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One of the biggest global public health issues is dengue virus (DENV)
infection, particularly in tropical areas of the world where 75% of dengue
cases occur. While most DENV infections are moderate or asymptomatic,
about 5% of cases go on to develop a severe version of the illness. This is
primarily related to several infections with various DENV serotypes that
occurred in succession. Numerous immunopathogenic pathways involving
virus and host variables influence the severity of dengue. New research
suggests that an inadequate immune response, by limiting viral clearance
and causing severe inflammation, which ultimately results in dengue
hemorrhagic fever and dengue shock syndrome, contributes to the
progression and severity of the disease. The natural history of viral
infections, notably dengue, is greatly influenced by the host's innate and
adaptive immune responses. In this context, it has been noted that RNA
interference (RNAI) is becoming more prevalent in viral infection processes
and immune defense in recent years.
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Abstract:

One of the biggest global public health issues is dengue virus (DENV) infection,
particularly in tropical areas of the world where 75% of dengue cases occur. While
most DENV infections are moderate or asymptomatic, about 5% of cases go on to
develop a severe version of the illness. This is primarily related to several
infections with various DENV serotypes that occurred in succession. Numerous
immunopathogenic pathways involving virus and host variables influence the
severity of dengue. New research suggests that an inadequate immune response, by
limiting viral clearance and causing severe inflammation, which ultimately results
in dengue hemorrhagic fever and dengue shock syndrome, contributes to the
progression and severity of the disease. The natural history of viral infections,
notably dengue, is greatly influenced by the host's innate and adaptive immune
responses. In this context, it has been noted that RNA interference (RNAI) is
becoming more prevalent in viral infection processes and immune defense in
recent years. The context microRNAs (miRNAs) go for stands out as their
presence during viral infection, both in the replication of the virus and in the
defense against these infections, becomes more noticeable. As a result, it is
becoming more and more important to understand the role of these small RNAs
within viral infection by DENV and what their consequences are in aggravating the
consequences of patients affected by this disease. Additionally, DENV specifically
targets immune mediators to inhibit antiviral signal transduction and invisibly
hides to avoid immune surveillance. The initial line of defense against viral
infections is innate immunity, where type I interferons are a key component. Many
viruses manage to get past inherent defenses and infect the host. Numerous
investigations have demonstrated that in order to circumvent the host's

immunological response, viruses like DENV decrease type 1 IFN production. The



dengue virus has four widely recognized serotypes: DENV-1, DENV-2, DENV-3,
and DENV-4. A fifth serotype was recently discovered in 2013. Although DENV
serotypes are roughly 65% similar, infection with various serotypes causes a
variety of clinical symptoms. In addition to the host cell's cellular machinery being
used by the virus, a host cell also produces different antiviral reactions. The
creation of interferon-dependent cytokines, the induction of inflammation, and cell
death through inducing apoptosis or autophagy are just a few of the ways the host
immune system fights virus infection. We go over processes that are essential for
the Dengue virus reproduction cycle in mammalian cells, its pathogenicity, and
several antiviral defenses put forth by the host cell in this overview. Understanding
the Dengue virus replication cycle and the host proteins that the virus uses as a
resource might be crucial for creating antiviral targets and is of utmost relevance

for maintaining public health.



1. Introduction

Infection with the dengue virus (DENV), which can cause dengue fever (DF), is
the most quickly spreading viral disease carried by mosquitoes in the world. The
numerous serious side effects of dengue fever, including dengue hemorrhagic fever
and dengue shock syndrome, are its deadliest feature. The most common
flavi/arboviral infection worldwide, dengue fever is an acute disease that has a
large socioeconomic and disease burden on many tropical and subtropical
locations. [1,2]. According to "The Global Burden of Disease,” dengue fever is
spreading faster than any other infectious disease, with a 400% growth in just 13
years (2000-2013). [3]. Dengue has a history of being ignored, although statistics
show significant recent investments in the creation of a vaccine and cutting-edge
vector management strategies [4]. A significant section of the world's population
was recently immunized as a result of the COVID-19 vaccine's rapid and
affordable production. This will give an indication that future dengue vaccine
development may be possible for other viral infections [5,6,7]. The goal of this
Book is to draw attention to the overall dengue-related trends, the work that went
into generating the vaccine; and the clinical outcomes. Vaccination, the most
crucial aspect of illness management, is one of the tactics used in the prevention
and treatment of dengue fever. The DENV-1, 2, 3, and 4 serotypes are the four
main serotypes [8]. After being bitten by a female Aedes mosquito (Aedes aegypti
or, less frequently, the cold-adapted Aedes albopictus), DENV infection results.
Due to cross reactivity, initial infection with any of the DENV serotypes only
partially protects against all four serotypes; this cross-reactive immunological
memory seems to be transient. If the patient contracts the same serotype of
infection again following neutralization of the immunological memory, a
protective response may be produced. The risk of mortality is increased and

subsequent infection with various serotypes is linked to more severe disease
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manifestations [9]. Since all DENV serotypes have the potential to be disease-
causing, producing a DENV vaccine that is highly effective against all four
serotypes is a difficult task. The World Health Organization has recommended
CYD-TDV (Dengvaxia®), which has been licensed in 20 countries, for people
aged 9 to 45 who live in endemic areas and have confirmed prior DENV infection,
among the DENV vaccine candidates currently undergoing clinical evaluation.
However, serious safety concerns have been raised [10]. In fact, CYD-TDV raises
the risk of a severe DENV infection, as determined by hospitalization, in people
who had not previously been exposed to DENV before vaccination [11]. Therefore,
a detailed understanding of the immunological correlates of protection against
DENYV infection is necessary for the creation of effective DENV vaccines. The
pathogenesis of DENV infection is assumed to be the complex interaction of the
virus, host genes, and host immunological response, with the host immune
response playing a key role. In reality, DENV infection only manifests as the
severe form of the disease when the infection is being cleared up by the host

immune response and does not correspond with the peak viral load [12].

Additionally, infection-induced antibody-dependent enhancement (ADE)
contributes to the pathophysiology and severity of the illness [13]. Antibody-
dependent enhancement develops after the antibodies from a previous heterotypic
infection fail to neutralize a secondary infection with a distinct subtype, even after
binding with the viral proteins [14]. The virus—antibody complex is then
phagocytosed by the cells via crystallizable fragment-y (Fcy) receptors and results

in increased viremia and pathology [15].



2. Structural Details of Dengue Virus

The Dengue virus has an icosahedral nucleocapsid and is roughly spherical in
shape. It is an encapsulated single-stranded positive-sense RNA virus. The 11 kb
long DENV genome can serve as mRNA, and like eukaryotes, it has untranslated
regions (UTRs) bordering the open reading frame (ORF) at both the 5" and 3’ ends
(Figure 1). The type I 5' cap serves as an initiation site for translation, while the 3’
end lacks the poly-A tail and instead has a stem loop. Within the 5'UTR, there are
stem-loop (SL) structures—SLA and SLB, upstream and downstream regions
concerning AUG denoted as the 5'UAR (upstream AUG region) and 5‘DAR
(downstream AUG region), C-coding hairpin (cHP), and 5’ cyclization sequences
(5'CS). The DAR, cHP, and 5'CS are located in the C protein-encoding region. The
5'UTR comprises sequences of 95-101 nucleotides in the four DENV serotypes,
DENV-1 to DENV-4, while the 3'UTRs’ length is variable among the serotypes
[16]. A polyprotein, which is the precursor to 10 mature proteins, is encoded by the
ORF flanked by UTRs. Three structural and seven non-structural proteins are
produced as a result of the co- and post-translational processing of this polyprotein.
The structural proteins—Capsid (C), Envelope (E), and pre-Membrane (prM)—are
what the name suggests; they are what make up a virus particle and are crucial for
the virion's maturation, envelopment, and encapsidation of viral RNA. The
numerous enzymatic activities of the non-structural proteins NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5 are being investigated for their multiple functions in
an infectious cycle [16,17]. To name a few functions of NS proteins: While NS3
has RNA-triphosphatase (RTP), nucleoside triphosphatase (NTPase), and helices
activities, NS5 also has nuclear localization sequences (NLS) and S-adenosyl
methionine methyltransferase (MTase) activity, giving both NS3 and NS5 the
capacity to play a crucial role in RNA replication. Along with the other NS
proteins NS1, NS2A, NS4, and NS4B, NS2B is a viral serine protease that

8



participates in a variety of viral replication, assembly, and release processes
[16,17].
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Figure 1: Structural organization of Dengue virus genome: The viral genome
consists of 5'UTR, an ORF, and 3'UTR. The ORF encoding polyprotein serves as a
template for the translation of 3 structural proteins (C (Capsid), PrtM (Pre-
Membrane), and E (Envelope)) and 7 Non-structural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, NS5). The representation of 5'UTR depicts Stem-loop
structures (SLA and SLB) flanked by oligo U, wherein SLB is followed by
initiator AUG and the hairpin structure (cHP) in the C encoding region. The
following complementary sequence at S5'UTR is essential for genome
circularization, which in turn is important for genome replication. The 3'UTR
consists of variable sequences, followed by dumbbell structures DB1 and DB2.
The approaching conserved sequence CS1 and stem loop (SL) at 3'UTR play a

pivotal role in genome conformational changes facilitating replication.
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3. Host Immune Cell Responses to Dengue Virus Infection

Both the innate and the adaptive immune systems of the host network
cooperatively rebel against the DENV attack (Figure 2). The Langerhans cells
(LCs), DCs, and the dermal cells at the site of the mosquito bite are the first
encounterers of DENV [19]. The distribution of DCs in the tissue is such that they
do not miss an encounter with the virus [20]. They along with the macrophages are
recruited to the site of the DENV entry via signals from the chemoattractants. The
migration of the antigen-presenting cells independently contributes to
inflammation as well as the host adaptive responses [21]. Signals from DCs, such
as TNF-a, recruit NK cells, which are crucial in restricting DENV replication and
pathogenesis during the early stages of infection by IFN production [22].
Neutrophils are also recruited to the primary site of infection by the tissue-resident
macrophages through the secretion of IL-8, TNF-0o, and IFN-B. Antiviral factors
such as TNF-a and defensins are generated by neutrophils [18]. Moreover, the
degree of complement activation-by the DENV-NSI protein is greater in DHF
patients than in mild/intermediate Dengue Fever (DF) [23]. The effector functions
of these immune cells are the result of certain innate immune pathways and their
interactions with each other. The dsRNA intermediates of DENV are recognized
by TLR-3, which through the activation of TRIFF lead to the phosphorylation and
activation of the interferon regulatory factors IRF-3 and IRF-7 [24]. The TLR
pathogen recognition pathway leads to the production of class I IFNs that restrict
DENV replication by successively activating the JAK/STAT pathway [25]. Other
receptors participating in the IFN-mediated combat against DENV are RIG-1 and
MDAS [26]. By the time, the innate immune system attempts to restrict the virus;
the adaptive immune system prepares for an advanced attack for virus clearance.

The B cells bind to the DENV antigens to elicit a primary IgM response, followed
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by an elaborate DENV-serotype-specific-IgG response. The secondary infection is
marked by a reduced IgM but an enhanced IgG response [27]. The antibodies
basically target the NS1, E, and prM proteins of the DENV [28]. The involvement
of B cells also indirectly points to the involvement of T cells in the DENV
infection response. While CD4+ T cells mainly target the capsid along with the
NS2A/B, 3, 5 and E proteins, the CD8+ T cells target the capsid along with the
NS3, 4A/B, 5 proteins [29]. These responses prompt the CD8+ T cytotoxic cells to
secrete perforins and granzymes and the CD4+ T cells to involve in Thl (secreting
IFN-y and TNF-a) effector functions. Moreover, the other T cell subsets such as
the Treg cells act to regulate inflammation via TGF-p and IL-10, and the Follicular
T cells function to aid the B cells into generating highly specific antibodies with
sufficient affinity [18,30]. Although the entire immune system works together to
put up a prodigious fight against DENV, some of these responses may in turn

cause host damage, through an event known as the “cytokine storm”.
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Figure 2: Immune cells involved in the host responses to the Dengue
virus: After the mosquito bite injects the Dengue virus into the skin, A. The
Langerhans cells and the Dendritic cells (DCs), the primary cells that encounter the
Dengue virus, come into play. B. The DCs recruit the NK cells to the site, whereas,
C. The macrophages recruit the neutrophils. D. Macrophages infected with DENV

present the processed antigen to the T cell, which in turn interacts with the B cell to
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aid in B cell development. E. Different types of T cells are activated to elicit
various cell-mediated immune responses against the virus. F. A gush of cytokines
are secreted in an event called the “cytokine storm”, out of which the
overproduction of IL-10 leads to the inhibition of IFN responses as well as
vascular leakage. G. The humoral immunity, represented by the B-cell-mediated
antibody production from the plasma cells, as a natural immune response to any
pathogen, induces ADE in the DENV infection. H. The ADE of the DENV entry
into the macrophage via phagocytosis leads to an altered transcriptome of the cell,
ultimately leading to TLR suppression, enhanced Th2 responses, along with the

dysregulation of vesicular transport and the host translation process.
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4. Involvement of T Cells in the Pathogenesis of DENV Infection

People in dengue-endemic locations typically develop symptomatic infection more
than once because the DENV infection is caused by several serotypes and long-
term cross-serotype protective immunity is inadequate after primary infection [32].
Even though CD8 T cells are essential for scavenging dangerous viruses, they have
also been linked to the pathophysiology of DENV infection. Patients with
secondary DENV infection have 10- to 20-fold more severe dengue symptoms,
which may indicate that priming of the adaptive immune system to one DENV
serotype increases the probability of severity after secondary infection with various
serotypes [31]. Additionally, when viremia is rapidly dropping, severe symptoms
such vascular leak, coagulopathy, and cytokine storm are frequently present. Naive
CDS8 T cells are stimulated by primary DENV infection to develop into effector T
cells, which will either directly lyse the virus-infected cells or produce cytokines to
remove the infection [32]. In those who-are immune to DENV infection, different
HLA-restricted T-cell epitopes on various proteins are present. By means of CD4
and CD8 T cells, respectively, DENV's structural and nonstructural proteins are
recognized [33,34]. Based ‘on the epitope identified, T cells can react to a
subsequent infection brought on by a different DENV serotype [35]. Individuals
who have previously been exposed to the same serotype typically produce a strong
immune response, whereas subsequent infection typically results in the
development of a cross-reactive serotype T-cell response. Acute DENV infection
was associated with higher frequencies of DENV-specific T lymphocytes, and
these cells had activated characteristics [36]. DENV-specific T cells initially
expressed the early activation marker CD69 after infection, and later showed other
activation markers such CD38, CD71, and HLA-DR [37]. Investigation of HLA-
DR'CD38°CD8" T cells obtained from DENV-infected patients indicated the

upregulated expression of those genes that are involved in T cell activation,
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proliferation, migration, and cytotoxicity. In addition, HLA-DR*CD38°CD8" T
cells display a higher expression of multiple inhibitory receptors that are involved
in T cell receptor (TCR) signaling. Analysis of HLA-DR*CD38" and HLA-DR"
CD38" effector CD8 T cells in dengue-infected patients from India and Thailand
displayed the expansion of both the subsets in these patients, while the effector
qualities were more prominent in HLA-DR*CD38* CD8 T cells and were mostly
directed against NS3 [38]. However, only a small fraction of effector CD8 T cells
were producing IFN-y upon stimulation with virus peptide pools, due to the
downregulation of TCR signaling molecules. During primary DENV infection,
homotypic T cells are generated against the infecting DENV serotype that
correlates with lifelong protection against that serotype. However, secondary
DENV infection with different serotypes -leads to the development of
nonprotective, cross-reactive T cells, resulting in ineffective viral control during
secondary heterologous infection, and supports severe dengue disease by induction
and excessive inflammatory cytokine production [36]. In fact, cytokine storms are
seen during peak symptoms, whereby high levels of proinflammatory cytokines,
such as tumor necrosis factor (TNF), soluble TNF receptor 1 (STNFR1), sSTNFR2,
and interferon-y (IFN-y), and chemokines such as CXCL8, CXCL9, CXCL10,
CXCLI11, and CCLS, along with anti-inflammatory cytokine interleukin-10 (IL-
10), were observed [39,40]. This enhanced cytokine response could trigger
vascular permeability, which is resolved after patient recovery. Moreover, the
presence of soluble markers of T cell activation, including sIL-2R, sTNFR, and
sCD8, indicate systemic T cell activation. Indeed, the soluble factors were higher
in patients with severe disease compared to those who had a mild form of the
disease, which further confirms immune-mediated pathogenesis in DENV infection
[41]. Development of DENV-specific cross-reactive CD8 T cells occurs following

both primary and secondary infection. However, these cells do not correlate with
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the disease severity. Further, it was revealed that a higher polyfunctional CD8 T
cell response is associated with HLA alleles, which are related to the reduced risk
of severe dengue disease [36]. This is in accordance with the study showing higher
frequencies of cytokine-producing DENV-specific CD8 T cells in children who
develop subclinical secondary infection than those with symptomatic secondary
infection [42]. DENV-specific IFN-y-producing CD8 T cells are mainly effector
memory cells (Tgem) or effector memory cells re-expressing CD45RA (Temra) [43].
Transcriptomic profile of Tgm and Tewmra cells revealed that these cells exhibit
specialized gene expression profiles related to activation, co-stimulation, and
effector function [44]. Analysis of DENV-specific T cells revealed differences
between mild and severe DENV infection that may be associated with disease
severity. During mild DENV infection, CD8 T cells possess cytolytic function, but
cytokine-producing abilities are compromised. Conversely, with severe primary
and secondary DENV infection, CD8 T cells exhibit higher IFN-y and TNF-a
cytokine responses, but cytolytic activity is impaired, potentially affecting viral
control and augmenting immunopathology. DENV-specific CD8 T cells express
inhibitory receptor-programmed death-1 (PD-1). However, that does not represent
immune exhaustion; rather, these cells exhibit higher proliferation and function,
which suggest PD-1 as a marker of activation and functional antigen-specific CD8
T cells in case of DENV infection [44]. Similarly, expansion of the CD4 T cell
population occurs during DENV infection, and the magnitude of the CD4 T cell

response correlates with disease severity (Figure 3).
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Figure 3. T cell response during DENV infection. History of exposure to
dengue virus (DENYV) is one of the factors that drive the T cell response in the
evolution of the disease. (A) During primary infection, naive T cells differentiate
into effector T cells, leading to clearance of infection by direct lysis or by releasing
antiviral cytokines, such as IFN-y and TNF-a. (B) During a secondary
heterologous infection, a robust immune response is developed by the early
activation of cross-reactive serotype T cells, which produce abundant
proinflammatory cytokines and chemokines, leading to excessive inflammatory
environment, causing endothelial dysfunction that could trigger vascular
permeability. (C) During a third or fourth heterologous infection, the activation of
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cross-reactive serotype T cells and their role in the severity or protection against

infection is largely unknown.

Recently, researchers have looked into how DENV and T cells interact during the
course of the illness. Primary naive CD4+ and CD8+ T lymphocytes have been
shown to be receptive to DENV infection [45]. Both cell types additionally
promote viral replication and secrete live virus particles. In fact, during the acute
phase of infection, DENV can infect CD4+ and CD8+ T cells. All four serotypes
can infect CD4+ and CD8+ T cells, and their degrees of infectiousness are
comparable. DENV interacts with the heparan sulfate moiety to infect and multiply
in CD4+ and CD8+ T cells [45]. Pre-exposure of DENV to heparin, an inhibitor of
host heparin sulfate—virus interactions, limited the virus infectivity in both
CD4"and CD8'T cells in a dose-dependent  manner. Further, treatment of
CD4%and CD8" T cells with heparinase III, a heparin sulfate-cleaving enzyme,
reduced DENV infectivity, confirming that heparan sulfate moieties are engaged in
DENV binding to T cells. In wvitro exposure of healthy peripheral blood
mononuclear cells (PBMCs) to all DENV serotypes demonstrated that CD8* T
cells are more vulnerable to DENV infection than those of CD4" T cells. A caveat
to this is that activated T cells are less susceptible to DENV infection than
nonactivated T cells. This was confirmed by the polyclonal stimulation of T cells
with anti-CD3/anti-CD28 monoclonal antibodies that induced the expression of
CD69 (an early T cell activation marker) on these cells. The susceptibility to
infection was determined in both CD69" and CD69 T cells, which revealed that
CD69" T cells are less inclined to get infected with DENV in comparison to
CD69 cells [45]. Moreover, DENV infection does not induce apoptosis of
CD4"and CD8" T cells, a critical step required for viral clearance, suggesting a

potential viral escape mechanism leading to disease severity. Other studies
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reported that DENV infection triggers apoptosis in various parenchymal as well as
nonparenchymal cells, including monocytes, dendritic cells (DCs), endothelial
cells, and hepatocytes [46]. Apoptosis of monocytes and DCs influences immune
response to infection, while apoptosis of hepatocytes and endothelial cells
contributes to hepatic damage and hemorrhagic manifestations in severe dengue
cases. Apoptosis of leukocytes and microvascular endothelial cells in pulmonary
and intestinal tissue is observed and might be associated with vascular plasma

leakage [47].
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5. Antibody-Dependent Enhancement-Mediated Immunopathogenesis

DENV-specific antibodies serve a variety of purposes. Through a variety of ways,
including limiting viral attachment to cell surface receptors or by preventing viral
infusion after binding, these antibodies eliminate the infection. The majority of
neutralizing antibodies are directed against practically all of the epitopes and
primarily target the envelope (E) protein [49]. Immunoglobulin receptors are
expressed by both monocytes and macrophages. Known as antibody-dependent
enhancement (ADE) of infection, DENV's affinity for these receptors gives
DENV-specific antibodies a chance to promote viral entrance [S0]. The ADE
phenomenon, which is itself a subset of immunopathology, contributes to the
disease's severe form. When a person contracts a later infection with a different
DENV serotype, pre-existing antibodies made from an earlier DENV infection
bind to another DENV-infecting particle [S1]. The antibodies from the previous
infection are not efficient in neutralizing the virus in secondary infection. Rather,
the antibody—virus complex binds to the Fcy receptor present on circulating
monocytes and causes infection in monocytes, resulting in increased viral
replication and higher risk of severe dengue. There are two types of ADE, namely
extrinsic and intrinsic [48,52]. The phenomenon of extrinsic ADE occurs
externally to mononuclear phagocytes and involves an increased rate of receptor
interaction and internalization of the virus—immune complex. Previously, extrinsic
factors were considered responsible for the adverse effects of dengue ADE-
associated pathogenesis. Later, the intrinsic ADE revealed that it could modulate
innate immune effectors by internalized virus—immune complexes inside the
infected cells to support increased viral replication and its release [52]. Intrinsic
ADE contributes to enhanced virus production by inhibiting type 1 interferon,
activating the biosynthesis of IL-10 and favoring a Th2-type immune response

[48]. If we compare both extrinsic and intrinsic ADE, the latter has a significant
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contribution in augmenting dengue replication. During secondary DENV infection,
thorough revelation of intrinsic ADE might enhance our understanding of DENV
pathogenesis and help in identifying unique therapeutic approaches to overcome

the adverse effect of ADE (Figure 4).
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Figure 4. Antibody-dependent enhancement (ADE) in dengue virus infection.
ADE is one of the phenomena contributing to the severity of dengue infection
during a secondary heterologous infection in a patient with pre-existing non-
neutralizing antibodies. The ADE phenomenon has two components: (A) Extrinsic
ADE, which contributes to the enhancement of virus entry in the susceptible cells
via the interaction of the Fcy of the antibody—virus complex with the Fcy receptor
in the cell membrane, triggering endocytosis (actin- or clathrin-mediated),
facilitating the first steps in viral replication. (B) Intrinsic ADE, which results in
increased viral production by targeting different pathways, including
downregulation of TLR signaling, inhibition of type I interferon, and a skewed

immune activation favoring Th2 response.

Studies have shown that ADE can change<molecular signaling to reduce the
strength of the host's antiviral defenses., The cell types for ADE in an in vivo
context are probably monocytes, macrophages, and DCs because they express Fc
receptors on their surface. In fact; a recent study revealed the mechanism to lessen
the effects of ADE in the host and evidence that antibody-dependent cellular
cytotoxicity (ADCC) antibodies are present in the serum that causes ADE. These
ADCC antibodies are effective in triggering natural killer (NK) cells to combat
ADE [53].
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6. Cytokine Storm-Mediated Immunopathogenesis

After DENV interacts with host cells, a number of proinflammatory,
immunoregulatory, and antiviral cytokines are produced. DCs are typically known
for producing type I interferons, but they are also capable of secreting other
chemicals and cytokines that promote inflammation. According to studies, DENV-
infected DCs release MMP-2 and MMP-9, which increase the permeability of the
endothelium monolayer [54,55]. Different DENV proteins, including NS4B and
NSS5, also stimulate the production of IL-8 by macrophages and endothelial cells
[56]. After DENV infection, the release of IL-6, CXCL10, CXCL11, and RANTES
from endothelial cells enhances inflammation and vascular permeability, leading to
plasma leakage in vivo. Primary infection with DENV alters cell surface receptor
expression on human endothelial cells and its responsiveness towards vascular
endothelial growth factor-A (VEGF-A); however, these changes were observed in
both DENV-infected as well as non-infected cells, suggesting that the endothelial
response to DENV is broad and independent of viral-specific cell surface markers.
[57]. Indeed, cytokines produced by T cells have pleiotropic effects and are critical
in viral elimination, but they also encourage inflammation and enhance vascular
permeability contributing to disease severity. Increased T cell activation and
cytokine production has been observed during DHF in both primary and secondary
DENV infection [58,59]. In fact, infusion of IL-2 or TNF can enhance systemic
vascular leakage, which provides evidence for the participation of T cells in the
pathogenesis of DHF [60]. In cases of severe dengue, the cascade of immune
response mediated by immune effectors leads to disease severity. During DENV
infection, most of the immune cells, including monocytes, macrophages, NK,
invariant natural killer cells (iNKT), and DENV-specific CD4 and CD8 T cells,

secrete huge amounts of TNF-o that contribute to inflammation and enhanced
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vascular permeability [60]. In vitro studies have confirmed that endothelial cell
exposure to TNF-o not only induces vascular permeability but encourages cell
death [61]. In addition, TNF-a is involved in the coagulation pathway by inducing
the expression of platelet tissue factor. In brief, TNF-a is a critical factor in the
pathological process of severe dengue. A study reported higher TNF-a levels in
patients with severe illness in comparison to those with milder illness, which
further proves the association of TNF-a in the development of severe dengue
[62,63]. Considering the crucial role of TNF-a in the pathogenesis of DENV, the
blockade of TNF-a can be a potential approach to treat severe dengue infection in
humans; however, the safety and efficacy of the TNF-a blocker needs thorough
investigation. Interferon receptor gene knock-out mice or mice infected with high
doses of either wild-type or mouse-adapted DENV strains revealed that endothelial
cell damage was associated with macrophage-secreted TNF-a [64]. Treatment of
these models with anti-TNF-o abrogated hemorrhage. A recent study analyzed a
panel of 23 cytokines after a dengue outbreak in Taiwan and found that TNF, IFN-
v, IL-1B, IL-2, IL-6, IL-8, IL-10, IL-12p70, IL-17A, macrophage migration
inhibitory factor, CD54, CD62E, CD62L, and GM-CSF were elevated while
CD106, CD154, IL-4, and IL-33 were downregulated during dengue infection,
suggesting the activation of the immune system during dengue, contributing to
disease severity, as the dysregulation of certain cytokines has major implications in
dengue pathogenesis [65]. The cytokine profile varies during dengue infection and
further disease progression. The study further reported that cytokine levels
fluctuate immensely in different groups over the days of fever. In fact, IL-10
emerged as a potential diagnostic marker for dengue fever, and CD121b (an IL-1
receptor) was demonstrated to be a predictive marker for severe dengue. During
disease progression, the production of inflammatory cytokines, including TNF-a,

IL-6, and IL-10, from the DENV-infected cells, induces the expression of adhesion
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molecules such as CD62E, CD106, and CD62P that lead to inflammation,
endothelial damage, and plasma leakage. Adhesion molecules such as CD54,
CD106, CD62E, CD62L, CD62P, and CD154 fluctuated at different days of fever
and normalized during the recovery phase, whereas GM-CSF, IL-2, IL-6, and IL-8
remained continuously high, especially during the critical phase of the disease [65].
Several pieces of evidence suggest the change in cytokine pattern during dengue
infection and support the cytokine storm theory in these patients. In addition, a
shift from the Thl-type immune response to Th2-type response was observed
during disease progression to severe cases of DHF [66]. Patients with DHF
displayed increased serum levels of IL-4, IL-6, and IL-10, mainly in more severe
forms. Conversely, IFN-y and IL-2 were highly elevated during dengue fever and
were low in severe DHF. IL-2, IL-6, IFN-y, and TNF-a were elevated during the
early phase of infection, while IL-4 and IL-10 were elevated during days 4-8 of
illness. However, the data are contradictory between different studies, which could
be associated with several factors, k including the timing of sample collection,
sample processing, and importantly, the difference in the study cohort. However,
the overall data demonstrate cytokine-mediated pathogenesis in DENV-infected

patients (Figure 5).
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Figure 5. Cytokine storm seen in severe dengue infection. During a secondary
heterologous infection, a robust immune response is generated, inducing the
production of biological mediators including cytokine, chemokine, and other
soluble factors from different immune cells as a consequence of complex
interactions between the virus and host factors. These mediators promote vascular

permeability resulting in an increase in plasma leakage.
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7. Immune Escape Mechanism of DENV Contributes to Disease Severity

It is a well-known fact that dengue virus takes over the host cellular machinery to
complete its life cycle. This leads to the activation of cellular immune signaling,
which in turn competes against infection. DENV antagonizes several challenges at
each step of its life cycle, starting from the virus entry to the release of mature
virions. Moreover, DENV inertly hides to escape immune surveillance and directly
targets immune mediators to block antiviral signal transduction. Innate immunity
acts as the first line of defense against viral infections, where type I interferons are
one of the major players. Many viruses evade innate immunity and develop
infection in the host. Numerous studies have shown that viruses including DENV
inhibit type I IFN production to evade the host immune response [67]. Several
DENV proteins are involved in the inhibition of type I IFN signaling in the
infected cells, leading to the abrogation of IFN genes and thus restricting antiviral
function [68]. Pathogen-associated molecular patterns (PAMPs), including TLRs
(TLR3/7/9) present on different APCs, recognize the viral particles and get
activated [69,70]. Cytosolic receptors, including RIG-1/MDA-5, also recognize the
viral particles and trigger “several pathways, resulting in the production of
cytokines and chemokines that control viral infection [71]. Although DENV is a
weak inducer of type I IFN after infection in DCs, it still impairs the type I IFN
pathway and decreases the ability of DCs to generate a Th1-type immune response,
which enables viral persistence [72]. DENV can overcome host innate immunity
and can infect via two mechanisms: first by evading the collaboration between
PAMPs and PRRs, and the other by inhibiting various steps of the innate immune
response through the expression of inhibitory molecules, which directly blocks the
intracellular pathways required for type I IFN production and signaling [73].
Moreover, DENV NS4A potentially disturbs the induction of IFN by targeting
mitochondrial antiviral signaling protein (MAVS) [74]. NS4A binds to MAVS and

28



inhibits the binding of MAVS with RIG-1, and thus prevents IFN production. In
addition, NS4A associates with the N-terminal CARD-like (CL) domain and C-
terminal transmembrane domains of MAVS, as well as the third transmembrane
domain of NS4A, which is indispensable for binding to MAVS, suggesting that
NS4A is involved in DENV immune evasion through the inhibition of the MAVS-
mediated cellular response. Conserved viral RNA conformation is another DENV
escape strategy. DENV genomic RNA is capped at the 5’ end, similar to cellular
mRNA, which is post-transcriptionally capped at the 5’ end, encompassing one N-7
methylguanosine and one or two 2’-O methylguanosine. Hence, viral RNA
deficient in 2'-O-methylation will be recognized as non-self RNA, whereas DENV
lacking 2’-O methyltransferase activity enables an early innate immune response in
the host cells and replicates with a lower viral load than the wild type, and thus

escapes and stays under the radar in host cells [75].
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8. Dengue Serotypes Contribute to Disease Severity

Although the factors that determine how severe a DENV presentation is might
range from asymptomatic to severe, these factors are not well understood.
Pathogenesis theories primarily focus on interactions between the virus and its
host. Additionally, the host's genetic makeup, some virus strains, and the immune
system's reaction to a prior dengue infection predispose to worse results [76]. It has
been reported that DENV serotypes and their structural peculiarities also contribute
to pathogenesis [77]. As viral genetic factors govern its virulence and the
magnitude of viral replication determine disease severity, serotypes with higher
replication capacity trigger higher antibody production and may be associated with
more severe outcomes [78]. A study of 485 DENV cases in a locality in Brazil
highlighted the influence of DENV serotypes on clinical manifestations and
outcomes, of which 6.6% presented severe disease, which mostly belonged to the
DENV-2 serotype (32.3%) and less in DENV-1 (4.5%) and DENV-4 (6.4%),
suggesting that early serotype identification could be beneficial in preventing a
growing number of severe outcomes, especially during dengue outbreaks, by
predicting the health support required for early diagnosis and interventions [79].
Other studies also observed similar findings with an increased proportion of severe
outcomes, such as DHF and DSS in infections caused by DENV-2 [80]. DENV-2
appears to be a determinant factor for the emergence of severe dengue in different
global regions and epidemics with increased hemorrhagic cases in regions where
DENV-2 is the leading serotype; however, the mechanism of virulence is not well
defined. One of the possible factors is the stimulatory effect of DENV-2 on nitric
oxide production, instigating toxic and inflammatory effects, prompting apoptosis
in host cells [81]. Another contributing factor to the increased pathogenicity in
DENV-2 infections is its higher viral replication, leading to high viral load [82].
Prior reports of DENV in Thai children have reported that secondary DENV-2 is
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more likely to result in severe disease compared with other serotypes [83]. Other
data from a Nicaraguan cohort further confirmed that 29% of DENV-2 hospitalized
cases emerged as DHEF/DSS in the 2005/2006 season, while this percentage
upsurged to 63% across further seasons [77]. Overall, these studies indicate that
DENV-2 appears to be associated with severe outcomes. However, more recent
data involving a Vietnamese large cohort found that having a higher plasma
viremia during the febrile phase was associated with adverse outcomes such as
vascular leakage, severe dengue, and subsequent hospitalization regardless of
infection serotype or host immune status [84]. Nevertheless, DENV 2 carries the
greatest risk of adverse outcomes in this population as well, despite manifesting

lower daily viremia compared to other serotypes [84]:
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9. Diagnosis and control of DENYV infection

In patients who frequently report with acute start of fever, headache, body pains,
and occasionally rash spreading from the trunk and who live in or have recently
been to a disease-endemic area in the two weeks prior to symptom onset, DF
should be taken into consideration [85]. The diagnosis can be performed by
detecting the virus, viral nucleic acids, antigens, anti-DENV antibodies, or
combinations of these techniques [86]. In the early stages of the disease (seven or
less than 7 days after onset of illness), DENV infection can be diagnosed from
serum, plasma, circulating blood cells, or from other tissues by detecting viral
RNA with nucleic acids amplification tests, NS1 protein using some commercial
tests and viral isolation in mammalian or mosquito cell culture to further
genotyping and lineage for virus characterization [85]. DENV is thermally labile;
RNA detection and isolation of the virus are highly dependent on well-preserved
specimens for accurate diagnosis results [87]. The samples awaiting shipment to
the laboratory should be stored in-a refrigerator or freezer. That is, for storage up to
24 h, samples should be stored at 4-8 °C and for long-term storage samples should

be frozen in a — 70 °C refrigerator or liquid nitrogen container [88].

For patients with suspected DF disease, serum specimens during acute phases
(<7 days after onset of illness) would be collected and diagnosed by detecting the
viral RNA sequence by reverse transcription—polymerase chain reaction (RT-PCR)
or NSI protein and/or anti-DENV antibodies by enzyme-linked immunosorbent
assays (ELISA) or rapid point-of-care tests [89]. IgM antibody capture enzyme-
linked immunosorbent assay (MAC-ELISA) is used for the qualitative detection of
DENV IgM antibodies starting 4-5 days after onset of symptoms and is also
reliably detectable for approximately 12 weeks. The MAC-ELISA is based on
capturing human IgM antibodies on a micro-titer plate using anti-human—IgM
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antibody followed by the addition of DENV antigens derived from the envelope
proteins of the four serotypes. Plaque Reduction Neutralization Tests (PRNTSs) that
detect specific neutralizing antibodies against DENV and other flavivirus are
performed on IgM positive patients to determine the cause of infection or to rule
out other flavivirus, such as ZIKV, YFV and, in some cases, to determine the
infecting DENV serotypes [86, 85]. Moreover, the recent development of ELISA
and dot blot assays targeting the E/M and NS1 antigens has demonstrated that high
levels of these antigens in the form of immune complexes are detected in patients
with both primary and secondary dengue infections up to 9 days after the onset of
illness. The NS1 glycoprotein is produced by all flavivirus, secreted by mammalian
cells, and generates a very strong humoral response, so that detection of NSI
allows early diagnosis of dengue virus infection, although serotypes are not
differentiated [88]. The nested RT-PCR protocol was developed using universal
dengue primers targeting the C/prM region of the genome for the initial reverse
transcription and amplification step, followed by a nested PCR amplification for
identification of the infecting serotype-specific qualitatively [90]. Moreover, the
combination of the four serotype-specific oligonucleotide primers in a single
reaction tube which utilizes one-step multiplex RT-PCR was an interesting
alternative to the nested RT-PCR [91]. The advancement of RT-PCR into real-time
(rRT-PCR) by incorporating dyes and probes (SYBR green and TaqMan) in a
single step is capable of providing quantitative data [92]. The presence of the virus
by rRT-PCR or NS1 antigen in a single diagnostic sample is considered laboratory-
confirmed dengue in patients with compatible clinical and travel histories [85]. For
patient illness of more than 4 days after the onset of fever, DF can be diagnosed by
testing serum for IgM antibodies produced against DENV using MAC-ELISA,
whereas for patients presenting within the first week after fever, testing for DENV

should include detection of rRT-PCR or NS1 and IgM [85].
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After the acute phase of infection has subsided or after 7 days of fever onset,
detection of IgM antibodies is the preferred method of diagnosis using ELISA and
hemagglutination inhibition (HI), although NS1 has been reported positive up to
12 days after fever onset [88, 93]. If the DENV infection occurred in a person who
had no previous flavivirus infections or had not been vaccinated against flavivirus,
such as ZIKV, YFV, JEV, and TBE, patients would develop a primary antibody
response which slowly increases for a limited time long [89]. The IgM isotype is
the primary emerging antibody and detection rate in serum is increased as follows:
by days 3-5 after the disease onset, it is detected in 50% of patients, by day 5
detection increased to 80% of patients and by day 10-99% of patients [88]. During
DENV infection occurs in a place, where other potentially cross-
reactive flavivirus such as ZIKV, WNV, YFV, and JEV are not a risk, a single
serum sample IgM test result strongly suggests a recent DENV infection and
should be presumed confirmatory for-DF [93]. The IgM level peaks at about
2 weeks after disease onset and declines to undetectable levels after 2—3 months.
Contrarily, IgG started to be detected at low titers in serum, usually at the end of
the first week of onset, and slowly increases thereafter and is detected after months

and even years [88].

During secondary DENV infection or after vaccination or infection with a non-
dengue flavivirus, the IgG isotype antibody titers rise rapidly; the predominant
antibody isotype is detected in secondary infection with high levels in an acute
phase and lasts 10 months and sometimes lifelong [89]. During the convalescent
phase, IgM antibodies can be reliably detected but negative for viral RNA or NS1
test [85]. The IgM levels during early convalescence are significantly lower within
secondary than primary infections and may be undetectable depending on the tests

used. Hence, IgM detection is a reliable serological diagnostic test target in
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primary DENV infections [94]. IgM/IgG antibody ratios and HI tests are used to
distinguish between primary and secondary dengue infections [95]. IgM and IgG
anti-DENV antibodies detection are useful to confirm recent or past infection,
because where IgM can be formed about 1 week after infection and reaches their
peak 2—4 weeks after the onset of disease, the formation time of I1gG level is longer
than that of IgM but IgG will stay in the body for many years [86]. The presence of
IgM indicates a recent infection; the presence of IgG indicates a previous DENV
infection. Similarly, during the clinical course, the IgG/IgM ratio plays an
important role in differentiating DENV infection. A ratio of 1.10 or higher is found
the optimal cutoff point for differentiating secondary from primary DENV
infection [96].

DENV can be isolated from serum, plasma, and peripheral blood mononuclear
cells and obtained from tissue autopsies (e.g:, liver, lung, lymph nodes, thymus, or
bone marrow), although specimens for isolation should be collected early in the
infection process and during the viremia stage (usually before the 5" day) [97].
Cell culture is a widely used method to isolate DENV as a golden standard for
DENV infection diagnosis, using the mosquito cell lines C6/36 (cloned
from Ae. albopictus) or AP61 (a cell line from Ae. pseudoscutellaris) and rarely
and mammalian cell cultures, such as Vero, LLCMK?2, and BHK21. Consequently,
the viral RNA genome sequencing is performed for the genotyping of the serotypes

and to characterize the molecular epidemiology of DENV infections [98, 99].
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Rapid diagnostic tests (RDTs) for detecting NS1 protein antigen, IgM, IgG, and
IgA antibodies have been developed by many commercial companies and are
widely used due to their ease of use and rapid results. In many DENV endemic
settings and areas with limited laboratory diagnostic resources, RDTs provide
opportunities for point-of-care diagnosis, as well as secondary infection or
convalescent timepoints after recent infections [100]. The IgM-based RDT format
alone is not sensitive enough for acute DF diagnosis. On the other hand, the IgG-
based RDT format is not recommended for diagnosing of acute DF, because IgG
antibodies persist for lifelong and are more likely to be misdiagnosed as false-
positive. The NS1 antigen-based RDTs are important part of modern point-of-care
diagnostics, but are sensitive only in the early stages of infection and are not
suitable for single use in epidemic settings, where late clinical manifestations may

occur [101].

Careful medical detection and monitoring of patients with DF can significantly
reduce mortality from severe dengue [102]. Currently, there is no specific
treatment for DENV infection. Symptoms of muscle pain, fatigue, and fever can be
relieved and reduced by treatment with acetaminophen or pain relievers, such as
acetaminophen. Non-steroidal anti-inflammatory drugs (NSAIDs), such as
ibuprofen and aspirin, are not recommended, because these anti-inflammatory
drugs have a blood losing effect and blood anticoagulants that can worsen the
prognosis of diseases with a risk of hemorrhage. For severe DF, medical care by
doctors and nurses familiar with the effects and course of the disease can reduce
mortality from more than 20% to less than 1% by maintaining patients' fluid
volume, essential for the management of severe DF [86, 103, 88].
Currently, Dengvaxia® is the only DENV vaccine approved and in use in the

United States for children ages 9 to 16 with laboratory-confirmed evidence of
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previous DENV infection and living in areas, where DF is common [93]. Control
of DF/DHF relies primarily on the use of insect repellents, wearing long sleeves
and long trousers, and mosquito repellent inside and outside the home. According
to the Global Vector Control Response (GVCR) noted, epidemiological
surveillance with case detection and control, and entomological surveillance and

control would be pillars to prevent and control DENV infections [104].
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Conclusion
Over the years, extensive research has been done on the dengue virus to better
understand the etiology and cure the related DHF and DSS diseases. We made an
effort to compile in this review both the DENV research areas that have already
received attention and those that still need it. Finding potential DENV antivirals
that are effective against all DENV serotypes requires an understanding of the
coordination of cellular responses as well as the modification of the host's
resistance. The fact that several medicinal herbs can lessen the effects of the
DENV further supports the need for more research in this area. Together, these
reviews seek to clarify the numerous facets of the DENV lifecycle and
pathogenesis, presenting fresh perspectives on the virus's exacerbation and the
host's vulnerability. Although there is a wealth of information regarding DENV, it
is only the tip of the iceberg, since numerous functions of viral proteins and the
control of viral genome conformation in DENV multiplication are being
researched to demonstrate their superiority. The body's immune system serves as
its main line of defense against the dengue virus. The innate and adaptive immune
systems work together to combat the dengue virus when someone is afflicted. B
cells create antibodies that selectively bind to and destroy foreign viral particles,
and cytotoxic T cells identify and eradicate dengue virus-infected cells. Individuals
who later contract a different strain of the dengue virus may undergo "antibody-
dependent enhancement." When the immune response worsens the dengue's

clinical signs, the chance of a severe dengue infection increases.

Both host and viral factors, such as nonstructural proteins, subgenomic RNA,
genome variation, immune cells and their soluble components, antibody-dependent
enhancement, and the presence of cross-reactive T cells, contribute to the

pathogenesis of dengue infection. Although there are still some unanswered
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questions, advances in our knowledge of the immunological processes involved in
viral clearance and illness severity may eventually lead to the creation of DENV
vaccines that offer strong protection. Further evidence that despite recent advances
in our understanding of DENV infection, we are still behind in our understanding
of dengue-associated immunopathogenesis and that more research is necessary to
fully characterize innate and adaptive immune cells and their relationships to
disease severity is provided by the fact that there are currently no specific

treatment options available for these patients.
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