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Abstract

Purpose of review Dengue virus (DENV) infections are a global health emergency. Humans
can experience multiple DENV infections, owing to the presence of four antigenically
distinct DENV serotypes, DENV1-4. DENV infection results in a spectrum of disease,
ranging from mild and self-limiting to severe and life-threatening illness. Currently, one
dengue vaccine is approved, although with modest efficacy, so dengue-directed thera-
peutics are still needed to minimize the disease burden. The current standard-of-care
treatment for dengue is only supportive but there is a pipeline of therapeutic treatments
that are in development.

Recent findings In the past decade, many promising anti-dengue drug targets have been
identified. Antivirals directly influencing the virus replication cycle or immune modulatory
drugs with host targets that affect inflammation have been explored. Recently, targeting
mast cells (MCs) or MC products has also emerged as a promising treatment option for
dengue-associated vascular pathologies. Several human clinical trials have been conduct-
ed or are ongoing to test the efficacy of various therapeutics with an end-goal of treating
dengue. Special emphasis is given to safe and tolerable drugs, which could be re-purposed
and introduced into clinical practice quickly.

Summary This review highlights the current standard-of-care treatment for dengue and
discusses various antiviral and host target drugs that are currently being pursued at
various stages of preclinical and clinical development.
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Introduction

Dengue fever epidemiology
Dengue disease, known as dengue fever, is caused by
infection with dengue virus (DENV), which is a member
of the genus Flavivirus of the family Flaviviridae. Like other
members of its family such as Zika virus and Japanese
encephalitis virus (JEV), DENV is an enveloped single-
stranded, positive-sense RNA virus [1]. The number of
DENV cases remains difficult to quantify, with recent
estimates putting the number at nearly 400 million an-
nually, with a quarter of these being symptomatic [2e].
Dengue cases have been identified in over 100 countries;
only a fraction of which were affected by DENV 50 years
ago, highlighting the rapid emergence of the disease [3].
This has been attributed to several factors, including rapid
urbanization, increased international travel, and obsta-
cles to controlling the mosquito population [4, 5]. The
main route of transmission to humans is through the bite
of a DENV-infected mosquito, particularly the Aedes spe-
cies, Aedes aegypti and Aedes albopictus [5]. This partially
explains the locations where dengue disease has been
identified, as these areas are where mosquitos can thrive.
Due to improvements in recognizing dengue disease
and prompt treatment, the global mortality rate has de-
creased. One study examining dengue outbreaks from
1990 to 2015 noted that though mortality was 1.9%
before 2010, it decreased to 0.7% thereafter [6], though
the overall incidence of dengue has been increasing [7].
Of the one-quarter of infected individuals that are symp-
tomatic, a smaller proportion will progress to severe den-
gue, known as dengue hemorrhagic fever (DHF) and
dengue shock syndrome (DSS) [8]. Rates of DHF/severe
dengue vary in different regions of the world and with
different outbreaks but are around 5% of symptomatic
cases [8]. Severe dengue, if appropriately treated, has low
mortality rates [9]. However, due to a large number of
infected patients per year, there are an estimated 10,000
dengue-related deaths annually [7]. It is important to
note that the rates of DENV infection can fluctuate de-
pending on seasonal and cyclical patterns. Seasonal pat-
terns are thought to be due to the weather conditions
permitting mosquito growth [10], while cyclical patterns
can result from changes in the immunity of the popula-
tion for DENV [11] as well as the emergence of different
virus strains which are more pathogenic [12].

Clinical course of disease
DENV is transmitted through the bite of an infected mos-
quito. Following an incubation period of 4-6 days,

patients may start to develop common flu-like symptoms
such as fever, myalgia, headache, and rash [8]. The level of
viremia is highest during the febrile phase, with a resolu-
tion as the fever lyses [13] (Fig. 1). Thrombocytopenia, or
areduction in platelet counts, is a sign that appears early in
the febrile phase and is highly suggestive of DENV infec-
tion, with more than 80% of patients experiencing throm-
bocytopenia [14]. Possibly due to the reduction in plate-
lets, bleeding dyscrasias may occur, such as gum bleeding,
petechiae, or more rarely and in the context of more
moderate/severe disease, purpura, epistaxis, ecchymosis,
gastrointestinal bleeding, or hypermenorrhea [15, 16]. Pa-
tients often feel lethargic and experience headache, classi-
cally retro-orbital, and arthralgia. Other laboratory findings
include leukopenia and raised liver enzymes. The febrile
phase lasts between 2 and 7 days, following which is the
critical phase, where severe dengue may develop [8, 15].
In 2009, the World Health Organization (WHO)
released new guidelines classifying dengue disease into
three broad categories: dengue with and without warn-
ings signs and severe dengue. Some warning signs in-
clude enlargement of the liver, known as hepatomegaly,
fluid accumulation, and mucosal bleeding. The signifi-
cance of these warning signs is that they indicate the
likelihood of progression to severe dengue, which can be
lethal if untreated [17ee]. “Severe dengue” replaced the
older terminology of dengue hemorrhagic fever (DHF)
and dengue shock syndrome (DSS), which were charac-
terized by severe bleeding and circulatory compromise
with fluid accumulation due to vascular leakage respec-
tively. Due to this, depending on clinical and laboratory
findings, patients may be admitted for monitoring and
treatment, as death from dengue can be reduced with
good supportive care [17ee]. Death from dengue occurs
mostly due to shock, attributed to leakage of the intra-
vascular volume into the extravascular space following
an increase in vascular permeability, and severe bleeding
such from the gastrointestinal tract. The mortality rate
can be as high as 10% to under 1%, depending on the
location due to the access and quality of care available
[6, 9, 18]. Additionally, other comorbidities such as age
and risk factors such as hypertension and diabetes in-
crease the likelihood of mortality [19]. This suggests that
both host and viral factors play a role in determining
disease severity and outcome [16]. Following the critical
phase, the recovery phase marks the improvements in
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Fig. 1. The progression of clinical dengue disease. In humans, DENV infection begins with a mosquito bite, followed by an
incubation period of 4-6 days before fever onset. Other common symptoms include rash and headache. The febrile phase lasts for
2-7 days during which peak viremia correlates with a high fever. Thrombocytopenia is a hallmark feature of clinical dengue disease
and begins as fever develops. At the onset of fever and viremia, there is an opportunity for the diagnostic confirmation of DENV

infection. As viremia is subsiding, some patients may develop a severe form of dengue disease, also known as DHF and DSS, resulting
in the possibility of death. A secondary infection with a heterologous DENV strain results in viremia that is shorter, owing to the
presence of a cross-reactive immune response generated against a previous DENV strain. The risk of severe dengue is enhanced

during a secondary heterologous DENV infection

the patient’s symptoms. In cases of vascular leakage and
thrombocytopenia, there is the resolution of extravasat-
ed fluid and recovery of platelet counts.

Diagnosis of dengue infection

Dengue disease may be suspected with signs and symp-
toms consistent with the initial presentation of DENV
infection, including flu-like illness, fever, and myalgia
[15], particularly during a DENV outbreak or in endemic
areas. However, early diagnosis allows for clinical per-
sonnel to be aware of the potential for severe infection in
the later course of the disease, permitting close monitor-
ing. Several methods have been utilized to identify
DENV infection. Two traditional virologic approaches,
virus isolation through inoculation of either mosquitoes
or cell lines and the plaque reduction neutralization test
[20], are no longer routinely practiced due to the long
and labor-intensive laboratory protocols they require.
Currently, three methods are commonly utilized for

Treatment options

diagnosis: nucleic acid-based techniques, antigen detec-
tion, and serological tests [21] (Fig. 1). While detection
of viral products can be done early in the disease course,
IgM and IgG against DENV usually appear only after 3—
6 days of infection [8]. Commercial kits for each of these
methods have been produced and are now commonly
used for the diagnosis of dengue with high sensitivity
and specificity, with results available within the day [22].
While nucleic acid-based techniques have the benefit of
being highly sensitive and able to identify the serotype
of DENV causing the infection [23], which is beneficial
for surveillance, these molecular tests require the re-
sources of sufficient laboratory equipment and skill.
Currently, commercial kits for detection of DENV IgM
and NS1 antigen are available and tests can be done
rapidly in the outpatient setting [24e, 25]. Thus, the
choice of the test to use will depend on multiple factors,
such as duration of illness and cost and availability of a
testing laboratory.

Current standard of care

There are very limited treatments available for dengue disease. The updated
treatment guidelines proposed by the WHO [17e¢] focus on two aspects:
symptomatic therapy and fluid administration. Symptomatic therapy is limited
to acetaminophen as an analgesic and antipyretic. Use of aspirin and non-
steroidal anti-inflammatory drugs is discouraged due to their antiplatelet
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activity, which could aggravate the bleeding risk due to thrombocytopenia.
Fluid administration depends on the status of the patient. In mild cases and if
the patient is able, oral administration is sufficient, though patients should be
regularly reviewed [26]. In more severe cases, such as following the develop-
ment of warning signs, hospitalization and administration of fluids by the
intravenous route will be necessary. Both crystalloids and colloids have been
evaluated for the treatment of DENV infection. Crystalloids are preferred due to
the reduced risk of coagulopathy and allergy [27ee]. However, colloids have
been shown to be more efficacious in the setting of severe shock, particularly in
terms of hematocrit and blood pressure [28]. Administration of albumin in
crystalloid refractory shock has been shown in an observational study to be
beneficial [29]. The added benefit of hospitalization is the ability to monitor the
patient closely for progression to severe disease, particularly through serial
laboratory investigations [30, 31e], since the onset of shock can occur rapidly
within a few hours of warning signs. Various clinical scoring systems have also
been proposed, based on a mix of vital signs, clinical findings, and laboratory
investigations [30, 32], though none have been standardized and utilized
globally.

In the case of severe dengue, manifested by severe bleeding or vascular
leakage, more aggressive fluid administration will be required, potentially
combined with blood transfusion. In this context, avoiding potential sources
of bleeding is key, and patients should avoid unnecessary interventions and
reduce the risk of trauma. It is important to ensure that despite shock during
severe dengue secondary to intravascular depletion due to vascular leakage,
fluid resuscitation still needs to be well-titrated. Patients can develop fluid
overload manifested by pulmonary edema or ascites during the recovery phase
if the excessive fluid was administered [33].

Development of therapeutics targeting the virus

The goal for therapeutics for DENV infection is to create an antiviral that could
inhibit viral replication, reduce transmissibility, or reduce disease severity.
Ideally, a drug for DENV should have a good safety profile and can be taken
orally, as the majority of patients have mild symptoms. In the case of reducing
disease severity, an issue lies with the short duration of illness, meaning that
patients will have to be identified early in order to be able to receive this
therapy. The same is true for an antiviral that targets viral replication and
transmissibility, as symptomatic patients are already rapidly clearing the virus
[13]. Moreover, warning signs appear later in the disease course when viremia
has already subsided making it difficult to predict early which patient will suffer
from severe dengue disease. These requirements have made finding treatment
for DENV difficult. A number of drugs have been tested in humans, none with
any success thus far, though there are still several drugs under investigation.
These drugs in development include those targeting viral factors or and those
targeting host factors. As viruses are obligate intracellular parasites and they rely
on the host cellular machinery to replicate, making drugs that target host
proteins involved directly in virus replication a promising strategy for therapy.
While host protein-directed antiviral strategies have the limitation that the host
proteins or pathways influenced by the drugs may be adversely impacted,
resulting in the potential of side effects or even toxicity, there is also an
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advantage because of the limited ability of the virus to acquire resistance
mutations. Antivirals with both DENV and human host targets as mechanisms
of action are discussed below (Table 1).

Antiviral drugs

The genome of DENV measures around 11 kilobases with a single open reading
frame. The viral genome encodes 10 proteins: 3 structural proteins (capsid
protein C, membrane protein M, and envelope protein E) and 7 nonstructural
proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) [1]. The viral proteins
help in the assembly of a viral replication complex and, therefore, are prime
targets of antiviral drug discovery. One potential strategy to treat dengue is to
reduce viral replication. Due to levels of viremia correlating with severity [13], it
was believed that reducing viremia would allow for treatment of disease. A
number of viral proteins have been identified as therapeutic targets. As an RNA
virus, DENV relies on its RNA-dependent RNA polymerase for replication [1].
The nucleoside analogue balapiravir was first designed to inhibit the RNA
polymerase of hepatitis C virus [34]. Due to the similarity between the RNA
polymerases of both hepatitis C and DENV [35], it was believed that balapiravir
would be an effective antiviral. Though in vitro data supported its antiviral
ability, a clinical trial failed to show any benefit in viremia and duration of
illness [36]. A follow-up study suggested that this was due to poor conversion of
balapiravir to its active form, suggesting under-dosing as the reason for treat-
ment failure [37]. Similarly, NITD-008, a nucleoside inhibitor targeting RNA-
dependent RNA polymerase, showed a strong inhibitory effect against all 4
DENV serotypes both in vitro and in vivo [38]. However, its development was
halted due to the acute renal toxicity observed in preclinical studies. Other virus-
specific drug targets that are currently being explored include NS2b, NS3, NS4b,
and capsid proteins [39-41], affecting various stages of the virus replication
cycle. Screening of large compound libraries has also enabled the identification
of many potential inhibitors of viral proteins [42]. These are still in a nascent
stage, with hopes that several could be beneficial in treating dengue.

Another target that has recently gained attention as a DENV antiviral is an
enzyme o-glucosidase, which is necessary for N-linked glycosylation of viral
prM and E proteins [43]. Absence of N-linked glycosylation reduced the infec-
tivity and release of DENV from host cells [44]. Celgosivir, an alpha-glucosidase
antagonist demonstrated impaired folding and trapping of viral NS1 in the
endoplasmic reticulum and provided protection against lethal DENV challenge
in mice [45]. Though DENV-infected mice treated with celgosivir had reduced
viremia and a mortality benefit, a phase 1b randomized placebo-controlled trial
failed to show a clear benefit in reducing viremia or disease course [46].
Subsequent studies on the drug pharmacokinetics and dosage suggested that
increasing the drug dosage may improve the efficacy of this drug [47, 48].

Statins are a class of drugs that inhibit cholesterol synthesis by interfering with
the enzyme HMG-CoA reductase. Apart from their lipid-lowering ability, statins
possess anti-inflammatory properties [49]. Due to the importance of membrane
lipids in the Flavivirus life cycle, it was hypothesized that statins could interfere
with viral replication [50]. Supporting this, studies in a mouse model of dengue
infection demonstrated that statins have both antiviral and anti-inflammatory
properties [51]. However, a clinical trial assessing lovastatin in DENV infection
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Table 1. Therapeutics that have been evaluated as treatments of dengue disease

Drug name

Target

Treatment options with possible benefits or conflicting data

Anti-D immune
globulin

Vitamin E

Steroids

Mast cell stabilizers

Celgosivir

Ivermectin

Rupatadine

Papaya leaf extract

Reduction in
thrombocytopenia by
preventing autoimmune
destruction of platelets

Unclear mechanism.

Can act as an antioxidant.

Anti-inflammatory agent

Prevent mast cell degranulation
and release of vasoactive
products

Viral replication through
inhibition of a-glucosidase

Antiviral agent that inhibits

host nuclear import receptors
Dual PAF and

histamine-1-receptor antagonist

Antiviral and anti-inflammatory
agent

Preclinical data

Nil

Nil

Nil

Reduced vascular leakage in mouse

models of DENV infection

Reduced viral replication in
vitro. Provided protection
against lethal DENV challenge
in mouse model

Reduced viral replication in vitro

Reduced vascular leakage in
mouse model of DENV
infection

Reduced viral replication
in vitro. Reduced production
of proinflammatory cytokines
in vivo

Clinical data

Randomized placebo-controlled
trials have shown faster
recovery in platelet counts.

One randomized placebo-controlled
trial (n=66) showed faster
recovery in platelet counts.
Another randomized
placebo-controlled trial (n=127)
did not show an effect in platelet
counts but showed less liver
enzyme derangement in
treatment group

Multiple clinical trials testing
different steroid regimes have
reported conflicting results with regard
to survival benefit, which could be
due to the varied regimes and
patient selection. However,
steroids are not beneficial for
treatment of thrombocytopenia.

Clinical trial in progress (NCT02673840)

Randomized placebo-controlled
trial (n=50) failed to show
improvement in viremia and
disease course. Acknowledging
the possibility of failing to
achieve a therapeutic dose,

a new clinical trial has been
planned to assess a higher
drug dose (NCT02569827).

Clinical trial in progress (NCT02045069)

Randomized placebo-controlled
trial (n=183) did not show
reduction in leakage but
improved platelet counts
and liver enzyme values.

Two randomized placebo-controlled
trials showed an improvement
in platelet counts
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Table 1. (Continued)

Drug name

Target

Treatment options with unlikely benefit

Platelet transfusion

Balapiravir

Statins

Chloroquine

Restore platelet counts

Viral replication by
RNA polymerase

HMG-CoA reductase inhibitor

with antiviral an

anti-inflammatory properties

Antiviral through inhibition
of proteolytic processing

of viral proteins.

Anti-inflammatory properties.

Preclinical data Clinical data

None Multiple clinical trials have
shown no reduced bleeding
risk. Increased risks of
adverse events have been
reported.

targeting Reduction in viral replication Randomized placebo-controlled
trial (n=64) failed to show
improvement in viremia,
symptoms, and disease

severity

in vitro.

Reduced mortality in lethal
mouse model of DENV
infection.

Randomized placebo-controlled
trial (n =300) failed to show
improvement in viremia,

d

symptoms, or disease severity

Reduced viremia, proinflammatory
cytokine production, and
transaminitis in a monkey
model of DENV infection.

Two randomized placebo-controlled
trials failed to show any benefit
in disease progression. Viremia
was not assessed.

failed to demonstrate any benefit in viremia or disease course, though the authors
acknowledged that the study may not be adequately powered [52].

Chloroquine is most well known for its role as an anti-malarial. In the
context of DENV, it has been demonstrated to inhibit virus replication by
preventing the proteolytic processing of viral proteins [53]. In addition, similar
to statins, chloroquine has an added anti-inflammatory function that could
theoretically also be of clinical benefit [ 54]. These two properties of chloroquine
were demonstrated in vivo in a monkey model, demonstrating reduced inflam-
mation and viremia [55]. However, one randomized placebo-controlled hu-
man trial failed to demonstrate any benefit of chloroquine treatment in viremia
[56]. With regard to disease course, one study suggested an improvement in
patient symptoms [57] while the other showed the opposite, with more adverse
effects in the chloroquine-treated group [56]. Overall, neither study showed any
significant improvement in disease progression to severe dengue.

Ivermectin, an anti-parasitic drug, commonly used to treat nematode infections
such as river blindness, filariasis, scabies, and others, was shown to have anti-
DENV antiviral activity [58]. The antiviral activity of ivermectin relies on its ability
to inhibit host nuclear import receptors, importin o and B, which play a crucial
part in DENV replication [59, 60]. A clinical trial is currently being conducted to
assess the efficacy of ivermectin against dengue disease (NCT02045069).

Monoclonal therapeutics

Due to recent gains in our knowledge of virion and virion-antibody complexed
structures, monoclonal antibodies are emerging as promising therapeutics
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against dengue. These antibodies either target viral surface glycoproteins, thus
preventing either viral attachment [61] or fusion with the host membrane [62],
or they target viral NS1, which has been implicated in disease pathogenesis [63].
NS1 targeting with monoclonal antibodies was shown to improve survival in an
immune-compromised mouse model of DENV disease [64], but this has not
yet been investigated in humans. There are examples of monoclonal human
antibodies targeting both linear and quaternary DENV E protein structures that
result in viral neutralization. Generally, these antibodies can neutralize specific
DENYV serotypes. For example, antibodies 14c10, 1F4, 4CAU, and 4C2I can
neutralize DENV1 by binding to the hinge region of the E protein domains I
and II [65¢]. Similarly neutralizing only one serotype, antibodies 5J7 and 3J6U
can neutralize DENV3 [65¢]. Antibodies targeting the E protein dimer and
domain III also can be neutralizing and can be either type-specific (e.g., 4UIF,
5A1Z, and 4UIH against DENV2) or group reactive (e.g., 4UTB and ab513
against DENV1-4) [65¢]. The recent advances in our knowledge of monoclonal
antibodies that could provide protection or potentially enhance the severity of
dengue disease have been extensively discussed elsewhere [65¢, 66, 67]. Several
of these antibodies have shown in vivo efficacy in animal models; however,
none have yet progressed to clinical stages of development.

Development of therapeutics targeting the host

As severe dengue disease is thought to be largely immune-mediated, additional
therapeutic strategies have been proposed and tested that are designed to
mitigate the pathological host response to DENV.

Corticosteroids are widely used in autoimmune diseases due to their ability
to suppress host inflammation [68]. Increased levels of proinflammatory cyto-
kines are correlated with disease severity [69], suggesting a role for inflamma-
tion in tissue damage and vascular leakage. Despite a large number of clinical
trials being carried out, data regarding the efficacy of steroids has been unclear.
Steroids are an efficacious treatment for immune thrombocytopenic purpura
(ITP), wherein there is autoimmune destruction of platelets [70]. Thrombocy-
topenia in dengue was similarly thought to be due to an autoimmune mech-
anism in which autoantibodies against platelets result in their destruction [71,
72]. Two placebo-controlled studies looking at whether steroids could be
beneficial in the treatment of thrombocytopenia failed to show any efficacy
[73, 74]. Though there is now consensus that steroids are not useful for treating
thrombocytopenia during dengue infection, there are some discordant data
with regard to the utility of steroids for treating severe dengue, particularly in
patients with shock. A retrospective review of patients receiving steroid treat-
ment suggested some benefit [75]. Conversely, more recent studies showed no
mortality benefit during severe dengue with steroid administration [76, 77].
Due to the lack of clear support for steroid efficacy and the theoretical risks of
immunosuppression, they are currently not recommended for the treatment of
dengue [17°%]. However, these clinical studies have highlighted that there are
minimal side effects with steroid administration during dengue [78].

As mentioned previously, thrombocytopenia was thought to be due to the
autoimmune destruction of platelets [71, 79]. Hence, it was proposed that the
immune modulating capability of intravenous immunoglobulin (IVIG) might
be beneficial in the treatment of dengue disease. These antibodies are pooled
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from several healthy donors. A randomized placebo-controlled trial testing the
efficacy of IVIG failed to demonstrate any benefit in platelet counts [80].
However, in some individual cases, IVIG has been beneficial in restoring
platelet counts [81], which might reflect the potential of thrombocytopenia to
be caused through varied mechanisms. A common trend in which IVIG has
been beneficial has been in atypical presentations, particularly prolonged
thrombocytopenia, beyond the typical duration of 7-10 days. Better patient
stratification and understanding of the disease process might identify patients
who would benefit from this treatment. While IVIG has shown limited benefit,
another antibody therapy, anti-D immune globulin, has shown greater benefit
in treating thrombocytopenia. This antibody targets the Rho(D) antigen present
on red blood cells and was first used to prevent hemolytic disease of the
newborn [82]. Randomized placebo-controlled trials have shown faster recov-
ery in platelet counts in anti-D immune globulin treated patients [83, 84].
However, an issue with this treatment would be the risk of side effects such as
hemolysis and its efficacy in only Rh™ patients, which would limit its wide-
spread use. Furthermore, both IVIG and anti-D immune globulin represent
expensive treatments, which would restrict their use in communities with
limited resources.

In the event of hemorrhage, blood transfusion may be necessary. Since low
platelet counts could contribute to hemorrhage, it was initially thought that
platelet transfusions could be useful. However, multiple studies have highlight-
ed that there is no benefit in platelet transfusions [85], with some showing an
increased risk for adverse events such as allergy [85, 86]. One study has identi-
fied that platelet transfusion can also delay the normalization of platelet counts
[87]. Thus, strong clinical necessity needs to be present before platelet transfu-
sions are carried out in dengue patients [88].

Targeting mast cells to reduce vascular leakage and thrombocytopenia

An increasing number of studies have implicated mast cells (MCs) and products
released by them in worsening dengue disease. MCs are immune cells that
reside in nearly all tissues and frequently surround blood vessels [89]. At the
site of infection in the skin, MCs are poised to be able to react to DENV infection
following a mosquito bite and respond by degranulation, which involves the
release of pre-formed mediators including proteases and anti-coagulants, as
well as the de novo synthesis of cytokines and lipid mediators [90, 91]. MCs
also interact with T cells to promote viral clearance at the cutaneous infection
site [92]. However, in contrast to this early beneficial role of MCs in virus
clearance, when the infection becomes systemic, excessive release of MC medi-
ators was shown to promote vascular leakage in mice [93e, 94]. In human
dengue patients, an increase in serum levels of the MC-specific protease,
chymase, was found to occur with dengue but to be highest in severe DENV
cases (DHF/DSS) compared to the milder dengue fever [31e, 93e]. Since MC
proteases have been shown to promote vascular leakage through their actions
on the endothelium, it suggests that the release of MC products may directly
promote the vascular signs of severe dengue [93e]. Consistent with this data,
vascular leakage in a mouse model of DENV infection was absent in MC-
deficient animals and when MC activation was blocked by drugs in the class
of “mast cell stabilizers,” including ketotifen and cromolyn, which have been
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approved for use to treat allergic conditions including allergy and asthma [93e].
Currently, a clinical trial is underway to assess the efficacy of ketotifen in
reducing vascular leakage during dengue disease (NCT02673840).

Many vasoactive lipid mediators are released by activated MCs, including
leukotrienes and platelet activating factor (PAF) and, in addition to MCs, these
can also be released by activated endothelium and other immune cell types. In
mice, a leukotriene inhibitor, montelukast was effective in reducing DENV-
induced vascular leakage [93¢], as was a PAF-inhibitor. PAF had previously
been implicated in DENV-induced vascular leakage in animal models [95].
Promisingly, a recent preliminary clinical trial tested the efficacy of the drug
rupatadine, an orally available drug that has dual PAF and histamine-1-receptor
blocking activities [96e]. Although the primary study endpoint of reduced
development of pleural effusions or ascites was not met, post hoc analyses
revealed significantly higher platelet counts, lower levels of liver enzymes that
could indicate lesser tissue damage, and smaller volume effusions on certain
days of the study protocol, suggesting that further studies are needed to fully
assess the utility of the drug against dengue vasculopathy [96e].

Aside from PAF, other inflammatory mediators that regulate the MC-platelet
axis and coagulation are of interest as possible therapeutic targets. One such MC
product, the monoamine serotonin, was recently shown to be required in vivo
for DENV-induced thrombocytopenia [97¢]. The reduction in platelets was
reversed when mice were treated with 5HT2 receptor inhibitory drugs
ketanserin or sarpogrelate, which target the receptor for serotonin on platelets.
Inhibition of serotonin reuptake by platelets using fluoxetine also prevented
thrombocytopenia [97¢]. Although further testing in humans is needed, these
studies suggest that MCs or their mediators are important drug targets in
treating severe dengue pathologies, including vascular permeability, plasma
leakage, and thrombocytopenia.

Other potential therapies

Conclusions

Papaya leaf extracts (PLE) have been suggested to have a diverse range of
beneficial activities during dengue disease. Although shown to have no direct
antiviral activity [98], it possesses anti-inflammatory and platelet augmenting
activities in vitro and in vivo [99, 100]. Treatment with PLE in humans showed
increased platelet counts during dengue disease [101, 102]. However, the exact
mechanism through which platelets are restored is unknown and further studies
are needed to identify compounds present in the PLE that may have therapeutic
potential against dengue disease. Recent studies also highlight the potential of
vitamin E supplementation in dengue disease. Vitamin E supplementation on
top of standard therapy has been shown to be beneficial in clinical trials,
reducing derangements in liver function [103] and promoting recovery in
platelet counts [104] during dengue infection.

The current mainstay of treatment for DENV infection remains supportive care.
It is difficult to predict dengue severity since warning signs appear late in the
disease. Therefore, hospitalization can improve the disease outcome due to the
ability to monitor disease progression and using appropriate interventions.
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Currently, appropriate fluid management is the best way to reduce mortality.
Ideally, a drug that can reduce the spread of infection and/or limit the risk of
severe disease could dramatically improve health outcomes. However, a barrier
to developing targeted therapeutics remains our limited understanding of
dengue disease pathogenesis, which is likely to be multi-factorial and involve
both virus-intrinsic factors and the host response. Further understanding of the
disease process will allow for the identification of better targets for therapy.
Though there have been recent advances in vaccines and vector control, effective
targeted dengue therapeutics are still urgently needed and would reduce the

health and economic burdens of disease.
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