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The magnetism of the Zika virus to neuronal cells proves to be one of the major concerns in the
development of effective inhibitors. Although the blood—brain barrier limits the entry of most drugs,
tailored small molecule inhibitors and drug delivery systems are currently being designed to overcome
this obstacle. We have identified the core challenge to be addressed — blood—brain barrier permeability
— and provided insight into strategies that can be used to improve drug delivery to the brain. We have
compiled drugs that have previously been proposed as potential Zika virus inhibitors and classified
chemical features of those drugs, which influence blood—brain barrier permeability. Thereafter, we
created a route map to design drugs with improved blood-brain barrier permeability. An alternative
approach using drug delivery systems to transport membrane-impermeable Zika virus inhibitors to the
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The tale of Zika virus

The Zika virus (ZIKV), a mosquito-borne virus, belongs to the
Flaviviridae family and has similar characteristics to other fla-
viviruses such as Dengue virus, West Nile virus and Japanese
Encephalitis virus." The rapid disseminating potential and
repercussion in humans are attributed to the various modes of
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for further research toward inhibitors of Zika virus.

transmission, primarily through the bite of an infected Aedes
aegypti mosquito.” The ZIKV is also transmitted through sexual
intercourse,® blood transfusions* and from a mother to child
perinatally.®

The ZIKV was originally isolated in Uganda in the Zika forest
in 1947.° For nearly 7 decades thenceforth, sporadic infections
caused by ZIKV were reported in several countries worldwide.
These include more equatorial countries of Africa such as
Tanzania, Egypt, Kenya, Nigeria, Central African Republic, and
Gabon; some Asian countries including Pakistan, India,
Malaysia, Thailand, the Philippines and Indonesia; and many
islands in the Pacific Ocean.”" The most devastating and
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highly publicized outbreak that captured the world's attention
occurred in Brazil in 2015, which triggered global panic as it
rapidly spread across America."* In 2016, the ZIKV broadened its
geographic spectrum to North American Florida and Texas
where the infection was locally transmitted.*®

There has been prior ambiguity regarding the diagnosis of
ZIKV, as its infection manifests similarly to common colds and
other flavivirus infections.”” These symptoms include fever,
headaches, conjunctivitis, joint pain, muscle pain and skin
rash.”' The speculation of ZIKV infection depends on its
manifestation and history of mosquito bites."”” The ZIKV is
detectable in bodily fluids such as saliva," semen,'®"” urine'®
and amniotic fluid," which can be verified in the laboratory.”®
The various modes of transmission of ZIKV make the human
body highly susceptible to infection. When ZIKV enters the body
through an infected female mosquito bite, the infection mani-
fests as a rash in the vicinity of the bite.® This occurs due to the
release of virions into dermal and epidermal layers of the skin,
where ZIKV is introduced to the bloodstream and advances to
the lymph nodes to replicate and cause viremia.**

The ZIKV is an enveloped icosahedral virus that is made up
of a single-stranded, positive-sense genome. The enveloped
virion comprises of an 11 kilobase genome consisting of 10 794
nucleotides encoding 3419 amino acids.”* The open reading
frame (ORF) of the 5" and 3’ untranslated region (UTR) encodes
a polyprotein that is cleaved into three structural proteins,
being the capsid (C), precursor membrane (prM), and envelope
(E).** Seven non-structural (NS) proteins are also found in this
assembly, namely, NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5
(largest viral protein).>* The genomic protein organization is 5’
C-prM-E-NS1-NS2a-NS2b-NS3-NS4a-NS4b-NS5-3'>* and contains
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an m’gpppAmpN, at the 5’ end and lacks a poly-A tail at the 3/
end.”® A highly conserved 90-120-nucleotide strand is situated
close to the 3’end that develops into a hairpin loop and is vital
for replication.?**” Of the non-structural proteins, NS1, NS3 and
NS5 are highly conserved whereas the NS2a, NS2b, NS4a and
NS4b are small and hydrophobic.>* Of critical importance is the
proteolytic cleavage of prM to produce the pr and M protein by
furin-like protease located in the trans-Golgi network during the
egress of the particles as this promotes maturation of virions.*®

The ramifications of ZIKV infections have heavily impacted
thousands worldwide, particularly in newborns, since ZIKV-
infected pregnant women have given birth to babies with
congenital brain abnormalities, predominantly microcephaly
and intracranial calcification.” The ZIKV infection has also
been shown to elicit Guillain-Barré Syndrome, which ultimately
advances to paralysis and death.*

Studies have shown tropism of the ZIKV for cells of the
nervous system, whereby entry into neuronal and endothelial
cells occur via AXL receptors situated on the cell surface.**>*
The ZIKV has also affected retinal cells that line the blood-
retinal barrier (i.e. retinal pigment epithelium and retinal
endothelium) in mice, which also express AXL receptors. This
presents as conjunctivitis.*

Blood—brain barrier permeability as
a core challenge in ZIKV therapy

Treating the symptoms of ZIKV will not yield permanent results;
hence nipping the cause at the bud may be the best route to
a solution. The blood-brain barrier (BBB) and placental barrier
are surrounded by lipophilic membranes and junctions, through
which only certain compounds can permeate.*® It has been
shown that the placenta is permissive to most drugs as it serves to
allow for the exchange of nutrients for its biological purpose.*
The ZIKV can penetrate these membranes, which is evident by its
downstream pathogenic effects in fetal nervous systems.'*>?%?%°
The specific characteristics of a compound govern the
method by which it is transported across the BBB, or whether or
not it is transported at all. Compounds that have surface
hydrogen bonds (hydrophilic compounds) are only permissive
through tight junctions of the BBB, which ultimately serve to
prevent the passage of molecules between cells of the endo-
thelium. These hydrophilic compounds are impermeable
through the lipophilic endothelium and require lipid-mediated
transport in order to permeate transcellularly. Large molecules,
such as insulin and transferrin, require receptors, whereas
small molecules require carrier-mediated transport to move
across the barrier. There is also active efflux transport for
endogenous BBB transporters (Fig. 1 - BBB).>*3¢-3%

Bioavailability features of screened
drugs as prospective ZIKV inhibitors

There are FDA-approved drugs that have been proposed as anti-
ZIKV drugs based on their diverse antiviral/antimicrobial/
antibacterial activities in diseases other than ZIKV,** however,
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Fig. 1 A schematic representation of the blood—-brain barrier and pathways across this barrier.

the ability of those drugs to pass the BBB, their properties as
hydrophilic/lipophilic compounds, and their ability to be
absorbed by the gastrointestinal tract (GIT) have not yet been
clearly elucidated. To this effect, we have taken a step further
and utilized a chemical data base, PubChem, along with ADME
prediction tools, Swiss ADME* to predict specific characteris-
tics of these candidate anti-ZIKV drugs and to verify whether or
not the proposed compounds by Barrows et al. (2016) could be
potential anti-ZIKV drugs with BBB-permeable profiles. SWISS
ADME is a “website allows you to compute physicochemical
descriptors as well as to predict ADME parameters, pharmaco-
kinetic properties, druglike nature and medicinal chemistry
friendliness of one or multiple small molecules to support drug
discovery”.*® The proposed compounds are listed in Table 1.
The partition coefficient (log P) measures how hydrophilic or
hydrophobic a molecule is. The desired log P value of a mole-
cule likely to permeate lipophilic membranes should lie
between 0-5.*' The ability of a drug to pass through the BBB is
influenced by their unique but varying properties.*® In Table 1,
~80% of the drugs described have the ability to pass through
lipophilic membranes, however, less than 20% of those drugs
can penetrate the BBB.*” Efficient GIT absorption of orally
administered drugs is required for entry into the bloodstream
and sufficient drug delivery,* although, just half the drugs
mentioned are highly absorbed via the GIT. The results of this

47418 | RSC Adv., 2017, 7, 47416-47424

table suggest that the ability of a compound to pass through the
BBB depends on factors additional to lipophilicity. From this
exercise we highlight 5 compounds that are predicted to pass
the BBB and the hydrophobic spots of each compound are
shadowed in yellow in Fig. 2.

Hydrophobic groups of compounds are required for hydro-
phobic interactions with target molecules. Hydrophobic inter-
actions are comparably stronger than some weak
intermolecular forces, such as hydrogen bonds or van der Waals
interactions, and ensure protein-ligand complexes remain
stable and biologically active.** As depicted in Fig. 2, all five
compounds from Table 1 that have the ability to pass the BBB
bear hydrophobic groups and therefore, possess the potential to
form hydrophobic interactions with target molecules. Although,
fingomolid and sertraline have more hydrophobic spots than
the other compounds in Fig. 2, and therefore, are more likely to
form stronger hydrophobic interactions.

Systematic approach to tackle the
challenge

To overcome the hurdle faced by most drug therapies, we are
presenting two main strategies that could potentially assist with

the design and bioavailability of compounds with an improved
BBB permeability profile. Furthermore, we include an approach

This journal is © The Royal Society of Chemistry 2017
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Table 1 Predicted bioavailability features of prospective anti-ZIKV
inhibitors

Lipid solubility =~ BBB GIT
Drug name (log P) permeation  absorption
Auranofin 0.00 No High
Azathioprine 0.72 No Low
Bortezomib 0.00 No High
Clofazimine 4.72 No Low
Cyclosporine A 6.16 No Low
Dactinomycin 5.33 No Low
Daptomycin 0.79 No Low
Deferasirox 2.48 No High
Digoxin 4.69 No Low
Fingolimod 3.76 Yes High
Gemcitabine HCI 0.00 No High
Ivermectin 6.31 No Low
Mebendazole 1.27 No High
Mefloquine HCI 0.00 No Low
Mercaptopurine hydrate 0.47 No High
Methoxsalen 2.22 Yes High
Micafungin —0.72 No Low
Mycophenolate mofetil 3.67 No High
Mycophenolic acid 2.38 No High
NITD008 1.30 No Low
Palonosetron HCI 0.00 Yes High
Pyrimethamine 2.15 Yes High
Sertraline 3.40 Yes High
Sofosbuvir 3.05 No Low
Sorafenib tosylate 3.84 No Low
Thioguanine 0.14 No High

that relies on the pre-existing BBB-impermeable drugs conju-
gated to drug delivery systems. These strategies are: (1) improve
the inhibitor and (2) carry the cargo.

Improve the inhibitor

In this approach, in silico tools may be used to model and
optimize potential compounds (Fig. 3), followed by compound

),
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synthesis and biological testing. Phase 1 includes targeted
selection of potential anti-ZIKV compounds. This incorporates
screening for potential compounds with specific physicochem-
ical properties and antiviral activities using chemical databases,
and the use of absorption, distribution, metabolism, excretion
(ADME) prediction tools such as Swiss ADME, in order to filter
out compounds that encompass the ability to pass the BBB. The
ability of a compound to pass through the BBB is governed by
a function of lipophilicity, the molecular characteristics of
charged and hydrophobic residues of the compound as well as
molecular weight.*” The main lipophilic properties that must be
considered include the Hansch constant (w), hydrophobic
fragmental constant (f), log P, capacity factor values from RP-
HPLC (log kw), calculated log P values (CLOGP) and molecular
lipophilic potential (MLP).** With regard to the charge of the
compound, only uncharged molecules can diffuse across the
membrane to become reprotonated once it leaves the
membrane and enters the brain fluid.*” As the size of
a compound gets larger, its ability to permeate the BBB
decreases.*

Phase 2 involves the prediction of lipid permeability of the
potential anti-ZIKV compounds using molecular dynamic
simulations and 3D-modelled lipid bilayer simulations. Due to
the surrounding lipid membrane in the BBB, it is necessary to
assess compound interactions with the target enzyme within
lipid membrane.*®

Phase 3 involves the estimation of binding affinities between
potential compounds, which pass through the BBB, and viral
enzymes. This may be achieved via binding free energy calcu-
lations or molecular docking of the compound of interest into
the active site of the target enzyme.*

Following the design process, the compounds must be
synthesized for further testing. Synthesis of the compound
involves construction of the carbon framework and the
addition/deletion/transformation of functional groups for
functionality of compound. Validation of synthesis is carried
out by ligand-binding assays which involves placing the target
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Fig. 2 Hydrophobic footprints (highlighted in yellow) in chemical structures of potential anti-ZIKV compounds which have the ability to

permeate the BBB.
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Fig. 3 Phases involved in the suggested approach to improve the BBB-permeability profile of the inhibitor.

enzyme and compound of interest into a solvent (e.g. water) to
allow the compound to interact with the active site residues of
the enzyme.*® Binding studies provide reliable assessments of
binding affinities, errors and binding mode.*® Further studies
including biological testing will investigate toxicity and efficacy
of the compound, including in vitro studies (cellular level), in
vivo studies (organism level) and ultimately clinical trials.
Microscale thermophoresis (MST) may also be used in order to
analyze the interaction between the inhibitors and receptors,
experimentally, which is established on the controlled move-
ment of particles along a temperature gradient.*®

Carry the cargo

An alternate to creating new BBB-permeable drugs will involve
the utilization of drug carriers that have already been successful
in delivering drugs to the brain. This approach eliminates the
additional time and expense required to design and formulate
new drugs and drug delivery systems. A drug carrier could be
used to transport a BBB-impermeable drug to the brain and
allow for the drug to carry out its function against ZIKV.

There are existing drugs that have been proven to inhibit
ZIKV replication in isolated ZIKV infected cells, such as
NITDO008 (ref. 50) and sofosbuvir,” however the drugs cannot
pass the BBB to counteract the virus (Table 1). With half the
battle won due to their ability to inhibit ZIKV, ultimate triumph
over ZIKV would entail overcoming impermeability, which
requires the potential ZIKV inhibitors to be transported across
the BBB.

Previously utilized membrane-permeable drug delivery
approaches have been successful in transporting membrane-
impermeable drugs across the BBB for other infections and
diseases, such as Parkinson's disease and Alzheimer's
disease.**** Some known drug delivery systems used in various
disease cases include polymers and polymeric nanoparticles
such as micro/nanospheres, micro/nanocapsules, dendrimers,
liposomes, hydrogels, gold nanoparticles, micelles; others
include lipoproteins and aptamers (Table 2).>*%¢

47420 | RSC Adv., 2017, 7, 47416-47424

The inhibitor-carrier approach will involve techniques
similar to the previous suggested approach. The first step would
be to create an inhibitor-carrier complex by binding the known
ZIKV inhibitor to the carrier. The complex must then be simu-
lated to analyze the trajectory of the complex as well as the
potential energy of the entire complex through a lipid bilayer.
Once there is computational evidence to show that the inhibitor
can theoretically bind to the carrier and move through a lipid
membrane, the inhibitor-carrier complex must be synthesized
to test it biologically (e.g. in vivo testing), which will be used to
confirm drug delivery through the BBB to the brain. Examples of
computationally docking a compound-polymer complex are
provided in the ESL

Technical guidance

A number of tools are available which can be utilized to screen
for compounds on chemical databases based on a set of criteria.
Structure-based virtual screening will allow searching through
combinatorial chemistry libraries for compounds that may be
potential inhibitors of a target protein and will rapidly dock
them into the 3D target's active pocket.*””® Screening for
potential compounds can be carried out on ZINC Database” or
ZincPharmer.*® Several molecules may have the potential to
bind to the active site of the protein; therefore, the free binding
energy of every pose is calculated. Binding affinity estimations
may be carried out using molecular docking approaches and
free binding energy calculations. This will generate a scoring
function to rank the ligands that best suit the target protein.*”
Computational software that can be used to calculate binding
affinities include UCSF Chimera®" and AutoDock Vina.*?
Protein-ligand complexes of lowest free binding energy may be
used as inhibitor candidates, which may subsequently be vali-
dated via molecular dynamic simulations, as binding affinity
predictions may not be one hundred percent accurate.”®?#%¢
Molecular dynamic simulations calculate the potential
energy of a system and analyze free binding energies and
binding modes between compounds and enzymes.*” Force

This journal is © The Royal Society of Chemistry 2017
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Table 2 Pre-existing drug delivery systems and their principle roles in disease and virus therapies
Drug delivery system Description Disease/viral target References
Dendrimer e Hyperbranched, monodispersed, water soluble ¢ Inhibitors of haemagglutinin of human 56 and 57
(1-100 nm) macromolecule erythrocytes by Influenza virus
e Encapsulated drug in its interior or adsorbs e Amino groups of dendrimer react with
drug on and conjugates to its surface groups nucleic acid phosphate groups to
e Releases free 5-fluorouracil upon hydrolysis form transfection complexes
o Intracellular delivery of poorly soluble drugs
e Carriers in gene therapy
Microsphere & e Microsphere - drug is dispersed within ¢ Entraps luteinizing hormone-releasing 57 and 58
nanocapsule polymer throughout particle hormone in prostate cancer
e Nanocapsule-cavity contains drug surrounded
by polymer membrane
e Drug release through diffusion through
polymer or degradation of polymer
Liposomes o Amphiphilic vesicular structures made e Facultative intracellular 56, 59 and 60
up of cholesterol & phospholipids bacteria-mediated infections
e Core suited for hydrophilic drug delivery e Parasites (e.g. Leishmania)
e Phospholipid membrane encapsulate e Viruses
hydrophobic drugs o Systemic fungal diseases in cancer
e Melanomas
Micelles e Core comprised of hydrophobic polymers e Targets tumour sites in cancer 56, 61 and 62
o Shell comprised of hydrophilic polymers by active/passive mechanisms
e Suitable for drugs with poor solubility
e Nanosize; in vivo endurance; remains stable in plasma
e Delivery of drugs & small interfering RNA
Hydrogel o Network of natural/synthetic hydrophilic polymers e Local & systemic diseases 56, 63 and 64
that are cross-linked
e Highly absorbent, biodegradable, high e Oral delivery of insulin in diabetes;
porosity, biocompatible salmon calcitonin for postmenopausal
o Swell rapidly in aqueous solutio006E osteoporosis; growth hormone for
e Used in oral & topical drug delivery decelerated/stunted growth-associated diseases
Gold/silver e Low toxicity; high specificity & selectivity e Selective damage of tumour cells 65-68
nanoparticle e Easily controlled & modifiable e Certain infectious & dermal diseases
e High ratio of surface area:zamount e H1N1, H3N2, H5N1 Influenza A virus
e Conjugation of proteins on colloidal gold e Herpes simplex virus
nanoparticles occurs via
electrostatic interactions between citrate (—) on
surfaces of gold nanoparticles & groups (+) on proteins
o Effortless cellular penetration ¢ Human immunodeficiency virus
e Hepatitus B virus
e Metapneumovirus
e Respiratory syncytial virus
Lipid nanoparticle ® 10-1000 nm e Humoral immunity against Ebola infection 56 and 69-72
e Carriers with dispersed melted lipid in surfactant o Silencing of hepatitis C virus replication
e Colloidal system with hydrophobic core that encloses e Gene therapy
drug & surface coated with hydrophilic polymers
Aptamer e Short, single-stranded (ss) DNA or RNA that have e o-Thrombin in thrombosis 73-77

definitive 2° & 3° structures that strongly
bind to specific target proteins
e Low immunogenicity & toxicity

e Variety of targets & modifiable chemical structure

fields are used to calculate potential energies of particles and
electrostatic forces that occur between atoms in a system.®®
Some force fields that can be used for molecular dynamic
simulations include NAMD,* Gromacs,” Amber® and
Charrm.”> Complexes can also be simulated through lipid
bilayer, in cases where potential compounds need to enter

This journal is © The Royal Society of Chemistry 2017

e PTK7 and nucleoin in cancer

e IGHM in lymphoma

e VEGF in age-related macular degeneration
e A1 domain of vWF in thrombotic
microangiopathies & carotid artery disease
e Neutralizes r5 strains of HIV-1

e Blocks gp120-CCRF interaction

certain target tissues, which are surrounded by lipophilic
membranes. This can give a prediction as to whether or not the
potential compound will be able to pass through the lipid
membrane or not. Softwares that can be used to generate a 3D
lipid bilayer model include CHARRM-GUI and Visual Molecular
Dynamics (MEMBPLUGIN).**** A brief background and the

RSC Aadv., 2017, 7, 47416-47424 | 47421
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Table 3 Various molecular modeling approaches in drug discovery
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Description/application

Reference

Molecular mechanics
(MM) calculations

Molecular systems are modeled using MM, which employs force fields to calculate a system's
potential energy. MM may be used to analyze molecular systems of various sizes and complexity,

25,94 and 95

and is the preferred approach for the simulation of proteins

Quantum mechanics
(QM/MM) calculations

The hybrid QM/MM method is a molecular dynamic simulation approach that integrates the accuracy
of QM and speed of MM, to allow for chemical processes within proteins and solutions to be studied.

66, 94 and 96

QM/MM provides enhanced mechanistic aspects and binding energies of the interaction

between a ligand and receptor
Virtual screening

Virtual screening involves screening through databases for compounds with similar features.
There are two types of approaches involved in virtual screening: (1) ligand or pharmacophore-based

79, 83, 84,
86 and 97

virtual screening which requires knowledge of an active ligand, and (2) structure-based virtual
screening which relies on a known 3D structure of the protein

Molecular docking

Molecular docking is utilized for: (1) studying potential ligand conformations within a protein's
binding site and (2) approximation of the force of ligand-protein interactions. During docking,

47,78, 87
and 97

Cartesian coordinates of a separate ligand and receptor are utilized to anticipate the conformation
of the ligand that fits into the binding site of the protein the best, producing a ligand-protein complex.
Molecular docking uses a scoring function, which ranks each docking “pose” according its

binding energy
Molecular dynamics

Influential tool for analyzing energetics, mechanisms and dynamics of proteins and
ligand-protein complexes. Molecular dynamics provide a perspective of the interaction

87-89, 92, 97
and 98

between a ligand and protein at a molecular level, presenting an improved understanding of the
experimental conclusions. These are effective in the identification of specific
biological properties, e.g., binding mode, per-residue protonation state, and protein flexibility

applications of the methods that have been mentioned above
are shown in Table 3.

A full expansion of the methods explained in Table 3 may be
found in Honarparvar et al., 2014.%”

Conclusion

The various challenges associated with ZIKV treatment has led
to the ongoing search for a cure - one of the major problems
being drug delivery across the BBB. The approaches described
in this review serve to provide information that can be used for
further research into the design of drugs with improved BBB-
permeability profile that may have a greater ability to inhibit
ZIKV. Though experimental validation is necessary, this is not
the scope of the current study. Instead, this study serves as
a cornerstone that will open doors to further experimental and
molecular validation regarding ZIKV therapy.
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