detection of antigen in
a smear prepared by crushing of mosquito heads on a microscope slide followed by serotype-
specific immunofluorescence. A preparation of thorax-abdomens can also be tested for virus
by plaque assay or plaque reduction neutralization test (PRNT) using monospecific dengue
virus antisera targeted against different DENV serotypes [20]. The labor-intensive process of
raising mosquitoes requires arranging for a second mosquito species to serve as a food source
(because Toxorhynchites mosquitoes are carnivorous). In addition, the requirement for facili-
ties with capacity to rear and handle infectious Aedes mosquitoes while adhering to stringent
health and safety protocols is beyond the capability of most laboratories and remains a major
obstacle. Similarly, the need for both specialist containment and highly skilled technicians
in order to perform direct mosquito inoculation has combined to make in vitro cell culture a
preferred option [21].

2.1.2. Mosquito or mammalian cell line culture

In vitro culture of cell lines is a technique being developed as an alternative tool for virus
isolation and aimed at overcoming the pitfalls involved in mosquito inoculation. However,
thus far the variety of approaches to cell line culture is limited by the lower sensitivity of
results obtained. Cell line cultures from Ae. albopictus (C6/36), Ae. pseudoscutelaris (AP-61,
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AP-64), and Tinissa amboinensis (TRA-284) are different choices for routine DENV isolation
[22-24]. All three of these have distinct benefits and drawbacks, so preference of use should
be made on a case-by-case basis. In a comparative study, the virus isolation rate was found
to be highest in TRA-284, followed by AP-61 and C6/36 [24]. In contrast, C6/36 cells were
preferable for detecting infected cells by the direct fluorescent antibody test (DFAT). The
utility of the C6/36 cell line method to isolate virus from tissue samples derived from fatal
cases of dengue has been demonstrated [16]. Problems with AP-61 and TRA-284 include
frequent cell clumping and difficulties in formation of a monolayer in a tissue culture flask.
Some dengue viruses, especially wild types, do not produce cytopathic effects on these cell
lines [24], which limits usage of the plaque assay and PRNT for virus quantification and

virus-neutralizing antibody detection. Therefore, for specific diagnosis, immunoassays
should be used.

Alternatives for isolating virus are mammalian cells such as Vero and BS-C-1 (both derived
from African green monkey kidney), LLCMK2 rhesus monkey kidney, PS (porcine kidney),
and BHK 21 (baby hamster kidney). While these cell cultures are used widely in the PRNT,
they produce less sensitive results. PRNT is considered as the benchmark means to character-
ize and quantify circulating levels of anti-DENV neutralizing antibody [25-27].

2.1.3. Intra-cerebral injection in mice

The oldest and least sensitive method for virus isolation is intracerebral inoculation of suck-
ling mice. This does, nonetheless, offer a considerable benefit in enabling evaluation of the
neutrotropic characteristics of the dengue virus particle in vivo. In most cases, mice develop
encephalitis symptoms [28]. However, virus identification is generally accomplished by
immunofluorescence methods with serotype-specific anti-dengue antibodies applied to
infected cells or brain tissue of mice. This is a cumbersome procedure, and the need for a high
specification laboratory microscope combined with difficulties in maintaining viability of the
virus in specimens limit its use on a routine basis.

2.2. Viral nucleic acid detection

DENV is a single-stranded positive-sense RNA virus of approximately 50 nm in length. The
11 kb genome of each virion encodes three structural proteins (capsid, C; precursor mem-
brane, prM; and envelope, E) and seven non-structural (NS) proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5). These non-structural proteins play roles in viral replication and
assembly. Structurally, a virion consists of a nucleocapsid, enveloped by an outer glycopro-
tein shell and an inner lipid bilayer. Surface projections in the lipid membrane consist of E and
membrane (M) glycoproteins [4].

Nucleic acid amplification tests and identification of virus antigen or antibody serve as the
predominant means of detection of DENV, based on the molecular or immunological response
to specified viral structural components. Commonly used methods are reverse transcription
polymerase chain reaction (RT-PCR), nucleic acid sequence-based amplification (NASBA),
and transcription-mediated amplification (TMA).
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2.2.1. Polymerase chain reaction

Virus RNA genome detection tests are faster and considered more sensitive than virus iso-
lation and its detection. Thoughtful design of primer sequence may be applied to not only
distinguish the binary presence of the target virus but also determine detailed features of
the viral genome such as serotype or polymorphisms. Type-specific primers and consensus
sequences that are located in different genes of most flaviviruses including dengue, such as
those for E, NS1, NS3, and NS5, have been used extensively for the detection and identifica-
tion of DENV [29-32]. For a PCR run, DENV RNA should pass through a conversion step to
complementary DNA (cDNA) by a process of reverse transcription (RT). Conventional PCR
can be used to identify the presence or absence of a target sequence in a given sample when
reaction products are visualized by agarose gel electrophoresis [33], Southern blot [34], or
colorimetric enzyme-linked immunosorbent assay [35]. While easy to enact, these conven-
tional procedures have a limited inference in comparison to more versatile PCR systems. They
are considered less robust as multiple handling steps are required, which increase the risk of
contamination and hence the production of false-positive results.

Modification of protocols to make use of nested primers aims to reduce non-specific detection
by negating improper primer binding. In nested PCR, targets are detected by using two sets
of primers involving a double process of amplification. However, the greater manipulation of
the sample that this technique involves may raise the risk of contamination of the amplicon
product. Multiplex PCR is an adaptation that allows simultaneous amplification and detec-
tion of multiple target amplicons, which can be used to great effect in distinguishing condi-
tions such as viral serotype. Both methods have been found to increase the sensitivity and
specificity of the test and are preferred for the diagnosis of DENV [33, 36].

Real-time PCR, also known as quantitative PCR (qPCR), is a far more robust assay format
than conventional PCR, over which it has many advantages including rapidity, quantita-
tive measurements, lower contamination rate, higher sensitivity, and specificity, and ease of
standardization. Furthermore, JPCR renders post-PCR procedures such as electrophoresis
or blotting unnecessary, minimizing the chance of contamination. As per conventional PCR,
qPCR primer sequence can be specified to detect specific DENV to a threshold that is usually
less than 100 plaque-forming units [33, 37].

With advances in diagnosis, the two-step nested RT-PCR protocol, modified to a single-step
multiplex RT-PCR for detection and typing of DENV, is well established [33]. In nested PCR,
targets are detected by using two sets of primers involving a double process of amplification.
A nested PCR assay was developed using DENV consensus primers located in the C and
prM genes that amplify a 511-bp product in a reverse transcriptase PCR followed by a nested
PCR with primers specific to each DENV serotype [33]. Application of multiplex qPCR for
the diagnosis of dengue has been described by various studies [36-38]. Each has concluded
that this technique demonstrates superior analytical and clinical performance, as well as sim-
pler workflow, than the heminested RT-PCR [38]. More recently, several investigators have
reported on fully automatic real-time RT-PCR assays for the detection of DENV in acute-
phase serum samples [39-43].
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2.2.2. Nucleic acid sequence-based amplification

Nucleic acid sequence-based amplification (NASBA) is a one-step transcription-mediated
isothermal process for amplifying RNA. Throughout the amplification reaction, a constant
temperature of 41°C is maintained. The reaction mixture contains three enzymes: avian
myeloblastosis reverse transcriptase (AMV-RT); T7 RNA polymerase; and RNase H with two
short, single-stranded DNA primers. Multiple transcription of RNA copies of DNA products
that are produced from the initial reverse transcription step are attributable for the exponen-
tial kinetics of NASBA. Hence, synthesized RNA pools are detected by fluorescence. These
“molecular beacons” are single-stranded hairpin-shaped oligonucleotide probes showing
fluorescence at the 5' end and with a fluorescence quencher at the 3" end. When presented
in an amplification reaction with their amplified target RNA, a stable hybrid is formed [44].

Studies have found a sensitivity of 98.5% and specificity of 100% when they detected DENV
with NASBA [45, 46]. The effectiveness of this method has also been described for detect-
ing dengue virus within mosquitoes [47]. It is considered more efficient than PCR in that it
bypasses the use of a thermal cycler, which makes it both cost-effective and rapid (<1 day).

2.2.3. Reverse transcription loop-mediated isothermal amplification

Loop-mediated isothermal amplification (LAMP) is a novel PCR method that is based on the
principle of a strand displacement reaction involving a stem loop structure that amplifies the
target genome [48]. Its advantage over other amplification methods is the ease of monitoring
of amplification; pyrophosphate ions produced as a by-product of reaction substrate deoxy-
nucleotide triphosphates form a white precipitate of magnesium pyrophosphate that can be
visualized by the naked eye, measured by turbidometer, detected by hand-held UV torch,
or even following staining with SYBR green® or ethidium bromide [49, 50]. Furthermore,
it takes less than one hour to yield results compared to the 3—4 h typically needed to run
RT-PCR [51].

Several studies have found RT-LAMP to be a superior tool to RT-PCR in terms of sensitiv-
ity and specificity for detection and accurate differentiation of flaviviruses [49, 50, 52, 53].
Sensitivity of the tool is variously reported at 100% [49, 52, 54], with a lowest detection limit
of 100 copy numbers of RNAs, while specificity ranges from 87.5 to 100% [49, 50, 52, 53].

2.3. Serological methods
2.3.1. Antigen detection

During the febrile phase of dengue illness, DENV antigens may be detected in peripheral
blood leukocytes, liver [54], and lung at autopsy, and less often in the thymus, lymph nodes,
skin, spleen [55], bone marrow, and serosa [56]. Immunohistochemistry and enzyme immu-
noassay (EIA) are useful techniques to detect dengue antigens in tissue sections (frozen, par-
affin-embedded) using labeled monoclonal antibodies that are visualized with markers such
as fluorescent dyes (fluorescent antibody), enzymes (immunoperoxidase and avidin-biotin
enzyme) or colloidal gold. Given the inconvenience of collecting samples on which to apply
these techniques, their utility has been limited for routine laboratory tests. Instead, assays
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have been developed against intact virus particle and recombinant viral proteins, with NS1
and E protein detection available commercially [57, 58].

2.3.2. Non-structural proteins (NS1 and NS5)-based assay

Non-structural gene, NS1, is a highly conserved glycoprotein produced by all flaviviruses
in both membrane-associated and secreted forms, and which is essential for viral replication
and viability [59]. Localized to cellular organelles, this antigen is secreted abundantly in sera
of patients during virus replication and the early stage of infection [58]. A unique feature of
this protein is its secretion by mammalian cells as hexamers (dimer subunits only), while it is
not secreted by insect cells, including those of mosquitoes. Glycosylation is believed to be an
important step for protein secretion. It can be identified in peripheral blood prior to formation
of antibodies, and the detection rate is higher in acute primary infection from the day of onset
of fever to day 9 [60, 61]. NS1 is also a complement-fixing antigen that elicits a very strong
humoral response.

Several recent studies have addressed the use of NSI antigen and anti-NS1 antibodies as a
tool for dengue diagnosis [62-65], with higher specificity for determination of homologous
serotypes by serotype- and group-specific NS1 capture ELISA [62, 66], and a detection sen-
sitivity of 1-4 ng/ml NS1 in blood [67]. This tool can be utilized to differentiate between pri-
mary and secondary dengue virus infections, as proven by the highly correlated results of
NS1 serotype-specific IgG (determined by ELISA) and PRNT [43, 68]. The NS1 serotype-spe-
cific IgG ELISA worked reliably for serotyping dengue virus in convalescent phase sera from
patients with primary infection and also in acute phase sera from patients with secondary
infection (in which the serotype that caused the first infection would be detected), but not so
with convalescent phase sera from patients with secondary infections. Different commercial
assays to detect NS1 antigen are available, including Panbio dengue virus Pan-E NS1 early
ELISA (Alere); dengue virus NS1 antigen ELISA (Standard Diagnostics); Platelia NS1 antigen
ELISA (Bio-Rad). However, none of these have excellent sensitivity, ranging from 45 to 57%
[69]. NS1 ELISA has a noted lower sensitivity in sera from patients infected with DENV-4.
This may be due to possible quantitative differences in the secretion of NS1 antigen by distinct
serotypes [70].

Dengue non-structural protein NS5, which plays a vital role in dengue replication, is the larg-
est and most well conserved of the flavivirus proteins [71]. One study demonstrated reliable
results in diagnosing and differentiating DENV from West Nile virus and St. Louis encephali-
tis (SLE) virus using an immunoassay designed to targeting NS5 antigen [72]. However, ques-
tions arise as to its specificity since NS5 amino acid sequence homology between West Nile,
dengue, and SLE viruses is more than 75% [72], hence a greater chance that results would be
affected by cross-reactivity.

2.4. Antibody detection

DENV-specific IgM antibodies start to appear after 4-5 days of primary infection and are
measurable for up to 3 months [73]. IgG antibodies appear about a week after onset of fever,
persist at high titres for several weeks and then decline; however, IgG may be detected for
decades [74]. IgG1 and IgG3 are the subclasses that are mainly induced [75, 76]. Following
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secondary infection, memory B cells are stimulated in response to secrete DENV-specific IgG
that is measurable even on the first day of symptoms and the titre remains much higher com-
pared to during primary infection. In secondary dengue, the IgM response is variable and, in
some cases, even undetectable. The most commonly used antibody detection techniques for
dengue diagnosis are haemagglutination inhibition (HI) and ELISA for IgM or IgG [77].

2.4.1. Hemagglutination inhibition

The hemagglutination inhibition (HI) method was a routinely utilized method before the
development of the fast and easier antibody detection methods immunofluorescence assay
(IFA) and ELISA. Due to its high degree of sensitivity and ease of application, HI is still used
sometimes in developing countries. The test is based on the principle whereby the property of
erythrocyte agglutination by dengue proteins is inhibited when dengue antibodies are pres-
ent in serum at a sufficient concentration [78]. The most important practical limitations of the
HI test are its poor specificity, requirement for paired samples, and the inability to distinguish
dengue serotype [35]. Moreover, the test fails to differentiate dengue from the closely related
Japanese encephalitis and yellow fever flaviviruses [11, 78, 79].

2.4.2. E/M-specific capture IgM and 1gG ELISA

Methods of detection of dengue by capturing E/M-specific IgM and IgG antibodies are rel-
atively efficient in terms of their higher diagnostic sensitivity, specificity, simplicity, and
feasibility of use in low-resource countries where facilities for molecular diagnosis are not
standardly available [80-82].

In IgM antibody capture (MAC)-ELISA, the total IgM in a patient’s sera is bound by anti-u
chain-specific antibodies precoated on the microtitre plate [83]. Due to its rapid production
then gradual waning after 2-3 months ELISA based on IgM detection is considered sensitive
in early dengue infection, while not being suitable in cases of prolonged infection [11, 84].

E/M-specific IgG antibody capture ELISA, also called GAC-ELISA, enables measurement
of IgG for up to 10 months after infection, thereby facilitating detection of recent and past
dengue infection. In general, IgG ELISA lacks specificity within the flavivirus sero-complex
groups; however, the IgG response to prM is specific to individual flaviviruses [85]. Dengue
secondary infection progresses to severe dengue, so it is important to differentiate secondary
from primary infection. IgG avidity ELISAs can be used to determine whether an infection is
primary or secondary [86, 87]. The principle behind this method is that antibodies first syn-
thesized after primary infection exhibit a lower affinity for antigen than do those produced
later during secondary infection.

Classification of primary and secondary infections can also be defined in terms of the ratio
of anti-DENV IgM to IgG antibodies. A higher IgM/IgG ratio specifies the infection as
being primary, for which a ratio value of 1.2 is considered as a distinguishing cut-off.
However, the most reliable way to demonstrate active infection would be a significant
(fourfold or greater) rise in IgM and/or IgG antibody titres between acute and convalescent
phase sera [88].
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Cross-reactivity between flavivirus antigens is the major issue that lowers the specificity of
ELISA. While this may be reduced by detecting E/M- and NS1-specific anti-dengue virus IgM
antibodies, E/M-specific IgG elicited by different flavivirus sero-complexes are highly cross-
reactive [10, 11]. In order to increase the specificity of results analysis of paired serum samples
from both acute and convalescent phases is strongly recommended [10, 11].

2.5. Rapid diagnostic test

Immunochromatographic tests are developed to meet the need for rapid methods of dengue
diagnosis. The value of the immunochromatographic format is its rapid attainment of a result
by virtue of a color change that is visible to the naked eye within 10-15 min. Tools are based
on the detection of anti-dengue IgM and IgG antibodies and of dengue antigens. A num-
ber of studies have evaluated dengue rapid diagnostic tests (RDTs) [89-93]. Commonly used
RDTs are Duo IgM and IgG Rapid Test Strip (Panbio); Bioline Dengue IgG/IgM (Standard
Diagnostics); VScan (Minerava); Smartcheck (GlobaleMed); Denguecheck-WB (Tulip); and
Dengue IgG/IgM (Core). With acute phase samples, the diagnostic accuracy of the tests has
not been established reliably, but manufacturers’ claimed performance ranges from 76 to
100% sensitivity and exceeding 99% specificity. In contrast, markedly different results were
claimed independently [92], suggesting most RDTs are unsuitable for dengue diagnosis as
they have poor sensitivity and specificity. A preliminary trial of dengue from Nepal has
reported a similar finding when rapid immunochromatographic tests are comparing with
ELISA; the former tool did not prove sufficiently reliable with regard to either sensitivity or
specificity [82]. In order to overcome the limitations posed by RDTs, techniques have been
modified whereby dengue NSI1 antigen is detected in combination with anti-glycoprotein E
IgM and IgG antibodies [94].

2.6. Dengue virus serotyping and genotyping

Detection and serotyping of dengue viruses are performed by molecular methods such as
PCR (nested, semi-nested, and multiplex RT-PCR) using serotype-specific primers [95, 96].
Following RT-PCR, the amplified product is subjected to nucleotide sequencing. The most
commonly used commercial sequencing technique for amplicon purification and sequencing
is QIAquick PCR Purification Kit (Qiagen). Both strands of the PCR product are sequenced
in order to avoid discrepancies. Gene sequences obtained for DENV strains are submitted
to the GenBank database (http://www.ncbi.nlm.nih.gov). A basic local alignment search tool
(BLAST) algorithm performed against information stored in the database finds regions of
local similarity between nucleotide sequences. This may yield functional and evolutionary
clues about the structure and function of any novel sequence.

3. Diagnostic limitations

A lack of sensitive, specific, rapid, and cost-effective assays remains the major hurdle to
the development of diagnostic tools for dengue virus detection. Although virus isolation is

63



64 Dengue - Immunopathology and Control Strategies

more specific, it is limited by being time-consuming and expensive, needing expertise, an
inability to differentiate primary and secondary infections, and requiring acute samples (0-5
days post onset of fever) [13]. Nucleic acid (RNA) detection, although sufficiently sensitive
and specific to identify both serotype and genotype in a short time is also restricted by the
need for an acute sample, skilled handling, and by its incapacity to distinguish primary from
secondary infections [78]. Furthermore, it is an expensive tool that is not affordable by all
laboratories. While these limitations are being overcome by the detection of NS1 antigen, its
sensitivity compared to genome detection methods is poor and cannot be guaranteed [68].
Tests that measure anti-dengue IgM antibodies are useful only for the first 4-6 days of infec-
tion. Also, IgM levels in secondary infection are quite low and could be below the threshold
for detection. Moreover, IgG specificity is reduced due to cross-reactivity among flaviviruses
[10, 11, 97].

4. Future directions

Challenges in developing a highly sensitive and specific diagnostic tool should be addressed.
Possibilities for improvement lie in combining current techniques that could enhance both
sensitivity and specificity. A rapid, sensitive test that combines detection of NS1, IgG, and
IgM, thereby enabling diagnosis of infection throughout the course of illness, would provide
a significant advancement in dengue diagnostics.

A potential tool to detect dengue is based on detection of the light transmission spectrum
recorded in the near-infrared range (NIR). NIR spectroscopy is a fast, multicomponent
assay that enables non-invasive, non-destructive analysis, in this case of human blood
samples. NIR spectroscopy has become a widely used analytical method in the agricul-
tural, chemical, petrochemical, pharmaceutical, and medical industries [98]. It may also
find an application in the medical diagnostics field and preliminary investigations are
underway. In general, optical spectroscopy is a technique that utilizes the light energy-
dependent interaction with a sample (electromagnetic radiation usually quantified by
wavelength). Biological substances can interact with light energy and produce a variety of
optical responses—transmission, reflection scattering, and absorption. By scanning C6/36
cells either infected or not infected with DENV and/or mouse monoclonal hybridoma anti-
bodies against DENV, differences in NIR spectra may indicate dengue infection. Analysis
and standardization of these optical responses could literally help to shed light on dengue
diagnosis in the future.

Considerable research has been performed to develop biosensors as effective tools for infec-
tious disease diagnostics [99, 100]. A biosensor based on silicon nanowire can detect the
‘reverse transcription polymerase chain reaction’ product of dengue in less than 30 min.
Peptide nucleic acid probes fixed in silicon nanowires recognize complementary DNA frag-
ments [100]. Sensitive and specific results from these techniques could offset the other labor-
intensive and time-consuming laboratory tests requiring trained laboratory staff.
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Abstract

In this chapter, we present the optical diagnosis of normal and dengue viral-infected
human blood using Raman, Polarimetric, Transmission, and Fluorescence Spectroscopic
techniques. The possibility of using light in diagnosis and treating illness has been known
for thousands of years. The properties of light and lasers provided many modern applica-
tions at home, in industry, and in the field of medicine. Laser use in the field of medicine is
large and steadily growing. This growth is based on the versatility of laser light. Efficient
and accurate diagnosis of dengue is of primary importance for clinical care. A range of
laboratory diagnostic methods has been developed to support patient management and
disease control. The choice of diagnostic method depends on the purpose for which the
testing is done, the type of laboratory facilities and technical expertise available, costs,
and the time of sample collection. The dengue viral infection is mostly diagnosed through
laboratory tests; these tests include detection of the virus, virus antigen, anti-dengue virus
antibody, complement fixation test, neutralization tests, and detection of virus nucleic
acid. As dengue infection most rapidly increases in different regions, early diagnostic con-
firmation of dengue infection in patients allows for timely clinical intervention, etiological
investigation, and disease control. Hence, diagnosis of dengue disease during the acute
phase should be a priority and is a public health concern. Lasers and optics have many
applications in medical sciences; diagnosis and treatment of diseases with lasers and light
are latest and noninvasive techniques. Development of light-based apparatus has evolved
into tools for improved diagnosis and treatment modalities in medical sciences. The meth-
ods of the laser spectroscopy make it possible to obtain direct information regarding the
structure and dynamics of the functional groups of biomolecules. Development of new
light sources, optics, and diode laser of different wavelengths makes them attractive for
spectroscopy of biological molecules. In our study, more than 600 dengue viral-infected
blood or blood sera samples and 25 non-dengue healthy blood samples were analyzed
using four different optical methodologies. In the first study, Raman spectrum peaks for
normal samples observed at 1527, 1170, and 1021 cm™ show the presence of different bio-
logical materials, including lipids, carbohydrates, skeletal C—C stretch of acyl chains, and
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guanine. Raman peaks at 1467, 1316, 1083, and 860 cm™ were observed in dengue-infected
patients, representing CH2/CH3 deformation of lipids and collagen, guanine, lipids, and
protein peaks using 532 nm laser sources. In our second study, an optical diagnosis of
dengue virus infection in the whole blood is presented utilizing Mueller matrix polarim-
etry. Mueller matrices were extracted using light source from 500 to 700 nm with scanning
step of 10 nm. Polar decomposition of the Mueller matrices for all the blood samples was
performed that yielded polarization properties including depolarization, diattenuation,
degree of polarization, retardance and optical activity, out of which, depolarization index
clusters up the diseased and healthy into different groups. The average depolarized light
in the case of dengue infection in the whole blood decreases, whereas for the healthy
blood samples it increased. This suggests that the depolarization index of the polarized
light was at wavelengths 500-700 nm; in this case, we find that depolarization index val-
ues are higher for dengue viral infection when compared to normal samples. This tech-
nique can effectively be used for the characterization of the dengue virus infected at an
early stage of the disease. In the third experiment, the transmission absorption spectra of
dengue-infected whole blood samples were observed in ultraviolet to near infrared range
(400-800 nm) of about 30 conformed infected patients and were compared to normal
blood samples. Transmitted spectra of dengue-infected blood showed two strong spec-
trum peaks at 540 and 580 nm wavelength of illuminating light, whereas in case of normal
blood below 600 nm total attenuation was observed. The two strong absorption peaks
from 500 to 600 nm are characteristic of cell damage and dengue virus antibodies IgG and
IgM produced against dengue antigen. In the last study, we report an optical diagnosis
of dengue-infected whole blood and controlled samples with Laser Scanning Confocal
Microscopy (LSCM) over a laser excitation of 488, 543, and 633 nm wavelength. Based on
our findings, the system has potential applications in the detection and quantification of
dengue virus-infected cells, antigen, and antibodies in blood in vitro.

Keywords: optical diagnosis, dengue viral infection, transmission Raman spectroscopy,

polarimetry, confocal laser scanning microscopy (CLSM)

1. Introduction

Dengue is an endemic viral disease affecting tropical and subtropical regions around the
world and is a viral infection transmitted by the bite of an infected female Aedes mosquito.
There are four distinct serotypes of the dengue virus (DEN 1, DEN 2, DEN 3, and DEN 4).
Symptoms appear in the first 15 days after the infection. Dengue virus affects humans from
newborn baby to aged persons, mostly children and young ones. Dengue fever has no treat-
ment yet, but precautions, early diagnoses, and proper care can protect patients from severity
[1-4]. Recently, most of dengue viral infection cases are from Asia, Europe, Africa, and even
America. Last year, majority of cases were from Asia and Africa. In 2013, indigenous trans-
mission of dengue was also reported in America and Europe. Dengue spread in America and
Europe is mostly by the movement of infected persons and goods; the lack of healthy envi-
ronment and preventive arrangements also contribute to the global increase of dengue [5-7].

The World Health Organization estimates that worldwide each year, there may be approxi-
mately 100 million cases of dengue virus infections [8, 9]. Dengue spread is mostly related
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with special kind of mosquito bites; however, some normal mosquitoes are infected
through dengue virus and then become the source of infection. Dengue virus spreads from
person to person but not directly. In fact, it can never transfer from one person to another
directly [10, 11].

An evaluation of commercial capture immunosorbent assay for detection of immunoglobu-
lin M and G antibodies produced during dengue infection and Pan Bio kit was evaluated
with paired serum specimens from patients. They proved that ELISA should be useful in
the clinical diagnosis of dengue infection. Similarly, an evaluation of a commercial ELISA
kit for the detection of IgM during dengue infection revealed that primary dengue infection
was detected positive for anti-dengue antibodies. Study of Pan Bio duo ELISA and MRL den-
gue fever IgM capture ELISA for the diagnosis of dengue virus infection in Southeast Asia
was done, and comparing the specificity and sensitivity of the tests at different cutoff values
revealed that similarly in distinguishing dengue virus from non-flaviviruses showed signifi-
cantly better distinction between dengue virus and other viruses [12]. Dengue-infected person
generates antibodies against dengue virus, which cannot be observed in normal blood or
blood sera. The optical changes observed are reflection of biochemical changes in blood. This
is the basic principle of dengue fever diagnosis based on optical spectroscopic techniques [13].

Medical tools and sensors based on lasers and optics are used in many applications. Optical
diagnostic apparatus are very effective as compared to conventional disease detection meth-
ods. Optical techniques are noninvasive, direct, cost-effective, and easy to use with high
specificity, sensitivity, and small size. Optical diseases diagnostic research and development
has been useful to healthcare, environmental applications, biotechnology industry, and medi-
cal sciences [14, 15]. For the development of new optical equipment to be used in medical
sciences and devices for practical applications, all the experimental findings and practical
aspects, such as robustness, reproducibility, simplicity, and shelf life, should be carefully con-
sidered. In these experimental results and optical detection of different diseases using light
allows construction of sensitive, simple, and cheap analytical devices with a wide variety of
possible applications in screening and monitoring of diseases for use in personalized medi-
cine, remote areas or in developing countries where the availability of inexpensive diagnostic
tools are not accessible [16, 17].

2. Raman spectroscopy

Raman spectroscopy was carried out using high-resolution Raman spectroscopy system. The
main elements of setup are laser sources 532nm, samples slides, and chamber light collection
optics detection system. The target material, blood serum of normal, and dengue samples on
glass substrate at room temperature (300+2 K) are used as optimized parameters. The sample
was excited by He-Cd laser of 532 nm wavelength and 80 mw power, and output intensity
signal detected with objective lens and air-cooled charge-coupled device (CCD) detector. The
Raman spectra collected in Raman shift of 600-1800 cm™. We used the accumulate acquisition
mode to reduce noise and thermal fluctuation and improve signal to noise ratio [18-20].

77



78

Dengue - Immunopathology and Control Strategies

For normal blood sera, the Raman shifts are observed at 1527, 1170, and 1023 cm™ with inten-
sity level of 7200-9500 pixels, showing a compound that occurs in guano and fish scales and is
one of the four constituent bases of nucleic acids. A pure derivative, it is paired with cytosine in
double-stranded DNA (guanine). Adenine is used in forming nucleotides of the nucleic acids.
Adenine can be found in DNA and RNA, in first with two hydrogen bonds for the nucleic acid
structures stabilization and in second for protein synthesis. Tryptophan is a-amino acid that is
used in the biosynthesis of proteins TRP (protein) carbohydrates peak for solids. Carbon skel-
etons are the backbones of organic molecules. They are composed of carbon-carbon atoms that
form chains to make an organic compound. Length, shape, location, and amount of double
bonds are characteristics of carbon skeletons (skeletal C-C), and Cardiolipins are a subclass of
glycerophospholipids containing four acyl chains and three glycerol groups that are particu-
larly abundant in the inner mitochondrial membrane. They are believed to activate enzymes
involved with oxidative phosphorylation (stretch of lipids acyl chains) as shown in Figure 1A.
The Raman shifts observed in Raman spectrum of a dengue-infected blood serum are at 1467,
1316, 1083, and 860 cm™ with intensity level of 6000-7500 pixels attributed to the bands of
stretching and deformation vibrations of CH,, C-CH,, and OCH, groups in the infrared and
Raman spectra (CH,/CH,) deformation of lipids and collagen, guanine, lipids, and protein
bands as shown in Figure 1B.

The main dengue viral infection sera peaks appear at 1467 and 860 cm™. The intensity of these
peaks, as well as those at 1316 and 1081 cm™, is plotted against the intensity level in Figure 1B.
In our previous chapter [6], we reported transmission spectra of dengue-infected whole blood
samples irradiated with light of 400-800 nm wavelength. We collected data of 30 conformed
infected patients and compared them to normal blood samples. Transmission spectra of den-
gue-infected blood show strong and prominent peaks at 540 and 580 nm. In case of normal
blood, total absorption has been observed from 400 to 600 nm of wavelength. In case of dengue,
the peaks indicate damage and dengue virus antibodies immunoglobulin G (IgG) and immu-
noglobulin M (IgM) produced against dengue antigen. In another chapter, we determined
that normal whole blood and serum characteristic peaks were excited at 442 and 532 nm.
In dengue-infected whole blood and serum, two peaks at 1614 and 1750 cm™ are observed,
which are due to the presence of immunoglobulin antibodies IgG and IgM.
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Figure 1. Raman spectrum of (A) normal blood and (B) dengue blood at 532nm wavelength of light.
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Raman spectroscopy has proven to be an effective analytical approach in geology, semicon-
ductor, materials, and polymer science fields. The application of Raman spectroscopy and
microscopy within biology is rapidly increasing because it can provide chemical and compo-
sitional information. Raman spectroscopic technique based on protein and lipid changes due
to antibodies and antigen reactions, while the Protein and lipids concentration totally changes
in dengue viral sample as compared to normal ones [21].

3. Mueller matrix polarimetry

Polarimeters are optical instruments used for determining the polarization properties of light
beams and samples. To perform accurate polarimetry, all the issues necessary for careful and
accurate radiometry must be considered together with many additional polarization issues.
Mueller matrix polarimetry yields four optical parameters, namely depolarization coefficient,
linear retardance, optical activity, and diattenuation, which can be used to characterize the
tissues or turbid media [22-34]. We represented very interesting results from the dengue-
infected whole blood by exploiting the depolarization nature of polarized light in whole
blood; this can be used for the discrimination between the healthy and viral infection diseased
blood samples [5].

Mueller matrices from all the 30 ultra-thin smeared blood slides were acquired using Mueller
Matrix Polarimeter AxoScan™ (Axometrics, USA). AxoScan™ system employs dual rotat-
ing retarder as discussed in our previous study [5]. A tunable light source ranging from 400
to 800 nm, coupled with 200 nm multimode fiber optic probe, is used to shine the sample
through Polarization State Generator (PSG). Light source consists of a low-noise 150 W Xenon
arc lamp and a scanning diffraction-grating monochromatic light. PSG consists of a fixed
linear polarizer along with a rotating linear retarder. As the retarder rotates, a wide variety
of polarization states, including linear (horizontal, vertical), elliptical (—45°/+45°), and circular
(left/right),is generated. These six polarization states are steered to pass through the smeared
blood slides. The rotating retarder in PSG is rotated five times faster than the retarder in the
generator for different combinations of the rotation angles of retarders in PSG and Polarization
State Analyzer (PSA); light coming out from PSA is collected by a very sensitive detector. The
resulting combination of polarization states at different rotation angles of retarders in PSG
and PSA is adequate for determining the Mueller matrix of the sample.

In the present study, Mueller matrices from all the blood samples were measured from 500 to
800 nm, and their polar decomposition yields the polarization parameters for each wavelength,
out of which depolarization coefficients showed distinct differentiation. Figures 2 and 3 dis-
played the diattenuation and retardance of the dengue-infected and non-dengue healthy blood
samples as a function of wavelength. We find that in the case of dengue viral infection, diatten-
uation and retardance values are lower when compared to normal samples. The diattenuation
and retardance of both types of samples can be used for the characterization of the early stage
detection of dengue infection in the human blood. The Mueller matrix is generally a diagonal
matrix having m,=1and m,;=m,,. The m = m,, is due to axial symmetry of the material.
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Figure 2. Polarization properties in terms of Mueller matrix, diattenuation of normal (==#=), and of dengue-infected
blood (—#—) at 400-800nm wavelength.
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Figure 3. Polarization properties in terms of Mueller matrix, retardance of normal (=#—), and of dengue-infected blood
(—%—) at 400-800nm wavelength.
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The retardance matrix is also a diagonal matrix, where all diagonal elements are equal as
shown in Figure 4. The optical characteristics of dengue-infected samples at 540 nm of light
showing depolarization index values were higher as compared to normal samples. The diat-
tenuation is less than polarization as seen in the first row and first column of the Mueller
matrix. In the retardance matrix, image m,, and m,, are same. m,, depends on the size of
scatterers.

The color intensity of the elements m,,, m,,, and m,; increases when compared to the retardance
image of Figure 4 of dengue-infected ones. The depolarization image is showing a diagonal
matrix with maximum intensity at diagonal elements. It is clear that depolarization coefficient
decreases as a function of wavelength for both types of samples, as well as the difference of
depolarization coefficients reduces for both types of the samples. The hematocrit of the dengue
virus-infected blood increases due to decreasing platelets; this increasing of volume fraction of
red blood cells may be responsible for the more depolarization coefficient in comparison with
the non-dengue healthy blood samples as red blood cells play an important role in scattering
that causes the depolarization of polarized light.

In the dengue virus-infected human blood, antibodies IgM and IgG appeared against the
infection by the defensive system. These antibodies are like protein structures that must also
be responsible for producing more depolarization effects in the dengue-infected blood samples.
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Figure 4. Polarization properties in terms of Mueller matrix, depolarization, retardance, and diattenuation matrix of
dengue-infected blood at 540 nm of light.
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Mueller matrix polarimetry has been exploited successfully for the optical diagnosis of den-
gue virus infection in human blood. Depolarization coefficient of the dengue-infected and
non-dengue human blood samples is clearly distinct in light spectra for the characterization
of both types of samples. In addition, diattenuation, retardance, and depolarization coeffi-
cients may be helpful for monitoring the disease from time to time and to monitor very minute
structural changes in the tissue of blood chemistry.

4. Transmission spectroscopy

In this study, we provide transmission spectroscopy of dengue viral infection analysis. The
cell culture method is still considered the standard for viral diagnosis as it has the advan-
tages of detecting infectious viral particles and the ability to achieve low detection limits. This
new method has the potential to be extended for the detection of other viruses and adapted
into a portable, automated system for detection of viruses from environmental samples. The
presented results are very effective for initial screening of dengue-infected patients and to
minimize the diagnostic cost [6].

We used Avaspec. Spectrometer (Avantes Inc, Netherlands) of wavelength range 400-1000
nm and Avaspec.software to record data. About 50 ul drop of whole blood excited with light
as shown in Figure 5. Two prominent absorption peaks at 540 and 580 nm of blood spec-
trum, as measured within a set of about 30 essentially conformed dengue-infected individu-
als, are observed as shown in Figure 6. The change represented by these peaks in the protein
and blood cells within the human body is a manifestation of significant biochemical changes
due to the antibodies IgG activated after 2-3 days of dengue virus infection and IgM pro-
duced after one week. We have recorded transmission spectra of other viral-infected blood
samples, like hepatitis and malaria, besides dengue infection, but there is no transmission in
the range of 400-600 nm. The spectrum peaks at 540 and 580 nm are only in dengue-infected
samples.
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Figure 5. Experimental setup for the whole blood dengue infection diagnosis with light spectroscopy.
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Figure 6.The transmission spectroscopy of normal and dengue-infected whole blood spectrum at 400-1000 nm
wavelength.

5. Confocal microscopic analysis

We have used light spectroscopy, Raman and absorption spectroscopy, and Laser scanning
confocal microscopy (LSCM) techniques for repaid screening of dengue infection. LSCM has
become an invaluable tool for a wide range of investigations in the biological and medical
sciences for imaging thin optical sections in living and fixed specimens. To image the dengue-
infected blood, a drop of 50ul whole blood was placed on quartz glass slide and seen through
(63X, 100X) water and oil emulsions objectives of LSCM (LSM-510, Carl Zeiss, Micro Imaging
Inc., Germany) equipped with 451, 471, 488, and 517nm line of Argon ion, 553 and 633 nm
He-Ne lasers, 10 to 100X water and oil emulsions objectives and three Photo Multiplier Tubes
(PMTs). Fluorescence light from the sample was collected by the objective, directed to an ana-
lyzer, and spatially filtered by the confocal pinhole in the detection path. Reflected light that
passed through the pinhole was spectrally separated by dichroic filters and directed to three
PMTs to detect light at each wavelength. Images were acquired as 8-bit TIFF files (512 x 512
pixel frame) and processed using Zen software (Carl Zeiss, Micro Imaging Inc., Germany).
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We demonstrated the dengue-infected human blood in in vitro using LSCM. The confocal
images of normal and dengue-infected whole blood samples are analyzed with LSCM and
fluorescence is detected. The dengue cells are different in looks compared to the normal ones,
and the fluorescence from dengue infected is prominent than normal as shown in Figure 7.
The whole blood analyzed on day 10 and day 13 shows antibodies IgG and IgM structure
over blood cells. We suggest that as platelets decrease, fluorescence increase due to complex
interactions between the virus and host cells, leading to the activation of transcription factors,
cytokines, and enzymatic factors. The simple blood images taken at day 3 of infection are
shown in Figure 7 and fluorescence of cells at day 10 is shown in Figure 8. These interactions
may induce not only pathologic prion flammatory responses that influence the severity and
progression of the disease but also virus clearance and apoptotic pathways that could be con-
trolling infection by anti-viral mechanisms. The present study may, therefore, contribute to
a better understanding of the cell activation mechanisms triggered during dengue infections
occurring in human target cells. The viral infection images at day 10 and 13 after infection are
shown in Figure 8.

Blood sample analysis with LSCM provides a way for diagnosis of infection. The results
obtained can be used in the development of new methods and optimization of existing ones for
dengue-infected patients. The presented techniques can be used for new light-based diagnostic
apparatus for the quantities analysis of dengue patients. In our previous research findings,

Figure 7. An early comparison of dengue-infected blood samples with a confocal microscope (63%). (A) normal blood
drop on glass slide and (B) dengue-infected blood at day 4 after infection.

Figure 8. An early comparison of dengue-infected blood samples with a confocal microscope (63x). (A) normal blood
drop on glass slide and (B) dengue-infected blood at day 10 after infection.
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we have characterized tissues and biomaterials for optical imaging to diagnose diseases and
develop optical detection equipments [35-53].
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Abstract

The public health importance of the endophilic mosquito Aedes aegypti increased dra-
matically in the recent decade, because it is the vector of dengue, chikungunya, Zika and
yellow fever. The use of long-lasting insecticidal nets (LLINs) fixed on doors and win-
dows, as insecticide-treated screening (ITS), is one innovative approach recently evalu-
ated for Aedes control in South Mexico. From 2009 to 2014, cluster-randomised controlled
trials were conducted in Acapulco and Merida. Intervention clusters received Aedes-proof
houses (‘Casas a prueba de Aedes’) with ITS and were followed up during 2 years. Overall,
results showed significant and sustained reductions on indoor adult vector densities in
the treated clusters with ITS after 2 years: ca. 50% on the presence (OR < 0.62, P < 0.05)
and abundance (IRR < 0.58, P < 0.05). ITS on doors and windows are “user-friendly” tool,
with high levels of acceptance, requiring little additional work or behavioural change by
householders. Factors that favoured these interventions were (a) house construction, (b)
high coverage achieved due to the excellent acceptance by the community and (c) col-
laboration of the vector control services; and only some operational complaints relating
to screen fragility and the installation process. ITS is a housing improvement that should
be part of the current paradigms for urban vector-borne disease control.

Keywords: Aedes aegypti, dengue, chikungunya, Zika, prevention, long-lasting
insecticidal nets, insecticide-treated screens, house screening
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1. Introduction

Dengue remains a priority for public health authorities across the globe. The viral disease is
transmitted primarily by the human-biting mosquito Aedes aegypti, which also transmits other
viruses, including yellow fever, chikungunya and Zika [1-3]. Although there are several vac-
cine candidates for dengue, chikungunya and Zika, but none is highly effective. Therefore,
preventing or reducing Dengue (DEN) and the transmission of other Aedes-borne diseases
depend entirely on control of the mosquito vectors or interruption of human-vector contact.

Control of A. aegypti is mostly performed in the context of public health and depends on
structured programmes sustained by ministries of health. Routine vector control efforts,
mostly targeting the outdoor allocation of Aedes vectors (i.e. source reduction, hand-applied
larvicides to artificial breeding sites and outdoor ultralow volume (ULV) adulticiding), have
to date achieved only a limited success in preventing diseases [4]. Improving urban Aedes
control and achieving a measurable impact on DEN transmission require a reformulation
of current strategies and a stronger focus on the adult mosquitoes that actually transmit the
disease, both lowering vector abundance and preventing human-vector contact [5, 6].

Females of A. aegypti mosquitoes have an endophilic behaviour (within buildings) and
methods targeting these locations which have great potential for sustained impact. Methods
currently accessible to reduce indoor adult vector abundance and prevent human-vector
contact include essentially the control of adult vectors with insecticides (adulticides) applied
by institutional programmes either as residual surface treatments or as space treatments;
personal protection to reduce exposure to biting with the use of chemical products such as
domestic insecticides, repellents and long-lasting insecticidal nets (LLINs) deployed as cur-
tains or bed nets and changes to human habitation or behaviour such as installing mosquito
screening on doors, windows and other entry points.

We recently tested in Mexico an innovative intervention called Aedes aegypti-proof houses
(‘Casas a prueba de Aedes aegypti’ in Spanish), involving insecticide-treated screening (ITS)
with LLINs permanently fitted to windows and doors as an innovative approach to exclude
A. aegypti from houses in dengue endemic areas. Here, we present the results of the evaluation
of these ITS-based interventions on the dengue vectors in South Mexico.

2. Long-lasting insecticidal nets (LLINSs) for A. aegypti control

A LLIN is a factory-produced mosquito netting preloaded with a synthetic pyrethroid insec-
ticide that is intended to retain its biological activity for at least 20 standard washes under
laboratory conditions and 3 years of recommended use under field conditions [7]. LLINs, par-
ticularly bed nets, are among the most effective approaches for controlling mosquito-borne
infections and reducing the global burden of malaria [8] but also can be effective for lym-
phatic filariasis, Japanese encephalitis and other arboviruses [9].

The use of LLINs is considered a highly effective, safe, affordable, low-tech, long-lasting and
simple intervention with effects both at the individual (i.e. bed nets preventing the vector from
blood feeding) and community levels (i.e. by reducing the vector lifespan and population).
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LLINs are expected to reduce human-vector contact and reduce their life expectancy as a
physical barrier, blocking mosquitoes, and as a chemical method, irritating/deterring or even-
tually killing mosquitoes [10, 11].

Based on the successful control demonstrated against nocturnal endophilic Anopheles spp.
vectors and protective efficacy of LLINs (in the form of treated bed nets) in reducing malaria
transmission [8, 12, 13], the WHO Dengue Scientific Working Group of 2006 identified the
development/evaluation of LLINs as a primary global research stream [14]. However, LLINs
were expected to be delivered in different approaches other than bed nets considering the
diurnal activity patterns of Aedes mosquitoes.

In Haiti, LLIN bed nets showed an immediate effect on immature-based indicators and dengue
transmission and extended for the following 5-12 months after their deployment [15]. Other sets
of more ample studies suggested the potential of LLIN as window curtains (insecticide-treated
curtains (ITCs)) to reduce dengue vector densities to low levels and potentially impact on dengue
transmission. In Thailand, ITCs showed immediate effects on immature-based indicators at 6
months [16]. Combining ITCs with targeting productive breeding sites in Mexico [17], Venezuela
[17, 18] and Guatemala [19] improved the impact on A. aegypti. In a field trial carried out in
Mexico, ITC interventions did not affect the indoor adult population, but it seemed to reduce the
number of DEN-infected females and the human infection prevalence in some areas [20].

While ITCs can be easily introduced within DEN endemic areas, these studies showed, as found
with bed nets, that ITCs required proper handling and use by local communities to be effective.
Coverage of the interventions based on ITCs typically falls dramatically over time [16, 21, 22],
undoubtedly compromising efficacy throughout the community. For example, in Iquitos, Peru,
a sociological study found that proper use of ITC falls dramatically over time (45% in the second
year of deploying) [21, 22]. Particularly, at the household level, the efficacy of ITCs is compro-
mised when curtains remain open/tied back during daytime or when all house entry points can-
not be protected [16-20, 23]. In Guatemala [19] and Mexico [20], it was noted that families would
remove or tie back the curtains to increase ventilation during the day, compromising the utility
of the intervention as A. aegypti is a day-biting mosquito. A solution to this is to permanently fix
the LLIN to the doors and windows in the form of a screen rather than curtains [24, 25].

3. House screening

Here, we use the term house screening to refer the use of insect screens in a house. An insect
screen is basically a mesh (metal wire, fibreglass or other synthetic fibres) stretched in a frame
(wood or metal) fixed on the opening of a house such as a door or a window. ‘Mosquito-proofing’
of houses (with insect screens) is a form of environmental management based on changes to
human habitation to exclude vectors and reduce man-vector-pathogen contact including mos-
quitoes [26, 27].

The first published work evaluating house screening as physical method to prevent mosquito-
borne diseases was reported by Celli in Italy for the control of malaria among railroad workers
and their families [28]. His study showed that screening porches and chimneys resulted in sig-
nificant reductions on malaria incidence (4% with screens vs. 92% without the intervention) [29].
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The Italian experience led to widespread screening of houses against mosquitoes in malarious
areas, not only in Italy but also around the world. Examples of house screening as a malaria
control intervention include workers building the Panama Canal and rural homes in the
Southern United States [30]. Nevertheless, this protective and efficacious method was largely
forgotten when the primary strategy of insecticidal control with DDT (dichloro-diphenyl-
trichloroethane) emerged [30]. Modern studies on house screening have proven significant
reductions on malaria [31-33] and described to be widely accepted by communities [34].

The integration of house screening for the control of dengue was evaluated in Vietnam in the
1990s. Nguyen et al. [35] and Igarashi [36] evaluated an intervention with permethrin nets
covering all openings of houses (in addition to routine anti-Aedes health education and control
measures) and reported a significant reduction (close to 100%) in the number of houses posi-
tive for dengue vectors. Furthermore, indoor A. aeqypti was undetectable levels for 7 months,
while in the control group, infestation gradually increased during the epidemic season, and
a positive impact in preventing DEN transmission during the epidemic season (at 6 months
after intervention) was observed. Therefore, screening doors and windows have been con-
sidered with the potential to limit transmission in the most recent systematic reviews [4, 9].

4. Aedes aegypti-proof houses

The intervention called Aedes aegypti-proof houses (‘Casas a prueba de Aedes aegypti’) involves
insecticide-treated screening (ITS) with the use of long-lasting insecticidal nets (LLINs) per-
manently fitted to windows and doors to exclude A. aegypti, vector of dengue, chikungunya
and Zika (Figure 1).

@ dees e ek om

-

Figure 1. Photographs show Aedes aegypti-proof houses with insecticide-treated screens mounted on aluminium frames
and fixed to external doors and windows of treated houses.

As described by Manrique-Saide et al. [24] and Che-Mendoza et al. [25], Duranet® screens
(0.55% w.w. alpha-cypermethrin-treated non-flammable polyethylene netting [145 denier;
mesh1/4132 holes/sq. inch]; Clarke Mosquito Control, Roselle, IL, USA; WHOPES approved
for LLIN use) were mounted in aluminium frames custom-fitted to doors and windows of
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Figure 2. General description of how to install insecticide-treated screens on windows and doors. Window: (A) Materials
required: (1) screen frame, (2) square for screen frame, (3) vinyl #12 and (4) window screen. (B) Tools required: (1) pencil,
(2) measuring tape, (3) screwdriver, (4) sharp knife, (5) hammer, (6) hacksaw, (7) convex wheel and (8) universal square.
(C) Step 2: (2.1) Using a measuring tape and pencil, make a mark where a cut is to be made on the new frame. (2.2) With
the universal square, mark a 45° angle on the first mark of the final measure. (2.3) Use the hacksaw to make the 45° cut.
Make four cuts, one on each side of the window. (2.4) Use squares to join the four parts of the frame. Insert squares into
the frame along the side with 45° cut and lightly tap the squares into place. Check the assembled frame for squareness.
(D) Step 3: (3.3) With the help of the convex wheel, insert the screen into the channel with vinyl, beginning at one corner
(press down and roll with short strokes back and forth). When all sides have been inserted into the vinyl, remove the
excess vinyl. Door: (A) Materials required: (1) screws (1 %2 x 8", %2 x 8, 1 x 8), (2) hinges, (3) vinyl # 12, (4) elephant trunk
handle, (5) hasp, (6) chair butt, (7) mosquito door frame central, (8) mosquito door frame vertical and (9) lock. (B) Step 2:
(2.6) Forming the door, 1 % x 8 screws should preferably be used. Step 4: (4.1) The lock and pin are installed in the central
part of the frame, at the appropriate distance for its correct operation. (4.2) The elephant trunk handle is installed in the
central part of the frame. (4.5) Spring allows the automatic closing of the door. (4.6) Pivot allows the automatic closing of
the door in a slow and controlled way. (4.7) Metal mesh protects the mosquito net from damage caused by animals. Step
5: (5.4) Fix the door to the frame using %2 x 8 screws, a drill and a screwdriver. Check the assembled door for squareness.
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houses in collaboration with a local small business (Figure 2). An average of two doors and
five windows by house were installed in each intervention cluster. During the installation, at
least one person in every household received information from research staff about the proper
use and maintenance of ITS.

5. Studies with ITS and protection against A. aegypti mosquitoes in
Mexico

From 2009 to 2014, cluster randomised controlled trials were conducted in two Mexican cit-
ies— Acapulco (Guerrero state) and Merida (Yucatan state)—to test the efficacy of the inter-
vention Aedes aegypti-proof houses. The first study in Acapulco was followed by a subsequent
phase of scaling-up to replication in Merida as a “horizontal” scaling-up to expand the avail-
ability of the intervention geographically.

In general, the studies compared 10 control and 10 intervention areas of 100 households each
across both cities. Routine vector control activities—as implemented by the local Ministry
of Health—were performed in control clusters. Intervention clusters included insecticide-
treated window and door screens (Acapulco and Merida) and targeted interventions in
the productive water container types (in Acapulco only). As part of the national policy in
response to dengue outbreaks and entomological risk indices [37], control and ITS inter-
vention clusters could receive routine vector control activities (outdoor spraying with the
organophosphates malathion or chlorpyrifos, indoor space spraying with the pyrethroid
deltamethrin or the carbamates propoxur or bendiocarb and larviciding with the organo-
phosphate temephos).

The main outcome metrics were the reduction of indoor vector densities. Five cross-sectional
entomological surveys were conducted in intervention and control clusters as in Manrique-
Saide et al. [24] and Che-Mendoza et al. [25]. Briefly, indoor adult mosquito collections were
performed in a randomly selected subsample of 30 houses from each cluster (total of 300
houses per arm). A baseline survey was performed prior to the installation of ITS and was fol-
lowed by surveys at 6 months of intervals corresponding to dry (low vector abundance, 6 and
18 months of post-intervention (PI)) and wet (high vector abundance, 12 and 24 of months PI)
seasons. Indoor adult mosquitoes were collected with Prokopack aspirators [38] for a 15-min
period per house. Collections within each cluster were performed on the same day between
09:00 and 15:00 h by skilled collector teams.

The indoor A. aegypti adult-based entomological indicators monitored for 2 years in both
localities are shown in Figure 3. During the pre-intervention survey, similar infestation lev-
els were quantified in both study arms. ITS protected houses against A. aegypti mosquitoes:
significant reduction of indoor-resting adults by approximately 50% on the presence (OR <
0.62, P <0.05) and abundance (IRR < 0.58, P < 0.05). The combination of ITS and interventions
targeting productive container types was successful in continuing reducing the number of
Aedes pupae and consequently of adult dengue vectors.
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Figure 3. Comparison between groups of houses protected with insecticidetreated (blue bars) and untreated (red bars)
screens on the percentage of infested houses (top) and infestation density (bottom) for female Aedes aegypti in Acapulco and
Merida, Mexico. The blue arrow represents the start of the interventions. The symbol (*) denotes dates when the index was
significantly different between treated and control groups on that date. Error bars show the standard error of the mean.

A significant effect on indoor adult Aedes infestations was observed in houses protected with
ITS but not in controls, despite the fact that Aedes populations at both sites were resistant to
pyrethroids, and this protection was sustained beyond 24 months when ITS was combined
with targeted treatment of productive breeding sites (as demonstrated in Acapulco, where the
combined intervention maintained a statistically significant protective effect on Aedes adult
and immature stages until the end of the study, approximately 600 days after ITS installation).

Multiple factors could explain the lack of complete suppression of A. aegypti indoors by ITS.
First, this method did not aim to reduce peridomestic breeding or abundance of mosquitoes.
As intervention coverage on each block was not 100%, there is a possibility for mosquito
breeding and human feeding even in the presence of screens. In Acapulco, Mexico, combining
ITS with peridomestic larval control on the most productive larval breeding habitats produced
a synergistic effect evidenced as a reduction of the abundance of indoor female mosquitoes
in screened houses [25]. This finding provides evidence of the importance of integrating ITS
with methods focused on peridomestic control. Another factor explaining indoor presence of
A. aegyptiin screened houses is the fact that maybe some adults did not contact and/or survive
after the initial contact with the LLIS or probably not all contacted the screened surfaces on
the day when collections were performed.

Another explanation could be the loss of insecticidal power and high pyrethroid resistance in
the mosquito populations of Merida. Exposure to sunlight, rain and dust impacts the residual
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power of pyrethroid insecticides. Despite of this, we demonstrated in this study that insecti-
cidal activity of ITS under operational conditions is still acceptable after 2 years of use.

The physiological resistance in mosquitoes to the insecticide and the effect on the perfor-
mance of a LLIN cannot be discounted. Pyrethroid resistance in A. aegypti populations of
Mexico, including Merida, has increased during the last decade [39-42]. Currently, ITS with
LLIN will have to challenge insecticide resistance to pyrethroids because they are the only
insecticide class recommended and available for LLIN [43].

6. Social acceptance and cultural barriers on Aedes aegypti-proof houses

In Acapulco, the social studies aimed to explore the acceptance, use, adherence and perspec-
tives of the ITS and suggestions about how to modify the programme to better address the
sociocultural needs of the community. Part of the results was published by Jones et al. [44].
The main reason for acceptance was that the screens were perceived to be beneficial. The
fear of violence, particularly important in Acapulco, was frequently identified as a common
reason for rejection.

The most noted benefit reported for the use of ITS in Acapulco was the reduction on the amount
of mosquitoes in the houses. Following screen installation, 79.9% of recipients reported that
there were fewer mosquitoes inside, and a further 10.8% reported that there were none. The
reduction in the amount of indoor mosquitoes was associated with a reduction in mosquito
biting: 88.5% or recipients reported that mosquito biting was less of a nuisance within their
homes after receiving the screens.

Participants also appreciated a reduction in mosquito numbers. Though many were unaware
that the net contained insecticide, they had noticed that mosquitoes and other pests died on con-
tact with the screen and were satisfied with this. The insecticide in the screen was seen as benefi-
cial and acceptable, with few reports of side effects or fears about its use. Participants reported a
reduction in flies and cockroaches, and 79.9% of satisfaction survey participants reported a reduc-
tion in other pests. The majority of participants (90.2%) had the same amount or more screens in
place now compared to the original amount installed, suggesting that very few were removed.

The main problem identified with the screens once installed was fragility, especially on doors.
The satisfaction survey found that the most common reason for a house to have fewer screens
now than originally installed was screen breakage (44%) and higher quality material was the
most frequently suggested improvement for the project. A survey of the screens found that
the windows were broadly in very good condition, whereas the doors were faring less well,
with 42.4% damaged in some way. Some screens were broken in exceptional accidents, but
the majority of breakages reported occurred during normal use. Though some participants
had feared a reduction in air circulation prior to installation, none had experienced this prob-
lem. Indeed, many expressed surprise that they had felt no effect.

Overall satisfaction with the project was very high. About 80.9% scored their satisfaction with
the screens as 5/5, 89.9% gave a score of 4 or 5 and 99.3% recommend the project to another city.
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In Merida, we conducted an ethnographic research in a small neighbourhood called Manzana
115, where 140 households are accepted to participate in the Aedes aegypti-proof houses
project. In addition to an acceptance or rejection study, we also investigated “the process of
decision’. The social perception on ITS efficacy was documented since the invitation to the
families. Overall, 80% of families accepted the intervention in the first invitation, whereas 30%
rejected it, and at least 20% decided to accept before some family consultation. The most com-
mon reasons for acceptance were (a) that the screens were perceived to be beneficial, (b) free
of cost and no future charges, (c) expectation of future ‘support’ and (d) high-risk perception
about dengue. In Merida, the most important reasons for reluctance and rejection were (a) no
interest at all; (b) low perception about dengue risk infection and (c) wives did not accept the
intervention because their husbands didn’t authorise it. Therefore, it is important to consider
the gender roles on the decision-making processes, suggesting that both men and women
must be included on social understanding about innovations for family health care.

Afterwards the installation of ITS, 80% of households reported to be very satisfied and consid-
ered the intervention effective on reducing and killing mosquitoes, not toxic for humans and
pets, and also considered it important because there was no temperature increase in their houses.

7. Conclusions

In the absence of effective treatment or vaccines and in the context of multiple co-circulating
viruses transmitted by Aedes mosquitoes, the development of preventive and long-lasting
methods for Aedes control has become a top global health priority.

The benefits of house screening, as a physical barrier, rely on its efficacy to exclude mosquitoes
and eventually protect against mosquito bites, which is epidemiologically relevant if most
transmission occurs indoors. From an environmental health perspective, residential premises
(house and peridomicile) offer important habitats for supporting populations of A. aegypti as
they emerge from productive breeding sites, move in and out houses in search of food (human
blood), refuge and mating and oviposit at the suitable breeding sites to complete their life
cycle. Aedes is an anthropophilic, endophilic and endophagic species, and the house is the
epidemiologically most significant point of vector-human contact for arbovirus transmission.

The adaptation of long-lasting insecticide nets permanently fitted as mosquito screens on
windows and doors has advantages over other approaches (such as bed nets and curtains)
because these interventions are in place permanently and require little additional work or
behavioural change by householders.

Our studies in Mexico demonstrate that LLIS deployed as ITS acts as a barrier and significantly
restrains the entrance of mosquitoes to houses for at least 2 years post deployment. Concisely, a
house protected with ITS on doors and windows has at least 50% less chances of having A. aegypti
females in comparison with a non-protected house. ITS confirmed a sustained protective effect
on indoor female mosquitoes, the most epidemiologically important target for vector control,
even in the presence of high levels of resistance to pyrethroids in the local mosquito population.
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The present studies provide valuable and unique information on the use of house screening
within cities endemic for mosquito-borne diseases, and at the time of writing, are unique in
supporting the feasibility and potential benefit of this method for the simultaneous preven-
tion and control of dengue, chikungunya and Zika transmission. The positive results from tri-
als using house screening/full screening of windows/doors suggest that excluding the vector
A. aegypti from the home may prove to be an innovative approach in terms of environmental
management (changes to human habitation), if it is proven ultimately to reduce transmission
of the pathogens to humans. This simple classic method of vector control should be consid-
ered and encouraged by the National Ministries of Health.

As most human-mosquito contacts occur indoors, the observed reductions in abundance and
prevalence of infestation in our studies may be significant enough to impact virus transmis-
sion in a measurable way. Assessing the epidemiological impact of existing and new para-
digms on Aedes-borne disease transmission remains a top research and public health priority.
Particularly for ITS, our entomological studies provide evidence for the development of robust
RCT (Randomized Controlled Trials) evaluating the short- and long-term protective efficacy
of this method. Of particular interest is the evaluation of the potential for ITS to be included
within an IVM (Integrated Vector Management) scheme that also includes other modes of
vector control that target peridomestic breeding or adult abundance (e.g. larviciding, ULV).

The authorities of Mexico are considering how to expand Aedes aegypti-proof housing to as many
homes as possible, probably as a targeted intervention for high-risk areas (hot spots) of endemic
localities. Given that the same mosquito transmits dengue, chikungunya and Zika, the local
government of Yucatan is planning to scale this intervention to protect the most vulnerable, par-
ticularly pregnant women and their families. Therefore, and in accordance with the local MoH,
our team is currently also developing a pilot study evaluating an integrated intervention on
pregnant women, providing them with information and a kit of tools including repellents and
Aedes aegypti-proof houses to protect them against mosquito biting and disease transmission.

Ultimately, ITS is a housing improvement that should be part of the current paradigms for
urban vector-borne disease control [45].
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Abstract

Dengue fever (dengue), a mosquito-borne disease caused by dengue viruses (DENVs),
represents severe public health problems in Southeast Asia, Latin America, Africa and
other subtropical regions. Many regulatory issues arise along with the development of
dengue vaccines. It is required to follow the regulatory pathway for the license applica-
tion. Dengue vaccines can be approved without local clinical phase III data. The national
regulatory authorities (NRAs) must have the information, training and ability to review
and approve the application. A novel vaccine product Dengvaxia® for dengue has been
approved in many countries. The approval is based on clinical trials that show the vac-
cine could reduce about 60% dengue, prevented 90% of severe cases and 80% of hospital-
izations. Several other DNA, live-attenuated, purified inactivated, subunit, vectored and
chimeric vaccine candidates are currently developing in clinical phases. Although there
are still some challenges for the development and regulation of vaccine, the prospects of
dengue vaccines are promising provided that we can overcome the difficulty.

Keywords: dengue fever (dengue), dengue virus, dengue vaccine, clinical application

1. Introduction

In this section, we describe some background about dengue fever (dengue).

1.1. Pathogens, vectors and symptoms

Dengue, a mosquito-borne disease, is widespread all over the world in recent years. It is
caused by the dengue virus (DENV), which is transmitted by female Aedes mosquitoes of spe-
cies A. aegypti and A. albopictus. The mosquito becomes infected when it bites a person with
DENVs in their blood. DENVs are maintained in cycles that involve blood-sucking vectors
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and vertebrate hosts. Dengue is transmitted by vectors and is not spread from one person to
another person directly (Figure 1).

DENYV, which belongs to genus Flavivirus of family Flaviviridae, is a small single-stranded
RNA (ssRNA) virus comprising four distinct but closely related serotypes (DENV-1, 2, 3 and
4) [1, 2]. However, the fifth serotype DENV-5, which may be produced by genetic recombina-
tion, natural selection and genetic bottlenecks, has been discovered in 2013. This new variant
follows the sylvatic cycle unlike the other four serotypes, which follow the human cycle [3].

Symptomatic DENV infections were classified into three categories: undifferentiated fever
(UF), dengue fever (DF, dengue) and dengue haemorrhagic fever (DHF) (also called severe
dengue). DHF was further classified into four severity grades, with grades III and IV being
defined as dengue shock syndrome (DSS) [4]. Sometimes, the infection causes flu-like symp-
toms, which are mild, is called UF. DF begins 4-6 days after infection and its symptoms are
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Figure 1. Dengue transmission: Aedes mosquitoes (A. aegypti or A. albopictus) bite a dengue-infected person and suck his
blood. The mosquitoes ingest blood with dengue viruses and become transmission vectors after 8-10 days. The dengue
vector mosquitoes bite another unvaccinated healthy person and the person gets dengue 4-13 days later. This may lead
to endemic transmission if dengue is extensively spread by mosquitoes.
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usually limited. However, serious problems can develop and occasionally result in a lethal
complication called DHF. The symptoms may further progress to DSS, which is characterized
by massive bleeding, shock and even lead to death.

Different DENV serotypes may cause a cross-serotypic immune response such as antibody-
dependent enhancement (ADE). ADE is the most widely known example, which occurs in the
setting of DENV infection. When an individual has been infected with one DENV serotype,
the antibodies to the previous serotype will interfere with the immune responses to the new
serotype to lead to more virus attack and entry. The disease varies in severity in humans from
DF, which is usually limited in symptoms to lethal cases including DHF and DSS.

1.2. Epidemiology

Dengue is one of the most rapidly spreading mosquito-borne viral diseases in the world.
The number of dengue cases reported annually to WHO increased from 0.4 to 1.3 million
from 1996 to 2005 and reached 2.2 million and 3.2 million in 2010 and 2015, respectively [5].
The disease is currently common in more than 110 countries, mainly in Southeast Asia, Latin
America, Africa, etc. Infections are usually acquired in the urbans, but they have expanded to
villages, towns and cities recently.

Most people with dengue recover without any problems. The fatality rate is 1-5%, and less
than 1% with adequate treatment. Because of urbanization, population growth, frequent
international travelling and global warming, the incidence rate of dengue increased about
30-fold from 1960 to 2010 [6]. This disease inflicts a serious healthy, social and economic bur-
den on the people of endemic areas.

1.3. Treatment

The treatment is only supportive and there is no certain treatment for dengue. Current efforts
are to develop antiviral drugs that would be used for the treatment of dengue and prevention
of severe complications. There are several plausible therapeutic approaches such as the inhi-
bition of the viral RNA-dependent RNA polymerase inhibitor, viral protease inhibitors, entry
inhibitors that stop the virus entering cells or inhibitors of the 5" capping process, which is
required for viral replication. Supportive care and adjuvant therapy may be needed in severe
dengue (DHF and DSS).

1.4. Prevention and control

For dengue prevention, traditional method is only restricted to vector control measures. The
best way is to inhibit the spread of the Aedes mosquitoes and avoid being bitten by them. This
may be done by eliminating the mosquitoes, removing or covering standing water and wear-
ing clothing that covers the body.

Integrated vector management (IVM) program is a strategy to control vectors recommended
by the World Health Organization (WHO). IVM considers the following five key elements in
the management process [5]:
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(1) Advocacy, social mobilization and legislation: The promotion of developmental poli-
cies, the establishment or strengthening of regulatory controls for public health and the
empowerment of communities.

(2) Collaboration within the health sector and with others: The consideration of all options
for collaboration, strengthening communication among policy-makers, program manag-
ers and other key partners.

(3) Integrated approach to disease control: The assurance of the rational use of available re-
sources, integration of non-chemical and chemical control methods and integration with
other disease control measures.

(4) Decision based on evidence: The adaptation of strategies and interventions to local vec-
tor ecology, epidemiology and resources, guided by operational research and subject to
routine monitoring and evaluation.

(5) Capacity-building: The development of essential infrastructure, adequate finance and hu-
man resources.

Vaccination is a better measure than the vector control for dengue prevention. The develop-
ment of a dengue vaccine actually represents a great achievement in the control of the disease.
The impact of dengue is so enormous that its vaccine development is very crucial for public
health. To develop a dengue vaccine, we have to realize the regulation requirements of vac-
cines such as basic research, animal studies and clinical trials, etc.

2. Regulation

Dengue vaccines, as all vaccine products regulated by national regulatory authorities (NRAs)
and national control laboratories (NCLs), undergo a rigorous review of laboratory and clinical
data to ensure their safety, efficacy and potency. The discovery and application of dengue vac-
cines should follow the frame work of vaccine research and development. The manufacturer
has to comply with the related regulation, including nonclinical work, preclinical trials, human
clinical trials and post-market surveillance [7]. In this section, we review the regulations that
are specific and required for dengue vaccines, including basic requirements, regulatory path-
ways, special procedures, regulatory requirement summary and regulatory challenges.

2.1. Basic requirements

The WHO Initiative for Vaccine Research (IVR) focuses on the following objectives for dengue
vaccine development:

(1) Knowledge and research: Identification of knowledge gaps and research need to be related
to the development, evaluation and implementation of dengue vaccines.

(2) Consensus and guidance: The scientific consensus for dengue control and guidelines on
the evaluation of dengue vaccines need to be established.
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(3) Review and evaluation: The evidence base for the policy recommendations related to the
introduction of dengue vaccines need to be reviewed and evaluated previously.

(4) Vaccination program: The guidance and program on dengue vaccine administration, in-
cluding implementation strategies need to be strictly conducted.

(5) Support of NRAs: The NRAs should be assisted and encouraged in the review of dengue
vaccine registration files.

2.2. Regulatory pathways

The regulators of developing countries and developers for dengue vaccines had two meetings
in 2007. The first meeting with Developing Countries’ Vaccine Regulators Network (DCVRN)
was held on April 2007 in Brazil [8]. Their topics included the nature and epidemiology of the
dengue fever, the status of dengue vaccine development and the regulatory issues needed to
be addressed. The second meeting was held in Thailand on December 2007 and several den-
gue vaccine developers participated in this meeting [8]. Each of these companies presented
the development status of their candidates and outlined the issue that they regard important
for testing and want ultimate regulatory approval of these vaccines. The summary points for
their meeting report are as follows [8]:

(1) Regulatory agencies need to address some issues related to multivalent vaccines because a
dengue vaccine is tetravalent and provide protection against all the four DENV serotypes.

(2) The potential risk of inducing antibody-enhanced diseases such as ADE should be veri-
fied by long-term safety assessment.

(3) Dengue vaccines need to be assessed in diverse populations because the epidemiology
and impact of dengue are varied in different countries.

(4) The NRAs in developing countries may be involved in review of the applications of
clinical evaluation and the marketing of vaccines and they should receive support as
appropriate.

(5) Manufacturers must submit a dossier to the NRAs for review.

(6) The NRAs need to have access to the necessary expertise to review the quality and safety
of dengue vaccines and consider accelerating their introduction.

(7) The improved standardized tests should be introduced for the diagnosis of early infection
and for the measurement of immune protection.

On October 2009, WHO and the Pediatric Dengue Vaccine Initiative (PDVI) convened a meet-
ing in Thailand. The topics covered in this meeting considered the interactions between sci-
entific regulatory reviews and ethics committee reviews of applications to undertake clinical
trials of dengue vaccines. Their main conclusion was that it would be better if scientific and
ethical reviews can work together well, but there was no alteration in scientific or technical
views about the regulation of dengue vaccines.
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On October 2011, WHO convened a consultation of experts in dengue vaccine regulations to
review the current scientific data regarding safety concerns associated with the live attenu-
ated dengue vaccine. It was emphasized that a complete plan and a suitable method for long-
term safety assessment are required to ensure the introduction and continuous application of
dengue vaccines.

On July 2016, WHO issued a position paper to mention that countries are encouraged to estab-
lish a functional pharmacovigilance system to monitor and manage adverse reactions follow-
ing immunization when dengue vaccines were introduced. Countries considering vaccination
should also have a dengue surveillance system which is capable of detecting hospitalization
and severe dengue cases consistently [5].

2.3. Special procedures

At the dengue vaccine development stage, some clinical trials can be omitted, although many
issues regarding implementation of dengue vaccines still need to be addressed. For example,
a dengue vaccine can be approved without local clinical phase III data but adopt other coun-
try’s data in some countries such as Indonesia. Some vaccine candidates have progressed
from animal trials directly to human clinical phase II and III in some countries such as India.

2.4. Summary of regulation requirements

It is crucial to select suitable sites for clinical trials of dengue vaccine candidates. The key con-
sideration for selecting sites in developing countries where dengue is endemic includes inves-
tigator experience, DENV prevalence, NRA competence, the implications between rural and
urban sites, acquisition of multi-year data on dengue incidence and the ability to detect clini-
cal dengue cases. The PDVI is working with these sites in developing countries to enhance
their capabilities to undertake clinical studies and safety surveillance. Many important issues
have been identified for regulatory review of dengue vaccines. Plans are being developed to
provide appropriate training to the NRAs to build their review capacity. Based on the results
of the PDVI/DCVRN meetings on dengue vaccines, the regulation requirement of dengue
vaccines is summarized as follows [8, 9]:

(1) Diligent safety surveillance: Because of possible immune enhancement in individuals
who are only partially immunized and become naturally infected or who have been pre-
viously infected and receive a first vaccine dose, it is required to frequently monitor the
safety of dengue vaccines in the initial stages of clinical trials. Improved definitions of
adverse events following immunization are needed. In addition, methods to detect these
events should be validated. It is necessary to perform improved safety surveillance and
early viral analysis in cases of dengue fever.

(2) Assurance a favourable risk-benefit for the specific country: The NRAs in dengue-prev-
alent countries must consider new approaches to accelerate vaccine development. They
will be requested to discuss on licensure of a tetravalent dengue vaccine with demonstrat-
ed efficacy and safety against only one DENV serotype. However, under this condition,
post-marketing surveillance for safety and efficacy against all four serotypes is required.
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The vaccines used in testing and clinics should be the same: Vaccines being tested in
subsequent studies should be the same as those being used in earlier clinical stages. Any
changes in manufacturing processes or formulation are critical and could result in the
need to repeat the clinical trials or require complex studies.

“Standard definitions” should be commonly understood: Standardized testing methods
for antibody responses and virus typing are essential, especially for laboratory-based
serological tests. The validated international reference standards need to be established.
In addition, phase Ila, phase IIb and phase III trials should be clearly defined.

An animal model is not necessarily required: The development of an animal model
would be of great benefit but likely not essential for licensure. Clinical trials could pro-
vide data to help the NRAs to understand the science of the possible severe immune-en-
hanced disease and identify correlates of immunity/protection that would assist vaccine
development.

Characteristics of clinical trial design should be defined: An effort to design clinical trial
and consult the NRAs is the duty of the vaccine manufacturers. These issues include
target age group for immunization, vaccine dosage schedule, trial duration and follow-
up, possible immune responses to other flaviviruses, diagnosis and case definition and
long-term safety surveillance. Additional considerations for assessing potential trial sites
include the prevalence of the viral strains, influence of concurrent mosquito control pro-
grams, community involvement, and virological and diagnostic services.

Phase III trials data can be conditionally omitted: For vaccine approval, the responsi-
ble NRAs need to establish special procedures to review and accept other country data.
Phase III trials may be undertaken in some countries based on the safety and efficacy data
from Phase II (a or b) trials in other countries.

Joint review of license applications is recommended: The DCVRN prefers the formal
procedures for collaboration and joint review of clinical trial monitoring including good
clinical practice (GCP) inspections by the responsible NRAs, European Medicine Agency
(EMA) and/or United States Food Drug Administration (US FDA) with facilitation by
WHO. The NRAs would need to have access to the necessary expertise and advisory
committee to review the quality, efficacy and safety aspects of the license application.

2.5. Regulatory challenges

The development of dengue vaccines in developing countries has been recently accelerated
due to the substantial funding increase from public institutions and private sources. Along
with the progress of vaccine development, two complex regulatory issues arise as follows [8]:

M

Clinical trials data are limited in developing countries: Dengue is prevalent only in tropi-
cal countries where there is poor public health. It is almost impossible to perform clinical
trials for dengue vaccines in developed countries. Clinical trials to assess the safety and
efficacy of dengue vaccines are usually carried out in developing countries where dengue
is prevalent, and the first licensure of dengue vaccines will occur there.
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(2) Regulatory review and license approval are challenging in developing countries: It is re-
quired to ensure that developing countries have the ability to undertake appropriate reg-
ulatory review of proposed clinical studies and of applications for licensure. The NRAs of
these developing countries must have the information, training and capabilities to review
clinical trials and approve applications eventually.

3. Product

In this section, we introduce the newly licensed dengue vaccine in endemic countries and
some developing dengue vaccines based on the regulation requirements.

3.1. Philosophy of development

Dengue has become an increasing threat around the world along with the transmission of
the disease-carrying mosquitoes and the itinerary to dengue-endemic areas. To reduce the
social and economic burden of dengue, before 2020, WHO aims to decrease the overall den-
gue mortality and morbidity by 50 and 25%, respectively. In the absence of specific antiviral
therapy, effective vector control is the only strategy to mitigate the incidence rate of den-
gue. Vector control interventions have not been satisfied in reducing dengue transmission
due to increasing rural-urban migration, rapid population growth, unplanned urbanisa-
tion and insecticide resistance in mosquitoes. The need for an effective dengue vaccine is
obvious because a safe, efficacious and economic dengue vaccine can be a supplementary
measure for dengue prevention and control. Vaccine development focuses on the genera-
tion of a tetravalent vaccine to provide long-term protection against the four DENV sero-
types (DENV-1, 2, 3 and 4). Additionally, vaccination of target groups such as travellers
and migratory population may be a suitable strategy to prevent the spread of dengue to
non-endemic areas or dengue-free regions. However, there was no commercially available
dengue vaccine before 2015.

3.2. Successful product: Dengvaxia®

The first dengue vaccine, known as Dengvaxia® (CYD-TDV) by Sanofi Pasteur, was registered
in Mexico on December 2015 and has been licensed in many countries, including Mexico,
Brazil, Philippines, El Salvador, Costa Rica, Guatemala, Peru, Indonesia, Paraguay and
Singapore till 2016. It is approved for use for those aged 9-45 and recommended to prevent
four DENV serotypes (DENV-1, 2, 3, and 4) [10-12].

The significant reduction in disease burden using Dengvaxia® has been demonstrated in
recent research. For individuals that have been already exposed to at least one DENV, the
vaccination program is most effective. Immunological screening of the population prior to
vaccination is recommended. When the vaccine is given only to partial immune individuals,
disease burden decreases considerably. Vaccination strategies must be planned based on epi-
demiological disease dynamics for each specific endemic region [10].
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3.3. Production of Dengvaxia®

Dengvaxia® is designed to induce the immune system to produce antibodies against all four
DENYV serotypes (DENV-1, 2, 3, and 4). It is a live attenuated tetravalent chimeric vaccine
developed using recombinant DNA technology by replacing the PrM (pre-membrane) and
E (envelope) structural genes of the yellow fever live attenuated vaccine [10, 11]. For the vac-
cine, the virus is genetically engineered to include genes encoding for dengue proteins. Its
production is based on a weakened combination of the yellow fever virus and each of the four
DENV serotypes.

3.4. Efficacy of Dengvaxia®

Dengvaxia® was given as a three-dose series on a 0/6/12 month schedule and has been evalu-
ated in two Phase III clinical trials. The results have been proved for each trial and pooled.
The recent research has found that the vaccine was effective in reducing about 60% dengue,
65.6-81.9% hospitalization and in preventing 80-90% of DHF cases in individuals 9-45 years
old [2, 10, 11].

3.5. Disadvantages of Dengvaxia®

The transmission dynamic model and clinical trial data have demonstrated that Dengvaxia®
effectiveness depends mainly on the age group vaccinated and local transmission intensity
[10]. Therefore, the new vaccine still has some disadvantages as follows:

(1) Reduction rate is low: In clinical trials, the vaccine only reduced the chances of develop-
ing the disease by about 60%.

(2) Not effective for all ages: The vaccine is only approved for use in people 9-45 years old.
In fact, the vaccine seems to be least effective in children younger than 9 who need the
vaccines most.

(3) Side effects possibly occur: Vaccinated individuals potentially have more severe cases of
dengue if they contact DENVs later in life.

3.6. Developing products

Several other DNA vaccine, live-attenuated vaccine, inactivated vaccine, subunit vaccine and
chimeric vaccine candidates are being developed at early stages of clinical trials by some
manufacturers (Table 1) [13-15]. Other vaccines using virus vectors and virus-like particles
(VLP) are being evaluated in preclinical studies [15].

(1) DNA vaccine: DNA vaccine candidates have been used to induce cellular immunity
against various antigens using in vitro or animal models. This technology is based on
cloning a specific gene into a bacterial plasmid containing a strong promoter for expres-
sion in mammalian cells.
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Live-attenuated vaccine: Live attenuated vaccine candidates, made of weakened viruses,
are excellent immunogens because they can induce both humoural and cellular immune
responses similar to a natural infection, but their virulence is not enough to cause diseases.

Inactivated vaccine: Inactivated vaccine candidates, made from viruses inactivated by
heating or formaldehyde, are safer than live-attenuated candidates because of their in-
ability of virulence reversion and no harm to immunocompromised individuals. A syner-
gistic formulation with another live attenuated vaccine candidate (prime-boost strategy)
is being evaluated.

Subunit vaccine: Recombinant subunit vaccine candidates, made of viral protein subu-
nits, have wider safety profile. They will not produce the same immune responses as
live attenuated vaccines because they contain only one or few viral proteins. The DENV
envelope protein is the most immunogenic and usually used for vaccine production.

Chimeric vaccine: Chimeric yellow fever/dengue virus vaccine candidates are the most
advanced vaccine, being evaluated on large-scale clinical trials worldwide. These are cat-
egorised as follows:

a. The chimeric live attenuated DENV-2/DENV vaccine (DENVax): The DENVax was
constructed using the backbone of attenuated DENV-2 (PDK-53 strain) in cell culture,
in which the prM and E genes of DENV-2 PDK-53 were substituted for those of wild-
type DENV-1, 3 or 4.

b. The chimeric live attenuated DENV/DENY vaccine (TetraVax-DV): The TetraVax-DV is
a tetravalent vaccine candidate for which attenuation was achieved by deleting 30 nu-
cleotides on 3' untranslated region of wild-type DENV-1 and DENV-4. This approach
did not result in any attenuation for the other two serotypes: DENV-2 and DENV-3.

Vectored vaccine: The vectored vaccine candidates, a recombinant poxviruses and adeno-
viruses expressing foreign proteins, have been demonstrated to induce strong humoural
and cellular responses in humans. Several live virus vectors such as adenovirus, alphavi-
rus and vaccinia virus have been engineered to express DENV E protein for further evalu-
ation as dengue vaccine candidates.

3.7. Challenges of vaccine development

Though Dengvaxia® has been successfully developed and licensed in many countries, dengue
vaccine development is time-consuming, costly and difficult. The following challenges are
still ahead of us for the development of new dengue vaccines [15, 16].

o))
2

Restriction of virus growth: The DENV is growing poorly in cell culture.

Limitation in immunization: Infection by one of the four DENV serotypes will provide
lasting protection against homotypic reinfection, but only transient protection against a
secondary heterotypic infection.
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Vaccine candidate

DEN-Vax

TetraVax-DV

TDEN PIV

V180

Type

Trait

Chimeric vaccine

A recombinant
chimeric vaccine
with DENV-1, 3 and

Chimeric vaccine

A tetravalent
admixture of
monovalent vaccines

Inactivated vaccine

An inactivated
tetravalent vaccine

Subunit vaccine

A recombinant
subunit vaccine
expressed in

4 components on that were tested Drosophila cells
DENV-2 backbones  separately for safety
and immunogenicity
Ongoing clinical trial Phase I and II Phase I and II Phase I and II Phase I
Testing country, United States, Thailand and Brazil GSK and the Walter Merck
company or institute  Colombia, Puerto Reed Army Institute
Rico, Singapore and of Research

Thailand

Table 1. Dengue vaccine candidates under development and on clinical trials.

®)

(4)

©)

(6)

@)

Incidence of antibody-enhanced diseases: The existence of four distinct DENV serotypes
is capable of eliciting cross-reactive and ADE against the remaining three serotypes.

Lack of an animal model: A suitable animal for dengue vaccine studies is currently not
available and may result in uncertainty for the correlates of protection.

Variation of the efficacy evaluation data: The neutralising antibody response to a specific
DENYV serotype is traditionally detected by plaque reduction neutralisation test (PRNT),
but PRNT variations often occur in the collaborative studies. The variation may account
for erroneous results in vaccine efficacy evaluation. Standardised guidelines need to be
established by regulatory bodies like WHO for conducting PRNT.

Complexity of tetravalent vaccines: Dengue is mainly caused by four DENV serotypes;
thus, an effective dengue vaccine must be tetravalent. Theoretically, it is possible for in-
ducing immune responses in individuals not protected against all four serotypes. How-
ever, the tetravalent vaccine development is difficult and complicated because of interfer-
ence among the viruses.

Emergency of more DENV serotypes: Discovery of DENV variants such as a sylvatic
strain DENV-5 may impede the dengue vaccine initiative. Further genetic variability,
ecology and epidemiology studies of these new strains are needed for the effective den-
gue vaccine development.

4. Perspectives

For
ing

successful vaccine introduction, it is essential to have early preparation and understand-
of the true burden of dengue. Although a licensed dengue vaccine-Dengvaxia® has been

available, there is need to ensure that appropriate surveillance is maintained to monitor
its efficacy, safety and effectiveness during the post-licensure period. An evidence-based
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approach is recommended to enhance and harmonize critical characteristic of dengue vac-
cines including case classification, data analysis and laboratory testing. The strengthening
vaccination policy will require more investment in current public health systems; further-
more, R&D, advocacy and regulation requirements of vaccines should be emphasized. The
increasing knowledge and technology will provide more insights to improve vaccine design
and quality. If the following prospective comes true, the effect and impact of dengue vaccines
will be significant.

4.1. Enhancement of efficacy and safety

Vaccine efficacy against dengue seemed to vary according to the serotype of the infecting
DENV [17]. Additional pooled efficacy, integrated safety analyses from the clinical phase III
efficacy studies and the ongoing safety studies should be used to confirm the efficacy and
longer term safety of dengue vaccines.

4.2. Enlargement of preventive age range

In recent studies, age-related patterns for dengue vaccine efficacy were observed in the pooled
estimated efficacies against severe dengue [17]. The prevention of dengue infection caused by
four DENV serotypes in individuals mainly aged 9-45 years. It would be better if the vaccine
can be improved to provide significant protection to those whose age is below 9 and over 45.

4.3. Improvement of quality control

The quality control of dengue vaccines is as important as the evaluation of their efficacy.
Dengue vaccines currently are not included in any pharmacopoeia. Their production, char-
acterization, identification, test and assay should be defined in the official pharmacopoeia.
Vaccine manufacturers, testing laboratories and the NRAs must strictly follow the compen-
dial definition, methods and guidance.

4.4. Development of multivalent vaccines

If someone exposes to only one DENYV serotype and specific immunity is induced to protect
against this serotype, the individual protected against only one serotypes may be subjected
to a severe immune response such as ADE once the individual exposes to the other serotypes.
The major hindrance of dengue vaccine development is the complex immune responses to
DENVs and the difficulty in eliciting concomitant protection against all distinct DENV sero-
types. It would be the best to develop a multivalent vaccine against all the DENV serotypes
including DENV-1, 2, 3, 4 and 5 or more, not only restricted to some serotypes.

4.5. Implementation of post-market surveillance

The dengue vaccine should be closely monitored to ensure its persistent efficacy and safety
after marketing. The vaccine approved for clinical application may be required to perform
additional studies to give further evaluation and often address specific questions such as
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safety, efficacy or possible side effects and contraindications. Local and global capacity for
assessing the long-term safety of the dengue vaccine in post-licensing surveillance must be
strengthened to meet the challenges imposed by its potentially complex performance [17].

4.6. Revision or enactment of related regulations

Regulatory requirements of dengue vaccine must be flexible and specific in developing coun-
tries. Continuous revision or enactment of guidelines, regulations and laws for dengue vac-
cines is needed to expedite new vaccine discovery. Conditional license approval should be set
up and clearly defined in that the dengue transmission is diverse in different countries and
local areas. In addition, the mechanisms of professional review and international cooperation
for vaccine clinical application must be established.

5. Conclusions

Although many developmental and regulatory challenges are confronted, the dengue vaccine
discovery is rapid and efficient. The product Dengvaxia® has been approved in several coun-
tries and a number of vaccine candidates are being developed in different phases of clinical
trials. Efficacy of the vaccine candidates is variable due to varying epidemiology of the disease
in diverse populations. The situation may further be complicated by the emergency of a new
serotype of DENV such as DENV-5 which is different from the original four serotypes (DENV-
1, 2, 3 and 4) was isolated. Sustained transmission of a new serotype may become another
obstacle in the future development of dengue vaccines. Hence, it is required to strengthen the
surveillance of the disease prior to any dengue vaccine is introduced into the clinical appli-
cation. The safety of vaccines in clinical trials should be evaluated for longer period of time
and larger populations should be involved because of its potential risk of inducing immune
enhancement such as ADE. In addition, it is urgent to develop and standardise diagnostic
approaches for better prediction of the protective immune responses in dengue.

Regulations are the most important criteria for the development and marketing of dengue
vaccines. Regulatory science is evidence-based and any improvement or change should be
dependent on scientific data. Therefore, more epidemiological and clinical data for DENV
are essential for dengue vaccine research and development (R&D). Continuous revision or
establishment of flexible and specific laws, regulations and guidance for dengue vaccines
will expedite new vaccine discovery. Dengue is usually prevalent in developing countries
with diverse social, cultural, economic and scientific development. Also, the dengue epide-
miology and disease burden are quite different in these countries. Every country has specific
conditions for dengue transmission, prevention and control, regulations for dengue vaccines
should be enacted and implemented in accordance with the needs of individual countries and
the situation of local circumstances.

In spite of some limitations, the collaborative effects of regulatory bodies such as WHO,
PDVI and policy makers with vaccine manufacturers to facilitate vaccine R&D and standard-
ize field trials are significant. The NRAs are working together to cooperate with the vaccine
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manufacturers to accelerate dengue vaccine development and standardise their testing. The
current object is to strengthen the dengue surveillance network, explore the social and eco-
nomic burden of dengue, identify clinical trial areas and support basic research to produce
safe and effective dengue vaccines. In the near future, dengue vaccination may become an
effectively preventive measure to substitute for vector control to suppress the increasing
global burden of dengue.
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“The impact of vaccination on the health of the world’s people is hard to exaggerate. With the excep-
tion of safe water, no other modality has had such a major effect on mortality reduction and population
growth”

Stanley Plotkin
Abstract

Dengue remains the most common vector-transmitted disease in the world despite enor-
mous prevention and control efforts by endemic countries and regions. Today, after decades
of research, public health programs contemplate as part of the intervention to control the dis-
ease, a safe and effective vaccine against dengue. In this chapter, we review general principles
for developing a safe and efficacious vaccine against dengue virus, the current vaccine candi-
dates approved and under research, and the roadmap for the introduction of a new dengue
vaccine, based on the procedures, carried out by Mexico, for the licensure and eventual adop-
tion of CYD-TDV vaccine, which concluded with Mexico becoming the first country in
the world to grant licensure to a Dengue vaccine in December of 2015. Finally, we discuss the
rationale for the adoption of dengue vaccines a public health policy and the paradigm shift
required for the efficient adoption of vaccines in low- and middle-income countries.

Keywords: dengue control, vaccine, prevention, public health

1. Introduction

Vaccination is one of the most successful preventive measures in public health; its relevance
for the prevention and control of infectious diseases is beyond any doubt. Vaccines have been
paramount in the eradication of human and animal diseases such as smallpox [1] and rinder-
pest [2] and have been a main driver for the eradication efforts of other diseases (Table 1).

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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Disease Main public health measures Conclusion of the International Task Force
for Disease Eradication

Dracunculiasis Water sanitation, vector control, Eradicable
surveillance and contention

Lymphatic filariasis Pharmacological treatment, vector control ~ Potentially eradicable
Measles Vaccination Potentially eradicable
Mumps Vaccination Potentially eradicable
Poliomyelitis Vaccination Eradicable

Rubella Vaccination Potentially eradicable
Taeniasis/cysticercosis Improved sanitation, pharmacological Potentially eradicable

treatment, vaccination of cattle

Table 1. Candidate diseases for eradication. Modified from Ref. [3].

As we all know, in public health, disease eradication through vaccination is an ultimate goal;
nonetheless, this is not the only benefit of vaccines. Well-documented advantages such as elimi-
nation of diseases, control of mortality, morbidity and complications of disease are positive
impacts of immunizations. Additional benefits can be attributed to vaccines such as mitigation
of disease severity, protection of unvaccinated population through herd immunity, prevention
of antibiotic resistance, extension of life expectancy, enhancement of equality and empowerment
of vulnerable populations. These effects are perhaps not as recognizable as disease eradication,
but they have certainly shaped the health profile of entire populations [4].

Vector-transmitted diseases (VIDs) are a heterogeneous group of human illnesses caused by
viral, bacterial and parasitic agents. Unlike many other infections in which transmission occurs
directly between humans, VID transmission cycles require the involvement of different arthro-
pods such as mosquitoes, ticks, fleas, flies and kissing bugs, which work as vectors by carrying
pathogens from humans to humans. In some VIDs like malaria, zika or dengue, arthropods
and humans are the only components of the cycles; however, other VIDs like Chagas disease or
Yellow fever are also zoonoses, which means that their transmission cycles include intermediate
hosts, usually mammals. The more complex these cycles are, the more difficult VTDs control is
[5], since more interventions are required to interrupt transmission. As an example, lymphatic
filariasis is potentially eradicable since it has few vectors, and there is a non-expensive and
effective treatment, which administered regularly to population at risk in large endemic areas
ensures the interruption of transmission independently of vector circulation. Chagas disease, on
the other hand, is considered non-eradicable since it has multiple vectors and hosts, it is difficult
to diagnose, and the treatment is not well tolerated by most patients.

To date, prevention and control of VIDs, especially those transmitted by mosquitoes, rely
mostly on vector control strategies, usually insecticide spraying and physical denial of vec-
tor’s ecological niches. In the case of dengue, preventive measures include focal approaches
with different schemes of insecticide use for indoor and outdoor settings aimed at larvae and
adults, and the physical removal or destruction of mosquito breeding sites. For outbreak con-
trol, the same two interventions are usually applied with intensive schemes. For other VIDs,
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such as malaria, early identification and diagnosis of cases have proven to be an efficacious
measure [6], but for a number of reasons such as cost, lack of point-of-care diagnostic tools
and complicated logistics, this is not as applicable for dengue. Unfortunately, few vaccines
have been developed successfully for this group of diseases, and nevertheless, examples such
as the yellow fever vaccine show that, although challenging, vaccines can be essential for
achieving or improving disease control. Thanks to the introduction of the vaccine, urban yel-
low fever is rare, and sylvatic yellow fever has been under control for decades.

Dengue virus (DENV) infection causes a broad spectrum of clinical manifestations ranging
from asymptomatic infection to life-threatening severe dengue [7]. Each year, up to 390 mil-
lion infections worldwide, resulting in about 96 million clinical cases, represent a huge bur-
den of disease for health systems in endemic areas [8]. Although most cases are benign and
only a minor fraction of these develop severe disease, the number of infections every year
and consequently the number of severe forms of dengue continue to increase despite current
vector control measures since there is no specific preventive measure focused on the host. The
expenditure on vector control represents an enormous burden and a threat to health systems
in low- and middle-income countries [9].

Climate change, urbanization and other anthropogenic factors facilitate transmission of den-
gue and other VTDs [10]. Current vector control strategies have not, with very few exceptions,
provided the expected results in diminishing or stabilizing dengue transmission for long peri-
ods [11]. Case identification is not currently feasible and before the availability of dengue vac-
cines, no other preventive option existed for the host. Considering these perspectives, dengue
vaccines are more than ever a true necessity for improving the health of the millions that
inhabit dengue endemic regions.

2. Development of vaccines against dengue

Dengue virus (DENV) belongs to the Flaviviridae family. Vaccines against members of this
family such as the yellow fever virus (YFV) [12], the Tick-borne Encephalitis virus (TBEV) [13],
and the Japanese Encephalitis virus (JEV) [14] have been successfully developed; nonetheless,
a reliable and efficacious vaccine against dengue remained an elusive goal for decades.

Some characteristics of the dengue virus and the disease it causes constitute a great challenge
for the development of a dengue vaccine. Some of those related to the agent are the geno-
type divergence, which contrary to other members of the Flaviviridae family, is so wide that
it translates into notable serotype divergence [15-17], therefore making difficult to identify
immunogenic proteins that are widely conserved among serotypes. In the case of flaviviruses,
the main immunogenic protein is located in the envelope (E protein), which as we will review
below, it is the basis for the development of most of vaccine candidates against dengue.

Another important challenge lies in the pathophysiology of severe dengue, which is strongly
associated with previous exposure to the dengue virus. A secondary exposure after initial
“priming” is capable of triggering an exaggerated immune response characterized by a cyto-
kine storm, which contributes to impaired endothelial function and plasma leakage as its
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main pathologic characteristic. Because of this, any vaccine developed against dengue needs
to achieve a balance between being protective enough to prevent the disease and being suf-
ficiently safe to avoid a pathologic immune response after priming [18].

An additional difficulty arises with the fact that a natural dengue infection elicits two types of
antibodies. One type of antibodies is specific against the infecting serotype; these are usually
long-lasting and with neutralizing capacity. The other type is cross-reactive to other sero-
types, short lasting and non-neutralizing. Short lasting, non-neutralizing antibodies contrib-
ute to limit dengue epidemics and the number of serotypes that cause outbreaks. It is believed
that in the long term, these non-neutralizing antibodies might play a role in the pathophysiol-
ogy of dengue by facilitating the infection of larger number of cells during secondary expo-
sures to the virus, a phenomenon called “antibody-dependent enhancement,” or ADE [19].
Apparently, this phenomenon is not exclusive of dengue virus infections and has only been
demonstrated in vitro; however, its real contribution to dengue pathophysiology is still under
debate. Nonetheless, the risk of ADE needs to be taken into account when developing vaccines
against dengue [20].

Based on these biological characteristics, it is desirable that any dengue vaccine developed be
capable of immunizing simultaneously against each of its four known serotypes. Also, in order
to avoid natural infections that might trigger secondary pathologic responses, the vaccine
should be administered in a minimum-dose scheme and in a short period [21, 22]. Simulation
studies have shown that even vaccines that do not elicit complete protection against all sero-
types and require multiple-dose schemes would be valuable tools in the medium and long
terms, since their positive impacts exceed the theoretical potential negative effects [23].

Table 2 shows a list of the most relevant vaccines against dengue, currently approved and
under development. Although not a comprehensive list, we can observe the different types
of vaccines, and as discussed below, their particular advantages and disadvantages. It is
expected that in the near future, many of these vaccines will become available and will be
introduced as part of national dengue control strategies in endemic countries and regions.

Vaccine Manufacturer Type Serotypes included

CYD-TVD Sanofi — Pasteur Recombinant live-attenuated chimeric. PrM/E  All four
proteins cloned into a 17D YFV backbone

DENVax Takeda Live attenuated. Recombinant PM/E proteins  All four
from DENV-1, DENV-3 and DENV-4 cloned
into live-attenuated DENV-2

TV003/TV005 NIAID/Butantan Institute Live-attenuated admixture of mutated and All four
chimeric viruses

TDENV PIV GSK Purified, formalin-inactivated viruses All four

V180 Merck Recombinant subunit. Truncated E protein All four
from each DENV serotype

TVDV NMRC DNA. Plasmids encoding PrM/E genes All four

Table 2. Vaccines currently used or under development against dengue [18, 22, 24, 25].
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In general, live-attenuated vaccines are produced with viable viruses that have been modi-
fied from wild-type pathogenic viruses into less virulent or attenuated versions, which are
unable to produce severe disease. They have the advantage of being capable of infecting cells
and replicating, eliciting strong, long-term immune responses similar to natural infections.
However, since these vaccines contain live viruses, reversion to pathogenic forms is always a
possibility; therefore, surveillance is necessary to ensure the safety of the vaccine. These vac-
cines cannot be administered to pregnant women or immunosuppressed individuals [26]. The
yellow fever and Japanese Encephalitis vaccines belong to this group.

Inactivated vaccines are produced by exposing a pathogenic agent to chemicals, heat, or
radiation in a process called inactivation. These vaccines are preferred over live-attenuated
vaccines due to the absence of risks such as reversion of virulence, or limitations on its usage
in selected population groups such as pregnant women and immunosuppressed individuals.
Although they are generally very stable, sometimes, the inactivation process alters the struc-
ture of the pathogens, and possibly the immunogenicity of the viral proteins, diminishing its
efficacy to elicit a protective immune response. Given the alteration caused by the inactivation
process, the viruses from these vaccines are unable to replicate, and therefore, the viral pro-
teins must be highly immunogenic on their own. Otherwise, the vaccine formulation needs to
be added with a booster or adjuvant to increase its immunogenicity. The formalin-inactivated
TDENV-PIV dengue vaccine under development belongs to this group [26].

Subunit vaccines are similar to inactivated vaccines, but they are formulated with incomplete
agents, usually proteins form the original pathogenic strain. Since they are not whole patho-
gens, they cannot replicate, and the risk of reversion is absent, but they also lack the immu-
nogenicity of whole pathogens. Therefore, the trick is to reach an acceptable immunogenic
capability with truncated proteins that are unable to be infectious [26]. The V180 dengue
vaccine is being formulated using a subunit of the E protein.

Recombinant vector vaccines, also known as chimeric vaccines, are based on attenuated
viruses or microbes to introduce DNA from a pathogenic agent mimicking a natural infec-
tion and stimulating the immune system. The CYD-TDV dengue vaccine is a live-attenuated
chimeric tetravalent vaccine constructed by cloning DENV Pre-M and E genes into a yellow
fever Virus 17D strain backbone and belongs to this group [27]. Phase 3 clinical trials have
demonstrated the vaccine’s efficacy in preventing severe forms of dengue and admissions to
hospital [28-30]. WHO has published a position paper describing the recommended proce-
dures and conditions under which this vaccine is to be used by the international community
[31]. To date, this is the only existing approved vaccine in the world. It was first licensed in
Mexico in December of 2015 [32], and by late 2016, 12 additional countries from Latin America
and Southeast Asia have also granted licensure to CYD-TDV.

Finally, DNA vaccines are theoretically the safest type of vaccines. They are formed by nucleic
acids that encode fragments of the original pathogenic agent that are administered directly into the
cells in order to produce immunogenic proteins that provide a protective immune response against
infection. Nonetheless, the immune response that these vaccines produce is usually weak, and
although promising, they still are in experimental phases [26]. This strategy is used in the TVDV
dengue vaccine, which relies on fragments of DENV prM/E proteins expressed by a plasmid vector.
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3. The vaccine introduction process

Traditionally, the introduction of vaccines in low- and middle-income countries (LMIC)
occurs years or even decades after they have been introduced in high-income countries. With
very few exceptions, vaccines are usually developed, tested and adopted according to the
public health needs of high-income countries. LMICs seldom participate in the vaccine devel-
opment process and only uptake products already tested in developed markets.

Because of this passive behavior, it takes a long time for public health officials in LMICs to
incorporate new vaccines since there is a tendency to wait for licensure, introduction and
phase 4 studies in high-income countries before beginning the introduction process. This
delay in the adoption of innovation in public health technologies causes unnecessary suffer-
ing for populations in need of such scientific advances to address their health needs.

Recent events such as the emergence of infectious diseases like zika and, chikungunya in
the Americas, or the re-emergence of Ebola in Africa have exposed the weaknesses of public
health systems, and the need to change this passive behavior in order to accelerate access
to the benefits provided by vaccines for those who need them the most [33]. The aim is for
LMICs to participate in all phases of vaccine development, from their theoretical conception
to all levels of clinical trials, and then to reduce the elapsed time between the moment a safe
and efficacious vaccine is ready for commercialization and the moment the vaccine is licensed
and eventually adopted.

As an effort to promote the early adoption of vaccines in LMICs, the authors have pushed
forward for a paradigm shift in the introduction of new vaccines by designing and support-
ing the implementation of a new strategy for vaccine introduction based on scientific and
technical analyses, and the accompaniment of public health authorities in the process. The
aim of this strategy is to modify the general attitude toward vaccine introduction by involving
all relevant actors (government, academia, industry, National Regulatory Agencies, etc.) in a
proactive and anticipatory exercise.

These efforts led to the development of a roadmap for the Introduction of New Vaccines that
has been instrumented in Mexico for the incorporation of the new dengue vaccine. In the fol-
lowing section, we will describe the process followed to promote the early adoption of these
novel vaccines as a public health policy in the country.

3.1. A roadmap for the introduction of a dengue vaccine

It is necessary to recognize that the process for the introduction of any vaccine does not begin
with the development of a candidate molecule by researchers. This path actually starts with
the daily activities of epidemiologists and public health workers in the field, which generate
and provide reliable epidemiological information, thus revealing health needs characterized
as disease cases, fatalities, stress to health systems or any other negative impact. In Mexico,
as in many other countries, dengue has become a major challenge for public health in the last
three decades causing large outbreaks, mortality, and an increase in the demand of health
services across the country. Its seasonal and oscillatory behavior makes it difficult to predict
when or where there will be outbreaks in order to anticipate control interventions.
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As vaccine candidates developed by the pharmaceutical industry began to show results from
early clinical trials in recent years suggesting the availability of a safe and efficacious dengue
vaccine in the short term, the authors presented to Mexican Health authorities a roadmap
proposal for the eventual adoption of such technologies into the Mexican context. This road-
map includes a series of well-defined steps to be followed in anticipation to the licensure of
the vaccine by the National Regulatory Agency in order to be ready for early implementation.

To lead the anticipatory exercise, an independent, multidisciplinary body of experts, called
Mexican Dengue Expert Group (MDEG), was specifically convened. The MDEG included rep-
resentatives from academic and research institutions, public health authorities and represen-
tatives of the private and social sectors (Figure 1).

The objectives of the MDEG were to analyze and discuss all relevant aspects related to the
possibility of the introduction in Mexico of the different vaccines under development and
also to evaluate their potential impact on the disease epidemiology and the implications on
the National Immunizations and Vector-Borne Disease Prevention and Control Programs, in
order to issue recommendations to the Mexican Public Health Authorities.

The roadmap was presented to and accepted by national health authorities in Mexico, which
accepted the MDEG as the group that would officially lead the process.

The specific topics discussed and analyzed by the MDEG were epidemiological data and bur-
den of disease: economic and financial aspects, operational and logistical issues, legal and
regulatory aspects, strategic communications and clinical issues (Table 3). All these elements
were reviewed taking into account the available evidence on safety and efficacy of the different
candidate vaccines.

Pharmaceutical industry +-- Generation of the necessity *-- Minkstry of Health

l
|
Meican
Expiert Growig
Riesearch and Develogime
p— ‘accine casdidate formation anshis
Clinical triaks Natsanal Regulatary
phases 1:3 -* Agency  COFEPRIS ===  Recommendations
Safuty and efficacy
Mhl.ll'tﬂ'l
Mariomal Marmathe
"'“"i“”" Autharity - COMAVA
> Clinical trial L 1
phase 4 * ’ ) - Incorparatian as a .
l publc hesith poley & ST
I Epidemislogical

L__________¢

Figure 1. General roadmap for the introduction of a new dengue vaccine.
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Subgroup of epidemiological information and disease burden

I. To define geographic areas for the introduction of a vaccine.
II. To define the target population.
III. To establish impact scenarios of the vaccination scheme.

Subgroup of economic and financial aspects

IV. To generate cost-benefit and cost-effective studies using modeling tools.
V. To define the budgetary requirements for the introduction of the vaccine into the country.

Subgroup of operational aspects

VI. To analyze the age groups for the application of the immunization scheme.
VII. To generate strategies and scenarios for vaccine application depending on the selected target population.
VIIL.  To discuss the relevance of strengthening the immunization information system in order to accurately measur-
ing the coverage of the target population.
IX. To analyze the impact in the cold chain caused by the introduction of a new vaccine.
X. To develop the operational training strategy for the Universal Vaccination Program in the areas of vaccine
introduction.

Subgroup of legal and regulatory aspects

XI. To ensure the readiness of the registration and licensure procedures for the vaccines.
XII.  To orchestrate an automated pharmacosurveillance system to ensure the monitoring of adverse events follow-
ing immunization (AEFI’s) attributable to the vaccine introduction.

Subgroup of strategic communication

XIII.  Generate strategies that allow the appropriate communication on the rationale behind a Dengue vaccine in-
troduction to all relevant groups.

XIV. Develop specific communication channels for the new vaccine’s target population.

XV. Ensure that messages on the general population inform on the importance of strengthening vector control,
and the role of the new vaccine as part of an integral strategy, not as a substitute of prevention and control
activities.

Subgroup of clinical aspects

XVL  Analyze the elements of clinical care in patients with Dengue that might result affected by the introduction
of the vaccine.
XVIL  Strengthen the health personnel capabilities in clinical scenarios for detecting and reporting AEFI.
XVIIL  Strengthen the clinical personnel capacity for differential diagnosis of regional febrile diseases related to DEF.

This figure describes the specific objectives from each working subgroup.

Table 3. Specific objectives for each subgroup in the Dengue Mexican Expert Group.

The roadmap included two phases. The first phase reviewed the existing evidence in order to
analyze vaccine developments and the feasibility and requirements for the eventual adoption
of such vaccines into the dengue control and immunization programs. This phase took place
between 2011 and 2013 and resulted in an initial set of recommendations for the introduc-
tion of the vaccine in Mexico [34]. Evidence from a number of vaccine candidates in light of
national epidemiological data quickly demonstrated that the adoption of any dengue vaccine
in the future would require major improvements in many aspects.

With regard to epidemiological surveillance, the MDEG identified the need for strengthening
the capacity of surveillance systems, networks, classification of cases and diagnostic proto-
cols. Evidence of differential vaccine efficacy against the four dengue serotypes requires the
improvement of virological typing and mathematical modeling capabilities to correctly evalu-
ate the impact of vaccine introduction on the population.
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Economic and financial issues were discussed as a basic element in the context of constrained
resources such as those prevalent in LMICs; therefore, it was necessary to establish common
methodologies for economic burden studies and those for cost-effectiveness of preventive and
control interventions.

The analyses concerning the operational aspects required for the introduction of new vaccines
concluded on the necessity for establishing baseline measurements to evaluate impact, feasi-
bility of population selection from endemic areas with high risk of transmission and adoption
of vaccines using currently available strategies in the country.

Regulatory issues were not essential before the beginning of the registration process; none-
theless, the MDEG was able to continuously review industry data, particularly results from
phase II and III studies and also to participate in the development of post marketing surveil-
lance systems that would be necessary in the event of the vaccine licensure.

Finally, social communication and health promotion had to be addressed in order to transmit
clear messages on the safety and efficacy of vaccines, the implementation of vaccines into
current integrated strategies for dengue control and not as an isolated intervention, and more
important to clarify the regionalized strategy for these vaccines in contrast to universal vac-
cination schemes used regularly in the country.

After the first phase, the MDEG produced the following recommendations.

I. Strengthen epidemiologic, entomologic and virological surveillance and obtain data
necessary for impact modeling of dengue vaccine introduction.

II. Carry out studies of the economic burden of dengue in Mexico, necessary for cost-bene-
fit and cost-effectiveness analyses to support financial decisions.

ITII. Introduce the vaccine as soon as it becomes available.

IV. Invite potential vaccine producers to engage with the national regulatory authority to
facilitate registration and licensing procedures.

V. Integrate the immunization schedule defined by the National Vaccination Council of
Mexico and approved by COFEPRIS with pre-existing National Health Weeks.

VI. Define vaccination age groups according to epidemiologic risk and producers’ recommen-
dations.

VII. Collect data to support national information campaigns to facilitate introduction.

The second phase of the roadmap began in 2015 when the results from the phase 3 studies
of the CYD-TDV vaccine were published and the licensure process for this vaccine by the
Mexican National Regulatory Agency (COFEPRIS—National Commission for the Protection
of Health Risks) began. The availability of these results raised the necessity for the MDEG to
review the data derived from the CYD-TDV phase 3 trials [30], focusing on this occasion, on
the analysis of the feasibility of introducing the vaccine as a public policy, considering the
special characteristics of dengue as a disease and those of the vaccine as a preventive tool. As
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part of the work carried out in this phase, it was decided to incorporate an external perspec-
tive by extending an invitation to the Partnership for Dengue Control (PDC), an international
organization integrated by world-class experts on dengue with the aim of supporting global
elimination efforts for the disease, to participate in the proceedings. PDC experts participated
actively in the discussions and issued specific recommendations that were included in the
final document prepared by the MDEG.

After deep analysis of the available evidence, the MDEG presented to the Mexican Ministry of
Health its final recommendations for the introduction of the dengue CYD-TDV vaccine [35].
The MDEG reiterated its support for the adoption of the vaccine and developed the criteria
shown in Table 4.

In parallel, and recognizing the existence of a viable vaccine candidate, international institu-
tions such as the World Health Organization began similar exercises, and in April of 2015, the
Strategic Advisory Group of Experts on Immunization (SAGE) issued the first recommenda-
tions on the use of Dengue vaccines [36], which were followed by the emission of WHO's
Position paper on dengue vaccination in July of 2016 [31]. These official documents recognize
the availability of a licensed dengue vaccine and establish the conditions under which the
introduction of CYD-TDV is to be considered. As observed, MDEG’s recommendations are
fully consistent with those issued by WHO, which consequently validate this innovative
approach to vaccine introduction.

1. The following epidemiological criteria must be considered for the introduction of the new dengue vaccine into
municipalities. At least four out of the six following conditions must be met:

a. Cumulative incidence above national mean during at least one of the last 5 years.
b. Notification of dengue confirmed cases for at least 20 continuous weeks in the immediate prior year.

¢ Annual proportion of severe cases equal or above 1%, considering the total reported cases of severe dengue
and dengue with warning signs.

d. Atleast one confirmed dengue fatality during the last 5 years.
e. Co-circulation of at least two serotypes, and/or circulation of serotype 3 and/or 4.

f. Seroprevalence above 60%.

2. To apply the vaccine on population aged 9, using current immunization strategies.
3. To use the three-dose immunization scheme established by the manufacturer.
4. To develop a communication strategy that allows informing the population on the adoption of this vaccine.

5. Logistic and operational aspects for the introduction of the vaccine must be guaranteed.
6. At the end of the first cohort, impact evaluation should be started.

7. Based on the previous points, the information generated by the MDEG, and its six subgroups will be sent to
CONAVA for the feasibility analyses on the introduction of the dengue vaccine into the immunization scheme.

Table 4. MDEG recommendations for the introduction of a Dengue vaccine in Mexico.



Roadmap for the Introduction of a New Dengue Vaccine
http://dx.doi.org/10.5772/67745

The criteria developed by the MDEG cover epidemiological, operational and communica-
tion issues that are applicable to other endemic regions in the world. It is important to notice
that additionally to seroprevalence, these criteria include other measurable health impacts
such as cumulative incidence, outbreak duration, proportion of severe cases, fatalities and
hyperendemicity. The inclusion of these effects grants flexibility to the decision-makers
while considering or not the adoption of dengue vaccines taking into account the particu-
lar characteristics and resources of the region. Having additional criteria is an advantage,
since seroprevalence studies are very expensive and time-consuming, while basic data on
disease burden using confirmed cases are usually available for the vast majority of health
systems.

Simultaneously to the anticipatory introduction exercise, the Mexican National Regulatory
Agency (COFEPRIS—National Commission for the Protection of Health Risks) began the
licensing process for the CYD-TDV dengue vaccine. As stated in international protocols,
COFEPRIS followed a scrupulous evaluation process that included the vaccine’s safety, effi-
cacy and quality of the candidate vaccine and, according to the country’s regulatory criteria.
Although independent, these proceedings and those performed by the MDEG were not sepa-
rately carried out, since representatives of the two bodies met regularly in order to feedback
from each other’s analyses. This feedback helped both parts to align their criteria, sources
and information, and also contributed to optimize procedures while shortening the time for
discussions. At the end of the registration processes, COFEPRIS issued a favorable resolution
granting the licensure in December 2015 (Figure 2).

Having obtained the licensure for marketing the vaccine in the private sector, the next natural
step is the procedure for the adoption of the vaccine as a health policy. It is now the respon-
sibility of the National Vaccination Council (CONAVA — Consejo Nacional de Vacunacién) to
decide if, when and how to introduce the new dengue vaccine in Mexico. The final MDEG
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Figure 2. Processes of licensure and adoption as a public health policy.
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recommendations were presented to the Council after the vaccine was licensed, and the pro-
posed criteria were adopted as the basis for the document published as the interim policy
regarding the CYD-TDV vaccine. The policy establishes a series of criteria for introduction
of the vaccine by public health institutions (Table 5). At this point, the only remaining crite-
rion to be fulfilled is the inclusion of CYD-TDV in the National Basic Catalogue of Medicinal
Products, which has to be authorized by the General Health Council (Consejo de Salubridad
General), the nation’s top authority in Public Health matters.

The introduction of a tetravalent dengue vaccine as a public policy is to be considered under the following
conditions:

L

1L
1L
Iv.

VL

VIL
VIIL
IX.

XL
XIL

To fulfill at least four, out of the following six epidemiological criteria:

a. Population of states, municipalities or localities must have a demonstrable seroprevalence desirably
equal or higher than 60%.

b. Cumulative incidence above the national mean, during at least one of the last 5 years.
c. Laboratory-confirmed cases of Dengue for at least 20 continuous weeks, during the last year.
d. Annual proportion of severe dengue equal or higher than 1% considering total notified cases.
e. Atleast one fatality recorded during the last 5 years.
f. Co-circulation of at least two serotypes and/or circulation of serotype 3 and/or 4.

To be applied in population aged 9-16.

To be applied using a three-dose immunization scheme: 0, 6 and 12 months, subcutaneously.

To ensure sufficient budget in order to guarantee the acquisition of the three-dose scheme for the cohorts to be
immunized.

To guarantee financial capacity for logistics, human and operational resources for vaccine introduction.

To develop a social communication strategy that allows informing the population on the introduction of this
vaccine.

To develop a nominal registry of vaccinated individuals, preferably with an electronic vaccination card.
The vaccine must be included in the Mexican basic catalogue of medicinal products.
The vaccine will not be universally applied in the country.

States and social welfare institutions that wish to introduce the vaccine must define their strategies through
their State Vaccination Councils, and present them to the national normative bodies for validation, in order to
guarantee the compliance of the previously described conditions. Final approval must be obtained from the
National Vaccination Council (CONAVA) and include all health institutions to comply with normative frame in
order to guarantee notification and follow-up of adverse effects following immunization (AEFI), and the impact
evaluation that includes cases, hospital admissions and averted deaths at the end of the first vaccination cohort.
Vaccination strategy must be performed in a comprehensive manner, meaning that all public health institutions
in the state should introduce the vaccine simultaneously.

Seroprevalence studies for the target group are proposed, after assessing budgetary and operational feasibility.

Resources for acquiring the vaccine must not be taken from the budget of the National Dengue Program or have
any impact on the total budget allocated to health institutions, considering the budget of the year immediate
prior to the vaccine introduction.

Table 5. National Vaccination Council’s criteria for the introduction of a Dengue vaccine in Mexico [37].
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4. Rationale for the adoption of a dengue vaccine as a public health
policy

4.1. The paradigm shift

Existing epidemiological evidence shows that current surveillance and preventive and con-
trol measures are just not enough to reverse the currently increasing tendency of disease
burden caused by DENV infection [8]. Newly recognized factors such as the contribution
of human mobility on dengue transmission, its impact on control interventions [38] and the
threats posed by the recent emergence of zika, chikungunya, and other VIDs are also impor-
tant arguments to consider. To be able to curb the tendencies, vector control strategies need to
evolve and adapt to new knowledge and technological developments in a way that has never
occurred in the past but that is imperative in the face of the current challenges.

As discussed in this chapter, development and introduction of a dengue vaccine are a com-
plex, challenging and demanding process for public health systems that requires the partici-
pation of all relevant actors. To finally have a safe and effective vaccine against this disease is
a major breakthrough in the prevention and control of one of the most important VID in the
world, therefore, the necessity of health systems in endemic areas to be prepared for the adop-
tion of this technology according to their particular needs and epidemiological characteristics.

Having achieved this milestone, the challenges now lie in operational aspects for the intro-
duction into immunization schemes and public health strategies. Dengue vaccines have
unique characteristics that make them different to other existing vaccines. For this reason it
is required that health personnel and general public have access to complete reliable infor-
mation to understand the indications, capacities and limitations of this vaccine, and more
important, to recognize this tool as an integral piece of dengue control strategy. In order to
facilitate this process, it is desirable to develop introduction guidelines for specific topics such
as the vaccine, application procedures, surveillance, and mass communication among others.

As a theoretical argument, it is valid to expect that a vaccine is completely reliable, efficacious
and safe, but in real life, vaccines are usually adopted considering a balance between posi-
tive and adverse effects. However, in reference to the development of this new vaccine, it has
been recognized by leading experts in dengue that “the era when most vaccines provided efficacy
well beyond 90% is over. Many of the more recently developed vaccines only provide partial efficacy.
Although vaccines are typically licensed on the basis of demonstrated efficacy, the ultimate goal of vac-
cination goes far beyond efficacy” [39].

The availability of a licensed, safe and efficacious vaccine provides VID prevention and control
programs with a new tool to be added to the current arsenal. Vector control strategies should
no longer be considered as the sole preventive measures for dengue control, and it must be
acknowledged that the development of dengue vaccines constitutes an important milestone
that needs to be thoroughly evaluated in scientific terms and not with dogmatic positions.

Unnecessary delays in the introduction of CYD-TDV or any other dengue vaccine will have
important consequences for the population of endemic areas. The first and most obvious is
the persistence of the current epidemiological trend with more and more people suffering
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from the disease and its consequences. Not introducing the vaccine will obstruct individuals
from their right to obtain the protective benefits of the vaccine, benefits not currently pro-
vided by any other available measure.

Lacking hosts other than humans, being transmitted only by a specific and highly anthro-
pophilic mosquito species, and being a predominantly urban disease, dengue elimination is
theoretically feasible, but it requires a paradigm shift in prevention and control strategies that
integrates additional approaches such as the introduction of a new vaccine to existing policies
and approaches.

5. Conclusions

The use of vaccines has been critical in the control and eventual eradication of major epidemic
diseases, especially those with direct transmission. Vaccines for VIDs such as the yellow fever
vaccine have proven their value both as preventive tools and as control measures in the case
of outbreaks.

The newly available dengue vaccine and those currently under development are valuable tools
intended to complement, not replace, current and future dengue prevention and control strate-
gies [40]. In the operational scope, this integration needs to be performed in a comprehensive
manner in order to maximize the positive effects of individual measures [41], and to avoid
the collateral effects of excessive usage of those currently available [42]. This approach will
undoubtedly be essential for reaching the WHO's strategic goal of 25% reduction in morbidity
and 50% reduction in mortality due to dengue by 2020 [43]. Delaying decisions regarding the
introduction of dengue vaccines could have important public health and economic implications.

Just as with any other vaccine, the most important safety and efficacy evaluation will begin
once it is used in a real-life environment, when the vaccine must demonstrate a measurable
impact on the disease. This impact can be estimated through changes in age-stratified indica-
tors such as total number of cases, incidence or lethality. Additionally, the introduction of a
new vaccine needs to further evaluate its safety through pharmacosurveillance in order to
identify any adverse effects attributable to the vaccine. With proper follow-up, it will be pos-
sible then to define the real usefulness of the vaccine as a public health measure.

As an exercise, the roadmap here described has provided valuable experiences and the expected
results in a short period. The formation of National Expert Groups for the analysis of feasibility
for the introduction of dengue vaccines was fundamental for achieving such goals and should
be a requisite for any country willing to explore the adoption on any existing or future vaccines.
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