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ABSTRACT: Mosquito-borne viruses encompass a wide range of pathogens, such as dengue and Zika viruses, that often
cocirculate geographically. These viruses affect hundreds of millions of people worldwide, yet no clinically approved therapy is
currently available for treating these viral infections. Thus, innovative therapies, especially inhibitors with broad antiviral
activities against all these viruses, are urgently needed. While traditional therapeutic strategies mainly focus on inhibiting viral
replication in a “one lock, one key” manner (e.g, viral protease and polymerase inhibitors), inhibitors targeting virions have
recently emerged as a promising approach to achieve broad antiviral activities. Within this approach, Lipid Envelope Antiviral
Disruption (LEAD) molecules were shown to broadly inhibit mosquito-borne viruses and other lipid membrane-enveloped
viruses. Several LEAD molecules have been demonstrated to act against viral membranes in vitro, some of which have even
shown in vivo efficacy to treat mosquito-borne viral infections. This therapeutic potential is further enhanced by molecular
engineering to improve the inhibitors” pharmacological properties, laying the foundation for the LEAD antiviral strategy to be
explored for possible treatment of mosquito-borne viral infections.

D 1 osquito-borne viral infections, such as dengue, Zika,

yellow fever, Japanese encephalitis, West Nile, and
chikungunya viruses, are major global health challenges.' They
affect hundreds of millions of people worldwide and are
increasingly prevalent due to the geographical expansion of
mosquito vectors.” Currently, there are no approved therapies
to treat mosquito-borne viral infections. Although a few clinical
compounds (that were previously developed for other
indications) were repurposed and tested in human clinical
trials,” none showed efficacy in infected patients.* As a result,
today’s standard treatment remains supportive care and is
focused on reducing symptoms as opposed to directly
eliminating the virus and blocking disease development.
Thus, new antiviral strategies are urgently needed to meet
this huge unmet medical need.

B THERAPEUTIC CHALLENGES

The development of antiviral therapies for treating mosquito-
borne viral infections encounters several challenges. First, most
of these infections are acute, leading to a short time window
for therapy.”® The majority of infected individuals are
asymptomatic. For symptomatic patients, at the onset of
clinical symptoms, their viremia levels have already peaked and
started to decline.” Since viremia usually diminishes to
undetectable levels within 10 days after the onset of symptoms,
any delay in treatment will decrease the antiviral effect in
patients. Second, many mosquito-borne viruses often cocircu-
late in the same geographical regions, and the viral infections
present similar clinical symptoms in patients.® If a drug is virus-
type specific and does not inhibit other mosquito-borne
viruses, a diagnostic test should be performed before the
treatment could start. The time required for diagnosis would
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delay the treatment and diminish the time window of therapy.
Thus, a therapeutic strategy that could be used to develop an
inhibitor against all mosquito-borne viruses would be advanta-
geous, both in terms of overcoming challenges associated with
differential diagnosis and the versatility of using a single drug
for treating multiple, currently intractable viruses. Third, since
many mosquito-borne viruses are neurotrophic and often cause
neurological disorders, it is ideal if an inhibitor can cross the
blood-brain barrier (BBB) and efficiently suppress viral
replication in the brain. These neurological manifestations
were highlighted by the public health crisis precipitated by
West Nile virus and more recently Zika virus-mediated
congenital diseases in babies born to infected mothers during
pregancy.”'’ The Zika infection in pregnant women was
associated with a wide range of congenital deformations,
including microcephaly, in newborn infants.'' Additional
neurological manifestations have been reported in children
and adults for other mosquito-borne viral infections.'”"
Altogether, the above challenges highlight the importance of
developing antiviral drugs that (i) can inhibit all cocirculating,
mosquito-borne viruses and (ii) can also cross BBB to inhibit
viral infection in the brain.

M ACHILLES HEEL OF MOSQUITO-BORNE VIRUSES

It has long been known that mosquito-borne viruses possess a
lipid envelope coating, which is essential for the structural
integrity of individual virus particles (i.e., virions)."* This
common structural feature is intriguing because the viral lipid
envelope coating is derived from cellular membranes. Hence,

Received: October 24, 2018
Published: November 2, 2018

DOI: 10.1021/acsinfecdis.8b00286
ACS Infect. Dis. 2019, 5, 4—8


pubs.acs.org/journal/aidcbc
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsinfecdis.8b00286
http://dx.doi.org/10.1021/acsinfecdis.8b00286

ACS Infectious Diseases

Table 1. Comparison of Exemplary Antiviral Agents That Affect the Lipid Membrane Properties of Enveloped Viruses®

phospholipids to change
membrane fluidity.

Drug Class Molecular Examples Proposed Mechanism Efficacy Range Animal Model Testing
Molecular CLRO1 -Disrupts lipid raft-enriched 5 uM to 50 pM -Safely administered in
Tweezers lipid membranes via changes in uninfected mice with high

membrane ordering. tolerability.
-Selectivity arises from lipid -Crossed blood-brain barrier
composition. and can remain in brain tissue
for up to 72 hrs.
Photosensitizers JL122 -Oxidizes unsaturated 2 nM to 500 nM -Virus pretreatment
S phospholipids to change prevented Rift Valley fever
)¥o OMe membrane fluidity. virus-induced mortality in
/- N \ I\ -Selectivity arises from mice.
0 membrane repair capacity of -Delayed death with
s mammalian cell membranes. treatment starting 1 hr post-
exposure.
Rigid aUY11 -Prevents virus-host cell fusion 2 nM to 500 nM Not reported.
Amphipathic oN_o by positive curvature effects.
Fusion Inhibitors T -Can also oxidize unsaturated

Amphipathic C5A (18-mer) -Permeabilizes lipid membranes | 500 nM to 5 uM -Topical administration
Peptides with high partition coefficient. protected mice from vaginal
SWLRDIWDWICEVLSDFK | -Destabilizes lipid membranes HIV transmission.
independent of membrane -Vaginal application
curvature. protected non-human
primates from simian-HIV
transmission.
AH (27-mer) -Causes membrane lysis after a 10nM to 1 uM -Protected against ZIKV-
critical density of pores is induced mortality in mice
SGSWLRDVWDWICTVLT formed. with treatment starting 3 days
DFKTWLQSKL -Selectively forms pores in post-infection.

highly curved membranes.

-Crossed BBB to inhibit
ZIKV infection in brain.

“9ZIKV: Zika virus. Molecular structures are not drawn to scale.

the lipid envelope may represent an Achilles heel of mosquito-
borne viruses if inhibitors could be designed to selectively
destroy viral membranes without affecting cellular membranes.
Such viral membrane disruptors are expected to have high
barriers for the emergence of drug resistance. Toward this goal,
a number of groups have shown that destabilizing the lipid
envelope coating reduces viral infectivity in vitro. Inhibition can
arise from disruption of virion morphology or from more
subtle changes in viral membrane fluidity that hinder virus-host
cell fusion.””'® While a wide range of membrane-disruptive
compounds can interact with lipid envelopes and abrogate viral
infectivity based on membrane destabilization, it has proven
challenging to identify drug candidates that impair viral
membranes while leaving cellular membranes unharmed.

B INHIBITORS OF VIRION MEMBRANE

In recent years, several promising classes of inhibitors have
been identified that target viral membranes by exploiting the
differences between virus particles and mammalian cells, such
as membrane repair capacity and geometrical dimensions
(Table 1). In the course of studying the CLRO1 molecule (that
was originally designed as a “molecular tweezer” to bind lysine
and arginine residues to block HIV-amyloid complex
formation), it was found that micromolar concentrations of
CLRO1 also destabilize the lipid envelope surrounding HIV,
hepatitis C, and herpes simplex virus particles.'” It was later
shown that CLROI is active against Zika and Ebola viruses as
well.'® Notably, CLRO1 exhibits inhibitory activity in human

seminal fluid (as it was originally aimed at inhibiting HIV
transmission in semen) but not in serum and displays low
toxicity in vitro and in vivo."” These findings have led it to be
considered as a topical microbicide candidate. The antiviral
selectivity of CLRO1 is speculated to arise from the
compositional differences between host cell membranes and
virion membranes (the latter often has a greater predominance
of raft-like components due to the virus budding site”) as well
as the membrane repair capacity of mammalian cells but not
viruses.

Other classes of small molecules have been discovered that
work as photosensitizing agents and cause oxidation of
unsaturated phospholipids in viral membranes via light-
dependent generation of singlet oxygen species.'® Such
alterations can decrease membrane fluidity and affect
membrane ordering to hinder cell-virus fusion. For example,
LJOO1 is an aryl methyldiene rhodanine derivative that exhibits
potent antiviral activity against Rift Valley fever, yellow fever,
and West Nile viruses at a nanomolar concentration range.”'
Biophysical experiments indicated that LJOO1 treatment affects
membrane organization without causing permeation.m’22 To
enable in vivo applications, improved versions of LJ00O1 were
designed that had greater potency, red-shifted absorption
spectra, increased quantum yields, and higher bioavailability.**
Such lead compounds, including JL122 (Table 1), were able to
delay death in a lethal mouse model of Rift Valley fever virus
infection.
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Figure 1. LEAD antiviral strategy to treat mosquito-borne viral infections. LEAD drug candidates disrupt the lipid envelope surrounding mosquito-
borne virions, abrogate viral infectivity, and reduce viral load. A LEAD drug candidate, termed AH peptide, is indicated as green helices in the left
panel. Blood vessels and cells are shown in the middle panel. A mosquito and a number of mosquito-borne enveloped viruses are presented in the
right panel. This therapeutic effect can potentially improve disease outcomes by lowering the viral burden, as evidenced by the Zika virus case. In
principle, the strategy works similarly to other types of entry inhibitors (e.g., envelope-protein-targeting antibodies), but the mechanism of action
afforded by the LEAD strategy enables a single drug candidate to potentially target a wide range of enveloped viruses. In addition, the molecular
properties of certain LEAD drug candidates allow them to access immune-privileged sites such as the brain.

Rigid amphipathic fusion inhibitors (RAFIs) are another
class of small molecules that act against enveloped viruses and
are believed to target viral membranes by inhibiting the
formation of negative membrane curvature required for host
cell fusion along with causing light-induced lipid oxidation.”***
As exemplified by aUY11 (Table 1), RAFIs exhibit nanomolar
antiviral activity in vitro. Structure—activity relationship studies
have revealed that different parts of the RAFI molecular
structure are responsible for antiviral and cytotoxic activities.*®
Hence, it is possible to design RAFIs with potent antiviral
activity and low cytotoxicity, although available studies are
limited to in vitro testing.

Aside from small molecule-based antivirals, peptide-based
antivirals, such as the 18-mer CSA peptide (derived from the
N-terminal region of hepatitis C virus NSSA protein), have
been reported to inhibit a wide range of enveloped viruses in
vitro (Table 1).>’7*’ The C5A is a promising antiviral peptide
that has been tested as a topical microbicide to prevent vaginal
HIV transmission ex vivo in humanized mice’® and in
nonhuman primates.’

Until recently, most efforts were focused on progressing
membrane-disruptive compounds toward topical microbicide
applications due to the challenges of translating their in vitro
antiviral activities to in vivo animal models. To overcome this
challenge, we developed a new therapeutic strategy called Lipid
Envelope Antiviral Disruption (LEAD) to thwart mosquito-
borne viral infections (Figure 1). The rationale of the LEAD
approach is that therapeutic reduction of the concentration of
infectious virions can mitigate viral spread and ameliorate
disease symptoms, and the challenge lies in identifying drug
candidates that can accomplish this task in vivo. As Zika virus
infection is associated with viral replication in the brain, we
focused on engineering an amphipathic, a-helical (AH)
peptide that works selectively against virion membranes and
can cross the BBB when administered systemically (Table 1).
The AH peptide is derived from the first 27 amino acids of
hepatitis C virus NSSA protein and shares a common region of
amino acid sequence with the CSA peptide described above

(Table 1). Remarkably, treatment of Zika virus-infected mice
with the AH peptide prevented morbidity and mortality even
when the therapy started on day 3 postinfection.”> Biophysical
evidence showed that the AH peptide can form pores in highly
curved membranes of virion dimensions; in contrast, the AH
peptide has negligible effect on much larger, and hence lower
curvature, mammalian cell membranes.**** This discrimina-
tion supports a high degree of selectivity for targeting a
common membrane structural element shared by all mosquito-
borne enveloped viruses, including dengue, Zika, yellow fever,
West Nile, and chikungunya viruses.”

In order to improve the pharmacological properties of AH
peptide, conventional L-amino acids were replaced by D-
amino acids that are more resistant to proteolytic degrada-
tion.” This design choice enabled an improved pharmacoki-
netic profile, with a relatively long circulation half-time, high
bioavailability, and BBB-crossing activity to achieve therapeutic
concentrations in the brain.*” Surprisingly, even though the
lipid membrane is an achiral target, the D-amino acid version
of AH peptide exhibited greater rupture potency and distinct
membrane-curvature-sensing activity against model liposomes,
as compared to the L-amino acid version.*”

In addition to controlling systemic infection, the engineered
AH peptide is able to cross the BBB to reduce viral loads in the
brain and protect against Zika virus-induced brain injury.””
The ability to inhibit viral infection in the brain is particularly
important because the BBB can remain intact after neuro-
invasion, and other classes of therapeutic molecules such as
antibodies typically cannot cross the intact BBB.** These
findings indicate that the AH peptide can potentially be used
to treat neurotropic infections through both systemic and
neurological routes. The AH peptide should be tested against
other mosquito-borne enveloped viruses in animal models.
Taken together, the aforementioned progress highlights the
molecular engineering of LEAD drug candidates as an exciting
frontier at the convergence of infectious diseases, biochemistry,
biophysics, and engineering.
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B CONCLUSIONS AND OUTLOOK

The LEAD strategy provides a conceptual framework to
develop antiviral drugs that selectively target virion membranes
(an “Achilles heel”) and inhibit mosquito-borne enveloped
viruses. In recent years, there has been significant progress in
identifying LEAD drug candidates that inhibit multiple
mosquito-borne enveloped viruses in vitro. Aided by molecular
engineering, further testing in animal models has validated the
treatment potential of several drug candidates, including
preventing vaginal transmission of sexually transmitted viruses
and protecting against lethal infections caused by mosquito-
borne viruses. In addition to evaluating treatment outcomes,
recent progress with the engineered AH peptide has offered
evidence that the LEAD strategy can reduce viral loads and
inflammation levels in wvivo. With numerous application
possibilities, it will be important to identify which LEAD
drug candidates work optimally against particular mosquito-
borne viral infections. While mosquito-borne enveloped viruses
have similar virion structures, disease progression can vary
according to the virus type, including the extent of viral burden
in blood and in different tissues. It will be important to
continue characterizing the pharmacokinetic properties of
LEAD drug candidates in order to understand how long they
stay in the body as well as where they go in the body and in
what concentrations. The demonstrated ability of certain
LEAD drug candidates to cross the BBB is particularly
significant and could help to address the longstanding
challenge of treating viral infections in the brain. Another
important goal will be to evaluate the toxicokinetic properties
of LEAD drug candidates in animal models. Ultimately, further
evaluation of dose-dependent effects in animal models is
warranted for assessing treatment efficacy and safety as part of
the next stage of preclinical testing. With the potential of a
single drug candidate working against multiple mosquito-borne
viral infections, there is strong merit to further consider the
LEAD strategy. These efforts could lead to the development of
antiviral inhibitors that work against cocirculating, mosquito-
borne viruses.
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