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ABSTRACT

METABOLOMICS-BASED DIAGNOSIS AND PROGNOSIS OF DENGUE VIRUS INFECTIONS AND NS1 ANTIGEN

DETECTION FOR DIAGNOSIS AND SURVEILLANCE IN HUMANS AND MOSQUITOES

Dengue (DEN) is a mosquito-borne viral disease of significant public health importance. There
are currently no commercialized vaccines or accepted pharmacological treatments for DEN disease,
making mosquito surveillance critical for the prevention of outbreaks of this disease. Aedes aegypti is
the principal vector of DENV, although Aedes albopictus and other Aedes species have been reported to
be able to transmit it. Improved surveillance methods for DENV in mosquito populations would be of
great value for public health and vector control programs and would provide better risk assessment of
potential DENV infections in humans. Improved mosquito-based surveillance would also improve vector
control programs by targeting areas at higher risk for ongoing or potential epidemics for vector control.

Non-structural protein 1 (NS1) detection by ELISA is a commercially available test with the ability
to detect DENV NS1 protein in DENV infected samples. Studies were conducted to determine the ability
of the NS1 antigen test to detect DENV in Aedes aegypti mosquitoes. The NS1 antigen detection test
proved to be highly sensitive and specific for DENV-antigen detection in pools of mixed infected and
non-infected mosquitoes under various field-simulated conditions and in different sizes of mosquito
pools. This test could facilitate mosquito-based surveillance for early warning of DEN outbreaks.

The capacity of this test to diagnose human DENV infections in non-invasive clinical specimens,
i.e., urine and saliva, was also investigated. NS1 protein detection in acute phase, non-invasive clinical
specimens was found to be less sensitive than NS1 detection in serum samples.

Most dengue virus (DENV) infections are subclinical. The clinical manifestations of apparent
infections range from DEN fever (DF), typically a self-limiting illness with fever and rash, to severe DEN

hemorrhagic fever and shock syndrome (DHF/DSS). Upon presentation, there is no way to predict



whether or not the patient will experience DF or will progress to the severe form of disease (DHF/DSS).
A sensitive and specific test that utilizes acute phase clinical specimens and that provides diagnosis of
DENV infection as well prognosis of progression to severe disease is sorely needed. Such a test would
permit identifying those patients destined for severe disease for appropriate patient management and
therapeutic intervention.

An innovative metabolomics platform was used in these studies to determine a biosignature of
small molecular biomarkers (SMBs) that can potentially differentiate patients with the most severe
forms of disease from DF and non-DEN patients. SMBs that could potentially be diagnostic of DENV
infections and prognostic of disease outcomes were identified in acute phase serum, saliva, and urine
specimens obtained from DEN and non-DEN patients from Mexico and Nicaragua. Using acute phase
serum specimens, a panel of six candidate SMB compounds was identified by tandem liquid
chromatography-mass spectrometry (LC-MS/MS); five of these six biomarkers differentiated DF patients
from those with DHF/DSS and have potential to diagnose and predict DEN disease or DEN severity
(DHF/DSS) outcomes. Two candidate SMB compounds were identified in urine and one in saliva that
could potentially be used for diagnosis and prognosis of DEN infections.

Tandem mass spectra of candidate compounds and commercial standards were obtained and
compared to identify the SMB metabolites. Some of the SMB identities were confirmed by using the
NIST (National Institute of Standards and Technology) or METLIN spectrum libraries.

The biochemical nature of the identified metabolites included phospholipids, fatty acids, amino
acids, nucleosides, and vitamin D. These SMBs have potentially important roles in DEN pathogenesis and
in endothelial cell metabolism (these cells are among the principal target cells affected during severe
DEN disease).

The immediate goal of this dissertation research was to identify a biosignature panel of LC-

MS/MS-identified candidate SMB metabolites that differentiate the DEN disease diagnosis groups



(DHF/DSS, DF, and ND) and that have potential for diagnosis and prognosis of DENV infections using
acute phase serum and non-invasive clinical specimens. However, it is unlikely that LC-MS/MS
technology will be applicable in the front-line clinics where DEN patients first present. Thus a long-term
goal of the research project is to select a subset of these pathogenically and physiologically relevant
SMBs and then determine the potential for the metabolite analyte or a surrogate (e.g., a protein
involved in the metabolic pathway conditioning the metabolic change) to be incorporated into
diagnostic formats amenable to point of care tests (POC), such as ELISA based formats. A diagnostic
algorithm incorporating results from such a POC test and conventional laboratory and clinical
biomarkers could provide dramatically improved capability for diagnosis and prognosis of DENV

infections and would be of immense value to physicians in managing patients.
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CHAPTER 1

LITERATURE REVIEW

I.LA. INTRODUCTION.

Dengue (DEN) is the most important arboviral disease. Dengue virus (DENV) is transmitted to
humans by mosquitoes, and Aedes aegypti is the most important urban vector. Epidemic DEN fever (DF)
and DEN hemorrhagic fever and shock syndrome (DHF/DSS) are major causes of morbidity and mortality
throughout the tropical world and have overwhelmed public health and clinical care capacity in disease
endemic countries.[1-3] The emergence of DF and DHF/DSS in the Americas has been a public health
disaster. Approximately 30% of patients in Latin America are now progressing to severe DEN disease or
DHF/DSS. [4, 5] The needs and opportunities to combat the rising tide of DEN are many. In the absence
of vaccines and therapeutics, improved DENV surveillance and vector control are critical to prevent
DENV infections in humans. Improved mosquito-based surveillance for DENV could provide early
warning of impending epidemics and targeted interventions in areas with infected mosquitoes to
prevent the outbreaks. Similarly, development of novel approaches to permit early identification of
patients destined to progress to DHF/DSS would be of great value for public health practitioners and for
clinicians managing patients. The ability to utilize non-invasive clinical specimens (e.g. — urine and
saliva) for diagnosis and prognosis of DEN would also be of enormous value. Combining the two would
potentially provide a true paradigm shift in DEN diagnosis.

The detection of non-structural 1 (NS1) antigen in acute phase serum specimens is commonly
used to diagnose DENV infections.[6] The adaptation of this technique for detection of NS1 protein in
non-invasive clinical specimens would be of great clinical value because of ease of collection of
specimens, especially from young children. Adaptation of this technique for NS1 antigen-based
detection of DENV in mosquitoes would increase the armamentarium for DENV surveillance in endemic

areas, and it would be of great value for public health practitioners.



Metabolomics provides important SMB information regarding the disturbances of the cellular
metabolism during DENV infection. This information could be exploited for understanding of DEN
pathogenesis and developing diagnostics. There are measurable metabolic differences in DENV-infected
cells and DENV infected humans.[7-9] The metabolic biosignature of measurable differences in infected
and non-infected cells could provide opportunities for developing diagnostic and prognostic tests for
disease outcomes and for understanding the pathogenesis of DENV infections. A panel of diagnostic
small molecular biomarkers (SMBs) that differentiate dengue hemorrhagic fever/dengue shock
syndrome, dengue fever and non- dengue (DHF/DSS, DF, and ND) cases and are predictive of the
different disease states could be exploited to diagnose and predict the outcome of DENV infections and
could help alleviate the public health burden of epidemic DEN. A metabolomics approach could also
provide insight into the fundamental processes that condition the pathogenesis in DHF/DSS cases and
into the underlying specific cellular metabolic pathways and pathogenic mechanisms that condition
severe disease.

In this Literature Review, the medical importance, taxonomy, and molecular biology and
replication of DENV, a member of the genus Flavivirus in the family Flaviviridae, will be reviewed, as will
the origin, evolution, and phylogenetic relationships of DENV. DEN pathogenesis, tropisms, and
diagnosis in serum, urine and saliva specimens are mentioned. Also included are brief reviews of the
innate and acquired immune responses and the clinical outcomes of DEN disease. The second half of this
chapter consists of a brief review of metabolomics, which includes an overview of untargeted and
targeted analysis approaches, the instrumentation for data collection, and data analysis. The chapter
concludes with an overview of lipidomics and eicosanomics and the importance of this discipline for the

development of a panel of biomarkers for diagnosis and prognosis of infectious diseases.



I.B. FLAVIVIRIDAE AND THE GENUS FLAVIVIRUS; TAXONOMIC RELATIONSHIPS AND MEDICAL

SIGNIFICANCE.

I.B.1 Flaviviridae. DENV belongs in the genus Flavivirus, family Flaviviridae. The flaviviruses have an
unsegmented, single-stranded, positive sense RNA genome. The 5’ end has a methylated nucleotide cap
but there is no poly (A) tract at the 3’ end of the genome. Some members of the family Flaviviridae have
uncapped RNA and contain a 5’ internal ribosome entry site to promote translation.

The Flaviviridae family (Figure 1) contains four genera; Flavivirus (e.g., yellow fever virus (YFV),
West Nile virus (WNV), and DENYV, Pestivirus (e.g. bovine viral diarrhea virus, classical swine fever virus),
Pegivirus (e.g. GB virus A, GB virus C, GB virus D) and Hepacivirus (e.g. hepatitis C virus, GB virus B). This
family gets its name from the Latin word “flavus” (yellow), which refers to jaundice caused by YFV
infection of the liver. YFV was the first virus of this family discovered. Viruses in the Flaviviridae family
are small, enveloped RNA viruses with an average diameter of 45 nm, and those in the genus Flavivirus
are typically transmitted primarily by arthropod vectors. [10, 11]

Viruses belonging to the family Flaviviridae are important in both human and veterinary
medicine. The Flavivirus genus itself contains many viruses of medical and veterinary importance. Some
viruses in this genus are neurotropic and major causes of encephalitis in humans and other animals;
other members of the genus cause hemorrhage or acute liver damage in humans and animals. Viruses in
other genera in the family Flaviviridae are major causes of hepatitis (e.g., the Hepaciviruses) and

decreased productivity and animal losses (e.g., the Pestiviruses).



IPesrivirus

Figure 1. Family Flaviviridae phylogenetic tree. Flaviviruses transmitted by mosquitoes include DENV-1-
4, yellow fever virus (YFV), Japanese encephalitis virus (JEV ), Alfuy virus (ALFV), Usutu virus (USUV),
Murray Valley encephalitis virus (MVEV), Kunjin virus (KUNV), and West Nile virus (WNV). Mosquito only
viruses (not transmitted to vertebrates) include Nounane virus (NOUV), Nakiwogo virus (NAKV), cell
fusing agent virus (CFAV) and Kamiti River virus (KRV). Flaviviruses transmitted by ticks include tick-
borne encephalitis virus (TBEV), louping-ill virus (LIV), Omsk hemorrhagic fever virus (OHFV), Karshi virus
(KSIV), Langat virus (LGTV), Powassan virus (POWYV), deer tick virus (DTV), and Alkhurma virus (ALKV).
The flaviviruses with no known vectors are Yokose virus (YOKV), Modoc virus (MODV), Rio Bravo virus
(RBV), Montana myotis leukoencephalitis (MMLV), and Apoi virus (APOIV). The Pestiviruses include
bovine viral diarrhea virus (BVDV-1, BVDV-2), pestivirus giraffe (PESGI), classical swine fever virus (CSFV),
and pestivirus reindeer (PESRE). The Hepaciviruses included are hepatitis C virus (HCVs) and HGBV-B.
The Pegiviruses include hepatitis GB virus (HGBV-A, HGBV-C), HGV-1, GBV-C and GBV-D. Taken from
Kolekar, et al 2012. [12]

I.B.2. Flavivirus. The genus Flavivirus of the family Flaviviridae is composed of over 53 virus species
officially recognized by the International Committee on Taxonomy of Viruses. Flaviviruses infect an
interesting diversity of hosts, including birds, marsupials, primates and insects; there is significant
clustering of viruses based on the affected reservoir host, especially in the cases of primates and birds

(Figure 2).[13]



¢
g2t

Tick-borne
Flavivirus

P T
=
L
ety |

| e

NKV Flavivirus

=

NKV Flavivirus

Mosquito-borne
Flavivirus

Mosquito-borne
Flavivirus

Insect-specific
Flavivirus

Hepacivirus

MrBayes/PhyMLRaxML l =
@ >099/95%95% |J'L oL Pestivirus
s - oAV
REV

@ >0.95/80%/80%
O >0.80/50%/50%

Figure 2. Genus Flavivirus phylogenetic tree. A rooted-phylogenetic tree. The viruses segregate into
different phylogenetic branches. The numerical values at the bottom indicate statistical support for
posterior probability, bootstrap and bootstrap respectively. Taken from Vlachakis, et al 2013. [14]

The classification of viruses in the genus Flavivirus is complicated by the extensive geographic
distribution of the viruses and the variety of the arthropod vectors or vertebrate hosts associated with
their respective transmission cycles. Evolutionary relationships of the flaviviruses have been revealed by
phylogenetic analyses of the nucleotide sequences of a flavivirus 1 kb portion of the non-structural 5
(NS5) gene.[11, 15, 16] These analyses suggest that a primordial flavivirus gave origin to the non-vector
and vector-borne clusters: the vector-borne cluster later branched into the insect-only, tick and

mosquito clusters (Figure 2). The non-vector cluster is divided into three clades, the first two are rodent-



associated and the third is bat-associated. The cluster of mosquito-borne viruses contains nine clades;
DEN belongs to clade IX.[13, 16] The cluster of mosquito-borne viruses has 22 viruses that are capable of
causing illness in humans. There are 13 tick-borne viruses that can cause human illness, and 5 viruses
with no known vector (NKV) that can cause human disease.(Figure 2)[17]

1.B.3. DENV Evolution and Epidemiology

1.B.3.a. DENV evolution and molecular phylogenies. The first evidence of different DENV
serotypes was found in serological studies using antibodies made by inoculating laboratory animals with
serum from acutely ill patients.[18] In the 1980’s, RNA fingerprinting of DENV revealed genetic
variability between the respective serotypes. [19, 20] Subsequently direct nucleotide sequencing of
specific genes and entire genomes revealed the evolutionary relationship between different DENV
serotypes and genotypes. DENV is divided into four antigenically distinct serotypes, which can be
grouped into subtypes based on genetic differences detected by sequencing (genotypes), or by RNase
T1 oligonucleotide fingerprinting (topotypes). [21, 22]

RNA fingerprinting studies provided the first evidence to differentiate DENV of the same
serotypes. This technique does not provide results that are directly comparable across strains. The
resulting groupings are called topotypes. The classification of DENV into genotypes is constantly
improving as methods for sequencing are being developed. There is no uniform approach to determine
which sequences will be compared among strains; also, there are sequences that contain errors (from
sequencing or editing artifacts) which could lead to mistakes in interpretation. Also a bias exists because
samples are commonly obtained from patients who are ill and likely with more severe disease and not
enough samples are analyzed from mosquitoes, for this reason, quantitation of natural DENV diversity is

premature.[23]
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Figure 3. DENV phylogenetic tree illustrating the four serotypes and the genomes within.
Taken from Holmes, et al. 2003.[24]

The domains or genome regions selected for sequence comparison determines the analysis
outcome and limits of interpretation, when long sequences are used, the trees generated from different
genome regions usually correspond or overlap. Differences occur only when trying to interpret the
minor branches of the trees. It is important to note that in those cases, arbitrary cutoff for genotypes
and topotypes apply only to the region or sequences being compared. [22, 23] Complete genome
sequences of DENV will allow establishing the natural, full range of nucleotide or amino acid variability
within serotypes, genotypes and topotypes.[23]

The first divergence within DENV serotypes was found for DENV-4, and then DENV-2, and DENV-

1 and -3 followed. The highest divergence was over 240 nts of the E/NS1 protein. [22]



The identification of genotypic lineages with different phenotypic characteristics has increased
dramatically in recent years; phylogenetic analyses have revealed lineages with potentially increased
virulence or transmissibility, changes in replication efficiency in vectors or vertebrate hosts, the
potential to adapt to alternate vectors, etc. (Figure 3.) The ability to detect a particular genotype in a
community may identify risk factors associated with transmission of that strain.[25, 26] These genotypic
lineages with their concomitant phenotypic changes can be major factors in the changing epidemiology
of DENV.

Phylogeny of DENV 1: Studies on the E gene (envelope protein) sequences have identified five
DENV-1 genotypes based upon a cutoff point of 6% divergence for the respective genotypes: Genotype
I: strains from Southeast Asia, China and East Africa; Genotype Il: strains from Thailand collected in
1950-60; Genotype lll: strains collected in Malaysia; Genotype IV: strains from the West Pacific islands
and Australia; Genotype V: all strains collected in the Americas, some strains from West Africa and
selected strains collected from Asia. The sylvatic strain from Malaysia apparently evolved earlier from a
hypothetical ancestor virus shared by all DENV, which is the reason why most sylvatic viruses are basal
(from earlier branches in the bootstrap) in all trees. DENV-1 has 8 topotypes.[22, 23, 27]

Phylogeny of DENV 2: The E/NS1 (envelope/non-structural protein 1) gene junction of 240
nucleotides was chosen for sequence analyses, and has revealed six genotypes of DENV-2. The
genotypes are: Asian |, Asian |, Cosmopolitan, American, American/Asian and Sylvatic. Comparisons of
DENV-2 E glycoprotein sequence revealed base substitutions in the entire gene accounting for up to 22%
sequences divergence between genotypes. A comparison of aligned E glycoprotein amino acid
sequences revealed the viruses differed by 10%. RNAse T1 oligonucleotide fingerprinting of DENV-2
isolates identified 10 topotypes. [22, 28, 29]

Phylogeny of DENV 3: Comparison of E gene sequence analysis identified four DENV-3

genotypes. The genotypes can be identified by geographical origin as follows: Genotype I: strains from



Indonesia, Malaysia, Philippines and recent isolates from South Pacific islands; Genotype Il: strains from
Thailand, Vietnam and Bangladesh; Genotype lll: strains from Sri Lanka, India, Africa, Samoa and
Thailand; Genotype IV: strains from Puerto Rico, Latin and Central America and the 1965 Tahiti strain.
Sylvatic strains have not been isolated but their existence has been postulated because of the sero-
conversion of sentinel monkeys in Malaysia. RNAse T1 oligonucleotide fingerprinting revealed five
DENV-3 topotypes. [23, 27, 30]

Phylogeny of DENV 4: Analysis of the complete E gene sequences has revealed four DENV-4
genotypes. These genotypes are: Genotype I: strains from Thailand, the Philippines, Sri Lanka, and
Japan; Genotype ll: strains from Indonesia, Malaysia, Tahiti, the Caribbean and the Americas; Genotype
lll: Thai strains different from genotype 1 Thai isolates; Genotype IV: sylvatic strains from Malaysia.
RNAseT1 oligonucleotide fingerprinting revealed five topotypes. [23, 27, 31]

1.B.3.b. Molecular epidemiology. DENV diverged from other flaviviruses about 2,000 years ago,
providing ample time for evolutionary events to occur. However, it was only about 200 years ago that
the rapid increase in viral genetic diversity began, coinciding with increased and unplanned
urbanization, of mostly poor populations lacking basic health services. The emergence of DEN as a major
public health problem in the past five decades is associated with the generation of substantial genetic
variation within the viruses in the four DENV serotypes, and the phenotypic changes in the evolving
genotypes. Approximately 390 million DENV infections occur per year, [32] and concomitantly infections
with different DENV serotypes and genotypes are occurring at a higher frequency than ever before. Thus
the potential for intramolecular evolutionary events to occur is greatly amplified and cause for concern
because of the possibilities for viruses to evolve new phenotypic characteristics, such as increased
virulence and transmissibility.[33] For example, introduction of Asian genotypes of DENV-2 into Latin
America was associated with a dramatic increase in cases of DHF/DSS and the sweep of the new

genotypes throughout the region.[34] Indeed the new genotypes have apparently supplanted the old



American genotype viruses in the region. What genotypic and phenotypic changes conditioned these
sweeps and resulted in such dramatic changes in the epidemiology of DENV have been the subject of
much speculation and investigation.[22, 35] Clearly, understanding the molecular epidemiology of the
viruses is critical for developing effective surveillance and control programs.

Our understanding of the epidemic potential, virulence, pathogenicity, trafficking, and evolution
of DENVs has benefited enormously from the application of molecular epidemiological techniques.
Phylogenetic analyses and the resulting trees have an enormous value for the understanding of the
epidemiology of the viruses when the branches are correlated with variables such as geographical
location of the pathogen strains, the host in which they were identified, and virulence, among others.
This type of analysis has been invaluable in understanding the geographical structuring of DENVs in
nature, the evolutionary determinants of the gene flow, and the epidemic potential of the viruses.[33]

Associated with the introduction of new viruses/genotypes into new regions is the emergence of
hyperendemicity of DENV in much of the tropical world. Hyperendemicity, with abundant vector
populations and co-circulation of multiple DENV serotypes, promotes virus transmission and evolution.

Epidemics frequently have two or even more DENV serotypes co-circulating; the frequency of
this phenomenon is increasing, and the circulation of the four DENV serotypes in the same community
has become frequent in Southeast Asia, the Caribbean islands, Mexico and Central and South America,
this is due to demographic and societal changes which have led to expansion in the geographic
distribution of the mosquito vectors and the four DENV serotypes. This results in the co-circulation of
multiple serotypes in a city or country (hyperendemicity), which is the single most common factor
associated with the emergence of severe disease in a country. [36] Frequency of concurrent infections is
variable from epidemic to epidemic; when more than one serotype is circulating the possibilities for dual

infections of hosts are increased. Whether or not this contributes to increased severity of infections
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remains to be determined, but dual infections of humans and mosquitoes likely contribute to the
evolutionary and thus epidemic potential of the viruses.[36]

DENV-2 is the serotype most commonly associated with epidemics, and introduction of Asian
genotypes of DENV-2 into Latin America was associated with the widespread emergence of epidemic
DHF/DSS. [23] Southeast Asian genotype virus infection results in higher viremia titer than infection with
American genotype virus, and likely is associated with the more severe disease outcome with infection
with the former. Major differences between the two genotypes include nucleotide sequences and
folding patterns of the 5’ and 3’ untranslated regions of the viral genome,[37] and amino acid charge
differences in the prM, E, NS4B and NS5 proteins. [22, 23]

I.C. DENGUE VIRUS (DENV).

I.C.1. DENV molecular virology and replication. Because of the medical and veterinary importance of
members of the Flavivirus genus, much is known about the structure and functions of the virion, the
genome, and gene products. A brief summary follows:

I.C.1.a. Virion properties: Consistent with other viruses of this genus, DENV virions have a
diameter of approximately 50 nm and have a single stranded positive sense RNA genome. The
nucleocapsid has a spherical shape, is approximately 30 nm in diameter, and is surrounded by a lipid
envelope. The calculated density of the virion is 1.23 g/cm?, and the virion surface consists of 180 copies
each of the E and M proteins inserted into the virus lipid envelope.[38-41]

I.C.1.b. Genome: The Flavivirus RNA genome is approximately 10.7 kb. [39, 42] The genome
contains a single open reading frame (ORF). After virus entry and uncoating, the viral genome provides
the template for translating the single ORF. The genome is expressed as a large polyprotein, which is
cleaved into three structural proteins: C, prM and E, and seven non-structural (NS) proteins: NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5, by virus and host proteases (Figure 4). The 5’ untranslated region

(UTR) is short with only 100 nucleotides (nt), and has a type | cap structure. The 3’ UTR of approximately
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450 nt contains several conserved RNA structures but does not contain a terminal polyadenylate tract.
Polyprotein synthesis occurs in the rough endoplasmic reticulum and signal peptides and membrane
anchor regions direct the topology of the polyprotein with the structural proteins prM, E and the NS1
projecting to the lumen of the endoplasmic reticulum. This is also where virion assembly and maturation
occur. [43]

Structlural Non—itructural

5-1C|prM | E| NS1 | NS2A | NS2B | NS3 | NS4A | NS4B | NS5 | -3

Figure 4. DENV genome and location of structural and nonstructural genes. Figure illustrates each of
the genes contained in DENV genome. Abbreviations of the proteins: C capsid, prM pre-membrane, E
envelope, NS non-structural.

I.C.1.c. Gene products. A brief description of DENV proteins follows:

The capsid (C) protein is the first protein to be synthesized during translation; it ranges from 9-
12 kDa and contains 112-127 amino acids. Its charge is highly positive because of large numbers of lysine
and arginine residues, which allows it to interact with the virion RNA. The C protein lacks an N-terminal,
hydrophobic signal sequence, suggesting that C protein synthesis occurs on non-membrane bound
ribosomes. The C-terminus acts as the transmembrane signal for the adjacent prM protein anchoring
the C protein to a membrane at the replication site after cleavage at the N-terminus of prM protein. The
C protein functions to gather the viral RNA into a nucleocapsid that forms the core of a virus particle.
Although virus replication occurs in the cytoplasm, C protein can be found in the nucleus during
infection. [39, 44, 45]

The membrane protein (M) is a glycoprotein containing two transmembrane helices. After it is
cleaved during the maturation of the virion; it yields the pr peptide and the M protein. The prM protein
has a role in controlling the fusion activity of the virion and acts as a chaperone by preventing the E

protein from unfolding prior to virion maturation. prM (22 kDa) exists in the intracellular immature
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virions, and M protein (8 kDa) is contained in extracellular mature virions. M is derived from prM by
proteolytic cleavage during release of virus from cells. Proteolytic cleavage of a glycosylated prm
precursor during the maturation of the virus in the acidic post-Golgi vesicles results in the M protein,
which precedes the virus release from the cell. The formation of M is the terminal event in the
morphogenesis of the virion, resulting in a large increase in virus infectivity and reorganization of the
virus surface structure. [39, 43, 46]

The envelope (E) glycoprotein is a 51-60kDa protein that appears as a homodimer on the
surface of mature virions, and it is associated with receptor binding, membrane fusion,
hemagglutination of erythrocytes, and the induction of neutralizing antibodies in DEN patients, which
could cause detectable changes in metabolic studies. The molecular conformation of E is dependent on
the pH. At a neutral pH, E protein molecules have a flat dimeric conformation in a herringbone pattern
on the virus surface. At acidic pH in the endosomal compartment, the molecules of the E protein
protrude from the virus surface during the process of viral envelope and endosomal membrane fusion,
facilitating the release of the viral genome into the cytoplasm of the cell. [38, 39, 47] E glycoprotein is
widely exposed on the DENV virion. Immunity to the virus is mediated primarily by neutralizing
antibodies to the E glycoprotein. It is this glycoprotein that determines each of the four DENV serotypes.
The ectodomain of the E monomer folds largely into R-sheets. It has three functional domains: DI, DII,
and DIII. DI comprises the central region. DIl functions in dimerization and contains a highly conserved,
elongated structure that bears a fusion loop at its tip with a hydrophobic sequence conserved in
flaviviruses that catalyzes type Il fusion of the virus envelope with acidic endosomal membranes. DllI has
an immunoglobulin-like fold and is involved in receptor binding. [38, 45, 47]

E protein induces the predominant antibody response during DENV infection for being the major
protein exposed on the virus surface; this protein binds cellular receptors and fuses with host cell

membranes. Neutralizing antibodies directed against the E protein are the principal mediators of
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protection against DENV infection; some E antibodies are cross-reactive with plasminogen, which could
increase the manifestations of severe DEN infection [38] that can be detectable in metabolomics
studies.

The NS1 protein is a 46-55 kDa highly conserved nonstructural glycoprotein with two N-linked
glycans. NS1 contains two signals of the type Asn-X-Thr used for the addition of the N-linked glycans,
which occur in all flaviviruses. NS1 can be found in a soluble state; after the proteolytic cleavage of the
viral polyprotein NS1 is found in the lumenal side of the endoplasmic reticulum.[48, 49]

NS1 is also associated with the virus RNA replication complex and participates in viral RNA
replication, virion assembly and maturation.[50-52] NS1 exists in multiple forms in different
compartments of virus-infected cells, including on the cell surface, from which it can be released into
the extracellular compartments. After release, NS1 is found in the form of hexamers. [53, 54] NS1 is
positioned in the lumen of the ER by a signal sequence corresponding to the final 24 amino acids of E.
Then it is released from E at its amino terminus via cleavage by the ER resident host signal peptidase,
and then the NS1 protein gets cleaved at its C-terminus from the downstream NS2A by a protease from
the host cell. [38, 55]

In DENV secondary infections, a memory response of IgM and IgG antibodies to NS1 during the
acute phase of the disease could cause the formation of immune complexes that can trigger
inflammatory processes. For example, the activation of complement, which can cause endothelial cell
retraction and increase vascular permeability, could cause the severe symptoms found in DHF/DSS.[55]
Some NS1 antibodies are cross-reactive with human platelets and endothelial cells and may contribute
to the severe disease manifestations.[38]

The NS2 proteins are classified as NS2A and NS2B. NS2A is a hydrophobic protein of ~20kDa
molecular weight with several transmembrane domains required for proper proteolytic processing of

the C terminus of NS1. NS2B is a hydrophobic protein of ~14.5kDa, but its function is not clear yet.
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NS2A has been shown to contain a hydrophobic region that could act as a signal sequence for GPI
(glycosyl-phosphatidylinositol) anchor addition. GPI is normally anchored to NS1 and plays a role in the
polyprotein cleavage.[55]

The NS3 protein is hydrophilic protein of ~70kDa that functions as a chymotrypsin-like serine
protease as well as a RNA helicase and RTPase/NTPase. The C terminal region of this protein resembles
the sequence of nucleoside triphosphate-binding proteins involved in nucleic acid replication. NS3 is
responsible for fatty acid synthase (FASN) recruitment to sites of DENV replication. NS3 protease
domain is involved with FASN complex formation. During infection there is an elevation in the rate of
fatty acid biosynthesis; de novo synthesized lipids co-fractionate with DENV RNA. NS3 stimulates the
activity of FASN in vitro, enhancing the fatty acid biosynthesis to establish virus replication complexes.
These changes can be detected in metabolic studies. [9, 56] This is relevant to the results presented in
this dissertation because lipids are signaling mediators of regulatory events in the cell. Viruses as
parasites rely on the host to fulfill their lipid requirements, which are essential for replication of DENV;
the host derived membranes are rearranged to provide platforms for DENV replication factories.[57]

The NS4 proteins are hydrophobic proteins that can be classified as NS4A and NS4B. NS4A is a
16kDa protein that interacts with NS1 and becomes critical for replicase activity and has a role in
membrane modification and replication. NS4B is a 27kDa protein that interacts with NS3, displacing it
from ssRNA and has an important role in replication and in interferon (IFN) inhibition. [58] NS4A protein
plays a role in DENV replication altering the intracellular host membranes. NSA4 resides primarily in ER-
derived cytoplasmic dot-like structures that contain dsRNA and other DENV proteins. Thus, it can be
concluded that NS4A is a component of the membrane-bound replication complex and is able to induce
DENV-induced alterations in membranes of infected cells.[59] This could play an important role
disturbing the homeostasis and metabolism of DENV-infected cells that can be detectable in metabolism

studies.
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The NS5 protein is a large protein of 105kDa with a Gly-Asp-Asp sequence that is common to
viral RNA polymerases; it is a multifunctional RNA-dependent RNA polymerase. It is involved in viral RNA
capping and is essential for virus replication. [39, 45] NS5 is one of the predominant DENV antigens
recognized by antibodies following primary virus infection, and this immune response is broadened
during secondary infection. This protein has the ability to induce IL-8 secretion in vitro which can
contribute to inflammation and disease pathogenesis.[60]

I.C.1.d. DENV replication. DENV penetrates the cell by attachment to a receptor on the plasma
membrane; DC-SIGN (dendritic cell specific ICAM-grabbing non-integrin), GRP78/BiP (glucose-regulating
protein 78) and CD14-associated molecules have been suggested as potential primary receptors for
DENV, nonetheless, the receptor is still unknown.[43] The mannose-specific lectin DC-SIGN on dendritic
cells has been proposed to be the protein that interacts with the carbohydrate residues on the E
protein.[61, 62] This is followed by uptake via receptor-mediated-endocytosis with pH-dependent fusion
of the viral envelope with the endocytic vesicle membrane. The acidic pH can catalyze a conformational
change in the E protein, resulting in fusion of the envelope of the virion and with a pre-lysosomal
endosome membrane. This allows the viral core to access the cytosol and replication to commence.[43]

After DENV is exposed to acidic pH in the endocytic vesicles, important structural changes occur
at the surface of the virion, including trimerization of the E protein and rearrangement of DII, exposing
the flavivirus-conserved fusion domain and fusion with the endosomal membrane. When uncoating is
completed, replication continues with immediate translation of the uncoated viral genome.

Once the polyprotein is translated, it is processed and cleaved and the viral proteins are
produced (C, prM and E, and seven NS proteins). E and prM are anchored in the rough ER membranes
during their synthesis and later transported to the Golgi apparatus for further processing.[45] During

DENV maturation furin cleaves the prM in the trans-Golgi network; furin is a protein that disrupts the
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trimer and allows rearrangement of the E proteins into the dimeric, low-lying conformation
characteristic of the mature particle.[38]

DENV RNA replication requires RNA-RNA mediated circularization of the genome, which involves
a minimum of three sets of complementary RNA sequences on both ends of the viral genome.[63] The
interaction that occurs between RNA strands of the 5’ and 3’ ends modulates RNA translation,
replication and encapsidation. This interaction acts like a promoter for viral polymerase RNA
synthesis.[64] Variability in the viral virulence and pathogenicity has been associated with changes in the
UTR regions.[37]

Structures that tend to be conserved among all DENV are the stem loop of approximately 100
nucleotides located at the extreme end (3’SL); a conserved sequence of approximately 10 nucleotides
that serves as the cyclization sequence that binds to a 5’ complementary region, which contains the
translation initiation codon and an adjacent stem loop, that serves as the viral RNA polymerase
promoter.[21]

I.C.2. DENV - transmission cycles, virus-vector interactions, and vector competence. DENV is
maintained in nature in two distinct types of arbovirus cycles involving different primate hosts and
different mosquito vectors. In the sylvatic or forest cycle, DENV is transmitted between susceptible
primates and forest-dwelling mosquitoes. In the peridomestic or urban cycles, DENV is transmitted
between susceptible humans principally by Aedes aegypti or Aedes albopictus. [2]

The relationship between the sylvatic forest cycle and the transmission of viruses to humans is
not entirely clear.[65] In the rain forests of Asia and Africa, canopy-dwelling Aedes mosquitoes and
lower primates are involved in the enzootic transmission cycle of DENV.[66] The virus can be maintained
in the wild by vertical transmission in vectors in sylvatic forest cycles.[67] These sylvatic cycles include

different species of lower primates and at least three subgenera of mosquitoes of the genus Aedes:
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Stegomyia, Finlaya and Diceromyia. Aedes (Stegomyia) vectors include Ae. aegypti, Ae. albopictus, Ae.
polynesiensis, and other members of the Ae. scutellaris group. [68, 69]

As mentioned, Ae. aegypti is the principal vector of DENV in urban cycles. The mosquito
originated in Central Africa, where it is a forest-dwelling mosquito and breeds in tree holes and other
water containing sites. The ancestral form of the mosquito, Ae. aegypti formosus, can still be collected
there. Ae. aegypti aegypti (hereinafter referred to as Ae. aegypti) originated from this area, adapted to
living with humans in peri-urban and urban environments, and has disseminated throughout most of the
tropical world.[68]

Ae. aegypti has been and is the cause of inestimable human morbidity and mortality; it is the
principal vector of DENV, YFV, and Chikungunya virus. Ae. aegypti is an extraordinary vector. The
females live in close association with humans. They lay their eggs in water-containing objects, such as
discarded tires, flower pots, buckets, water barrels, etc., which are abundant around homes. The
mosquito larvae develop, pupate, and adults emerge near their human hosts. The female is endophilic
and feeds preferably on human hosts in homes or other indoor environments. It has the ability to feed
multiple times on human hosts during a single gonotrophic cycle, which dramatically increases the
transmission potential of viruses in nature.[70-72]

Intensive studies of Ae. aegypti in Merida, Mexico confirmed the endophilic and anthropophilic
(meaning that prefers to rest indoors after feeding on a human) nature of the vector. Infected female
mosquitoes were detected in homes and schools.[73, 74] In homes, mosquitoes were predominantly
found in bedrooms, followed by living/dining rooms, kitchens, bathrooms and storage rooms through
the whole year. A small proportion of uninfected mosquitoes could be detected in the vicinity of the
house. In schools, the predominant locations for infected mosquitoes were classrooms, offices and
bathrooms, indicating that schools were a risky environment for DENV exposure. [73, 74]

DENYV infection of Ae. aegypti has been the subject of much investigation. In nature Ae.aegypti ingests
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DENV when it blood feeds upon a viremic human. The virus must infect, replicate and disseminate from
the vector midgut, infect the salivary glands of the vector, and then be expectorated in saliva in order to
be horizontally transmitted. When all of these steps are achieved, this is called a productive virus
infection. There are reports of vertical transmission of DENV from infected females to some of their
progeny. Almost all of these reports are based upon detection of DENV RNA, not infectious virus, in
progeny mosquitoes, which could represent non-productive vector infections.[75]

Following ingestion, the virus must infect and replicate in the midgut epithelial cells of the
vector. If the virus cannot infect these cells, this is described as midgut infection barrier (MIB), which
could be conditioned by lack of appropriate receptors, early control of the virus in the midgut
epithelium by the vector innate immune response, or other undiscovered mechanisms. If DENV infects
midgut epithelial cells, the virions must release the genome, which must harness host cell machinery for
genome replication, transcription, and translation of virus proteins, followed by virion maturation (see
above). Infectious virus must then disseminate from the midgut epithelial cells through the basal lamina
into the hemocele to infect secondary target organs. This may not be the only route of dissemination
from the midgut cells; DENV has been detected in trachea of mosquitoes servicing midgut epithelial
cells.[71] The importance of this potential route of viral dissemination remains to be determined.
However, if the virus does not disseminate from the midgut, this is a midgut escape barrier (MEB). If the
virus then does not infect the salivary glands, this is called a salivary gland infection barrier. [75] As
described below, Ae. aegypti mosquitoes differ dramatically in their susceptibility to DENV productive
infection or their vector competence. This is of great epidemiological importance, and is conditioned in
large part by the before mentioned barriers to DENV productive infection of the vector. Perhaps even
more significantly DENVs of different genotypes differ dramatically in their ability to productively infect

Ae. aegypti.[71] American and Asian genotype DENVs are equally capable of infecting Ae. aegypti
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midgut cells following oral challenge; however Asian genotype viruses efficiently disseminated from the
midgut cells but the American genotype virus did not.[76]

Another component of vector competence that is also of great epidemiological significance is
the lenght of time before a vector becomes productively infected. The period of time from ingestion of
the viremic blood meal until the female can transmit the virus horizontally to a new human host is
termed the extrinsic incubation period (EIP). The typical EIP for DENV in Ae. aegyptiis 10 to 14 days;
[75, 77] however, an Asian genotype of DENV-2 was detectable in the salivary glands of Ae. aegypti
mosquitoes from Chetumal (Quintana Roo, Yucatan, Mexico) after only 4 days EIP, which could greatly
increase DENV transmission in nature.[71] Once a female is infected she is infected for life and can
transmit the virus to everyone whom she feeds upon.

Genetic variability in Ae. aegypti vector competence for flaviviruses has been long recognized,
beginning with the classical studies of vector competence of geographic strains of Ae. aegypti for YFV.
[78, 79] Population genetic studies of Ae. aegypti revealed extensive structuring in Mexico, presumably
resulting from extensive gene flow in some regions, e.g. the western coast of Mexico, and restricted
gene flow in other areas, e.g. between the Caribbean coast in Quintana Roo and the Yucatan.[80] Ae.
aegypti from these various populations were challenged with DENV, and extensive variability in vector
competence metrics, e.g., MIB, MEB, and salivary gland infection rates were documented. [81] Typically
mosquitoes from collections from the Yucatan Peninsula, e.g. Chetumal in Quintana Roo, were the most
vector competent and those from collections in the parts of the Caribbean coast in Quintana Roo were
poorly vector competent [75]. More detailed studies of gene flow and vector competence of Ae. aegypti
from Veracruz State revealed that the Neovolcanic Axis is a barrier to gene flow in Ae. aegypti and that
some of these populations differed dramatically in vector competence. [82]

I.C.3. DEN history. DEN is an old disease; its origin has been the subject of much speculation. The first

descriptions of a DEN-like illness date from 265-240 AD and were found in a Chinese encyclopedia that
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referred to the disease as “water poison” and associated the disease with flying insects. This ancient
description supports the theory that DENV originated in Asia, and it was maintained in a forest cycle that
involved primates and canopy-dwelling mosquitoes before emerging as a human pathogen. [68, 83, 84]

In 1779 and 1780, the first reports of a major epidemic of DEN-like illness occurred in Asia,
Africa and North America: In 1779 simultaneous epidemics occurred in Jakarta and Egypt. In 1780 an
epidemic occurred in Pennsylvania, USA. By the end of the 18" century, DF was found globally. Multiple
epidemics were reported in the Americas, the Caribbean, Asia, Australia, and in the Pacific. [68, 85]
Cases of DHF/DSS have been sporadically reported since 1780.[85] Many outbreaks of DF and DHF/SS
have occurred worldwide since then.

During World War Il, epidemic DF started to become common. DF and malaria caused havoc in
both the Japanese and Allied forces, causing thousands of cases in soldiers. By the time the war finished,
DENV was hyperendemic in many countries in Asia resulting in co-circulation of the four serotypes. The
post-war economic growth in Asia and expanded commerce areas were the catalyst for both urban
growth and DHF/DSS epidemics. By the 1980s, DHF was one of the leading causes of hospitalization and
death among children in Southeast Asia.[3] DF and DHF/SS are now pandemic throughout the tropical
world.

DENV was first isolated in the 1940s during WWII. In 1943, Hotta and Kimura in Japan isolated
for the first time DENV by injecting serum from an acutely ill patient intracranially into a mouse; this was
the Mochizuki strain, later classified as DENV-1. [86] This result was published in an obscure journal. At
around the same time Sabin and his group isolated DENV by the same technique. They developed a
hemagglutination inhibition test, which revealed serologic similarities between DENVs isolated in India,
New Guinea and Hawaii. This Hawaiian isolate was considered the prototype virus (Haw-DENV-1) of
DENV-1. Serologic studies demonstrated that DENV-1 was the predominant virus in the Philippines and

Greece in the 1920’s, in the South Pacific in the 1930’s and in the Pacific and Asia during WWII, all during
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a major DENV pandemic.[68] In New Guinea, Sabin described an antigenically different virus strain that
was designated as DENV-2 (NG-C-DENV-2).[18, 87]

DENV-3 and 4 were subsequently isolated in Manila, Philippines from patients with severe
disease during an epidemic in 1956.[88] Thousands of DENVs have been isolated in the tropics since the
original isolates were described; all of these fit into the four-serotype classification. DENV-2 and DENV-3
have been associated with more severe disease and greater mortality through different epidemics.[77]
Bancroft was the first to describe DENV transmission by its vector, Ae. aegypti, which was confirmed by
Cleland and Bradley.[68]

1.C.4. Emergence of DHF/DSS in the Americas. In 1789 the first description of a DEN-like disease was
reported in the Americas, and it was based on an epidemic that occurred in Philadelphia during
thel1780’'s.[85, 89] After that, in the 1800’s four DEN epidemics affected the Caribbean Basin countries
and the southern U.S. Several epidemics were reported in the Caribbean in the early 1900's. [68, 90]

DENV-2 was isolated in mice for the first time in the Americas in 1953 in Port of Spain, Trinidad
from a patient with DF.[91] DENV-3 was reported for the first time in the Americas in 1963,and the virus
was isolated in Puerto Rico during an epidemic in that same year.[92] DENV-1 was isolated for the first
time in 1977-1980 in the Americas in Kingston, Jamaica.[92] DENV-4 caused epidemics in the Caribbean,
South and Central America, and it was found to be the cause of severe disease in Yucatan in 1984.[93]
Epidemic DHF/DSS was first reported in Cuba in 1981. There had been a large epidemic of DF following
the introduction of DENV-1 in Cuba in 1977. DENV-2 was introduced in 1981 and a large epidemic of
DHF/DSS occurred, which was likely associated with secondary infection of patients previously infected
with DENV-1.[92]

In Mexico, the first case of DF was reported in Chiapas in 1978; a similar case was reported in
the Yucatan for the first time in 1979. DF outbreaks occurred in most of the states of Mexico and the

southern U.S. by 1980.[93, 94] In the spring of 1980, DENV-1 was isolated for the first time in Merida,

22



Mexico; in 1984 an outbreak of DENV- 4 occurred in the Yucatan and 9 cases of severe hemorrhagic
disease were reported although just one case met the WHO criteria to be classified as DHF. [93] Many
DEN epidemics have been documented in Yucatan since then: DENV-1 in 1979-1982, DENV-1 and 4 in
1984, DENV-2 and 4 in 1991, DENV-1, 2 and 4 in 1994, and all serotypes in 1995-1997. By 1985, 72.5% of
participants in a serosurvey had antibodies to DENV. The co-circulation of serotypes favored the
increase in DHF/DSS cases starting in 1995 with the introduction of DENV-3.[35] In 2001-2002 an
epidemic occurred and several cases presented hemorrhagic manifestations.[95] After a period with low
incidence of cases, DHF cases increased again in 2002 and more than 1,000 cases per year have been
reported since that year in Yucatan.[96]

Currently, the Americas contribute up to 14% of the total of DEN cases estimated in the world,
with most of the cases reported from Brazil and Mexico.[32]

I.C.5. DEN disease burden. Three billion people worldwide are at risk for DENV infection in tropical and
subtropical climates. DENV transmission is ubiquitous through the tropics with the highest risk in the
Americas and Asia (Figure 5). [32, 41, 97]

Since the 1950’s the incidence of DHF/DSS has increased over 500-fold and more than 100
countries have been affected by outbreaks. [41, 98] Approximately 50,000 hospitalizations per year are
caused by DHF/DSS; the case fatality rate in some areas is up to 5%.[32, 41]

WHO estimates that approximately 100 million DENV infections occur annually, and it estimates
that approximately 3% of those affected with DHF/DSS die. However a recent report estimates that 390
million DENV infections occur worldwide each year. In 2010, 96 million infections were reported to
public health authorities. An additional 294 million infections are estimated to have occurred in that
same year, but were not reported in public health surveillance systems, likely because they were mild or
asymptomatic infections. The estimated 390 million DENV infections occurring annually would

dramatically increase the amount of virus circulating in nature, and thus may be of major
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epidemiological significance because of the likelihood of dramatic increase in secondary infections
leading to more severe DEN disease outcomes. Clearly, the numbers of DENV infections have been
underestimated. According to a recent report, only 10% of symptomatic DEN cases are communicated
to health authorities.[41] Likely the most important cause of this disparity between DENV infections and

reported cases is the low proportion of infected individuals seeking care in formal health facilities.[32]
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Figure 5. Estimated DENV infections throughout the world in 2010. Red colored countries have a higher
incidence of DENV infections than green colored countries. Taken from Bhatt et al 2013. [32]

DEN incidence has increased dramatically in the last five decades. The causes of this increase are
multifactorial and include population growth, unplanned urbanization in tropical and subtropical
countries, the lack of successful vector control, lack of a vaccine, public health policies, and international
travel.[99]

The burden of disease has shown important variation in geographic and temporal incidence of
cases.[41] Primary DENV infections are common and frequently asymptomatic in younger children;
symptomatic DEN is more commonly diagnosed in school-aged children or young adults. Approximately
22-292 per 1,000 children are infected each year in Asian countries and 1-8 per 1,000 children are
admitted to hospital per year. Children with DEN infections are more susceptible to shock, and
infections in infants have a higher mortality rate, as high as 3-4% in hospital admitted cases.[41, 100]
I.C.6. DEN pathogenesis and disease in humans. The pathogenic mechanisms by which the four

different DENV serotypes (DENV 1-4) condition disease outcomes (e.g., asymptomatic infection, DF, or
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DHF/DSS) remain the subject of much investigation. DF is defined as a self-limiting, influenza-like disease
that can occur concurrently with retro-ocular pain, rash, arthralgias and myalgias. In laboratory analysis
of DF patients, it is common to find leukopenia, thrombocytopenia and mild elevations in hepatic
transaminases in serum.[101] Patients usually recover without sequelae, except for fatigue that could
last for several weeks.

The most severe form of DEN disease is DHF/DSS. Common findings are headaches, fever,
myalgias, liver involvement, and vascular permeability defect resulting in plasma leakage, multifactorial
hemostatic abnormalities, such as marked thrombocytopenia, and bleeding diathesis.[102] These
factors can lead to both internal and external bleeding and vascular leakage that can cause shock and
death in approximately 3-5% of the cases.

Vascular leakage is caused by a diffuse increase in capillary permeability, and manifests with
hemoconcentration, pleural effusion and/or ascites. The bleeding tendency is due to both capillary
fragility and marked thrombocytopenia. Bleeding manifestations may fall into a broad spectrum such as
a positive tourniquet test to severe gastrointestinal bleeding that causes shock and death.[103] It has
been postulated that plasma leakage is caused by functional (caused by the effects of complement
activation, cytokines and immunoglobulins on the endothelial cells of capillaries) and not by anatomical
disturbances of capillary endothelial cells; the evidence supporting this is based on the successful
outcome of the cases who receive appropriate fluid resuscitation and in histopathology studies of blood
vessels that showed no evidence of endothelial cell destruction.

Host factors play a very important role in the pathogenesis of DHF; non-associated conditions
present at the time of DENV infection can also exacerbate the severity of the disease, such as age,
race/ethnicity, pregnancy, nutritional state, chronic diseases like asthma, coagulopathies, and diabetes,
among others. [70, 104] It has been postulated that another factor that could influence the occurrence

of a severe DEN outcome includes mutations in the vitamin D receptor (VDR), since activated Band T
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lymphocytes express VDR and 1, 25 vitamin D3 affects monocytes, which have important roles for DENV
infection and replication.[105, 106] This factor will be reviewed with more detail in Chapter 4.

Two major hypotheses have been proposed to explain the progression of the patient to
DHF/DSS: 1) infection with virulent virus strains [34, 107] or 2) antibody dependent enhancement of
infection[108]. Both hypotheses are supported by epidemiological data. The first hypothesis postulates
that severe disease or DHF/DSS can be associated with specific outbreaks caused by a more virulent
virus strain. [107] In 1972, during an epidemic in Niue Island, hemorrhagic manifestations were
observed in patients with primary DENV infections. Serologic analysis confirmed cases by a fourfold or
greater rise in titer of hemagglutination inhibition and neutralizing DENV antibodies. The findings
showed that the patients under 25 years had low titers of DENV-2 neutralizing antibody, and very few
patients had neutralizing antibody against the other DENV serotypes. The persons who were 30 years or
older likely experienced a secondary infection. It was noted that clinical manifestations were similar
(hemorrhage, shock) in persons experiencing primary and secondary infections.[107] This evidence
supports the first theory.

Potential viral molecular determinants of severe disease have been identified: 1) amino acid 390
of the E protein that has the ability to alter virion binding to host cells, 2) the 5’NTR at the downstream
loop that could be involved in translation initiation and 3) the 3’NTR at the upstream 300 nt of the 3’
NTR, that has the ability to regulate the viral replication by the formation of replicative intermediates,
but no one site could be specifically correlated with attenuation or severe disease in humans.[37, 107,
109]

The second hypothesis postulates that severe disease could be conditioned by antibody
dependent enhancement (ADE) occurring during sequential infections.[108, 110] This will be covered in

more detail in further sections.
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I.C.6.a. DENV tropisms and innate and acquired immune response. Although DENV can be
transmitted iatrogenically (e.g. blood transfusion), the vast majority of infections result from the bite of
mosquito vectors. When the mosquito bites, DENV is injected to the skin and tissues surrounding the
bite site. Initial target cells include Langerhans cells or epidermal dendritic cells (DC) that express
Langerin, which is a C-type lectin. DENV infection of these cells is likely mediated via the non-specific
lectin receptor dendritic cell-specific ICAM3-grabbing non-integrin (DC-SIGN).[111, 112]

i. Innate immune response. The innate immune response is the first and immediate line of
defense to DENV infection. This response includes the rapid recognition of pathogen-associated
molecular patterns (PAMPs), by monocytes or macrophages, DCs, and natural killer (NK) cells. [113]
Monocytes and tissue macrophages have been reported to be the principal target or most permissive
cell population for DENV infection in vitro. [103] Immature DCs are sentinels and play a role in the early
control of DENV infection; these comprise four cell types: CD14+blood, monocyte-derived DCs (moDCs),
CD34+ hematopoietic progenitor cell (HPC)-derived dermal or interstitial DCs (DDC-IDCs), CD34+HPC-
derived Langerhans cells (LCs) and plasmacytoid DCs.[61, 114] The LCs and DDC-IDCs carry typical
myeloid-type DC markers and the LCs also express Langerin. Plasmacytoid DCs (PDCs) and blood-
precursor myeloid DCs (pre-moDCs) have an important role in antiviral innate immunity and shaping Th1
adaptive immune responses. DCs in the peripheral blood and lymphoid tissues were reported to make
Type 1-IFN in response to microbial stimuli. PDCs are the most potent interferon (IFN) producing cells to
viral pathogens (Figure 6). [114]

Plasmacytoid DCs and blood-precursor myeloid DCs shape Th1 adaptive immune responses. DCs
in the peripheral blood and lymphoid tissues make type-I IFN aR in response to microbial stimuli.[114]
After DENV infects a host, components of the innate immune response include type 1 IFNs,

inflammatory cytokines, complement response, NK cell immunity, programmed cell death (apoptosis)

27



and autophagy.[113] In order for DENV to disseminate within a host, it must evade or modulate these
innate immune response components.

Productive DENV infection in immature myeloid DC (DC1a+) will activate these cells. Activated
DCs secrete TNF-a (tumor necrosis factor-alpha) and IFN-a. In addition DENV-stimulated DCs are able to
express maturation markers such as HLA-DR (human leukocyte antigen complex), CD11b (cluster
differentiation), and DC83. The IFN-a can enhance the activation of DENV infected DCs, as well as
secreted cytokines like IFN-y and TNF-a and low levels of IL-12. [114]

DENV is recognized within hours of infection by pathogen-recognition receptors (PRRs),
potentially including toll-like receptors (TLR) 3 and 7, retinoic acid-inducible gene 1 (RIG-1) and
melanoma differentiation associated gene 5 (MDAS5).[115] PAMP recognition triggers the innate
immunity against DENV, when dsRNA (the PAMP) is sensed by cytoplasmic RNA helicases RIG-I and
MDAG, as well as by TLR-3. TLR-3 also senses viral nucleic acid and envelope glycoproteins in the
extracellular and endosomal compartments.[116, 117] DExD/H box containing RNA helicases (RIG-I,
MDA-5) recognize intracellular dsRNA. This is called the TLR- independent IFN induction pathway. RIG-I
and MDA-5 contain caspase-recruiting domains (CARD), which help these molecules to interact with IFN
promoter stimulated-1, mitochondrial antiviral signaling protein (MAVS) [117, 118]

TLR-3 and RNA helicases are triggered by dsRNA (Figure 6). The two parallel viral recognition
pathways converge at the IFN regulatory factor-3 (IRF3). IRF-3 is postulated to start antiviral responses,
like activation of type | IFN, ISGs and proinflammatory cytokines (Figure 6).[119] The molecular
mechanism of TLR involves the TIR domain (Toll/IL-1 receptor-like), which is present in all TLR and IL-1R
compounds, and initiates a signaling cascade through interactions with TIR domain-containing adapters
(MyD88). After interaction with TLRs or IL-1Rs, MyD88 recruits members of the IRAK (interleukin-1

receptor-associated kinase) family through interactions between the death domains. Once
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phosphorylated, IRAK1 and 4 dissociate from receptor complex and then associate with TRAF6, which
induces the expression of inflammatory cytokines and the phosphorylation cascade (Figure 6).[114]

The activation of the transcription factors IRF-3, IRF-7 and NF-kB through the TLR or RIG-I/MDAS5
pathways will result in the production of IFN-a/B which will bind to the IFN-a/B receptor in the surface
of uninfected cells, activating the JAK/STAT signal transduction pathway (Janus kinase-JAK/Signal
transducer and activator of transcription-STAT) (Figure 6). This will activate the expression of interferon-
stimulated genes (ISGs), establishing antiviral, antiproliferative, and immunoregulatory states in host
cells. DENV NS2A, NS4A and NS4B proteins are capable of impairing the JAK/STAT pathway by reduction
of phosphorylation and translocation of STAT1, which is an important component of the type 1 IFN

transduction pathway. NS5 is capable of blocking TyK2 phosphorylation and degrading STAT2.[113]
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Figure 6. Innate immune response to DENV infection. DENV infected dendritic cells activate natural
killer cells during the early phase of the innate immune response, which recognize and kill target cells
that are coated wit