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Abstract

In recent decades, efforts have been made to rationally design antimicrobial peptides (AMPs) for use as
alternative antimicrobial therapeutics. The de novo engineered cationic antimicrobial peptide (eCAP) WLBU2 is a
24-residue peptide composed of arginine, tryptophan, and valine computationally sequenced to form an optimized
amphipathic helix. Antimicrobial activity of WLBU2 is predicted to transpire through peptide interaction with lipid
membranes leading to bilayer disruption. Antibacterial activity of WLBU2 has been demonstrated against a wide-
range of antibiotic resistant Gram-positive and Gram-negative bacteria. Natural antimicrobial peptides have been
shown to inactivate enveloped viruses, albeit at higher peptide concentrations than required for bacterial killing.
While viral envelopes do not have the same negative surface charge presumed to be the basis for antibacterial
activity of WLBU2, most mammalian virus membranes are enriched for cholesterol relative to host cells. Based on
this structural feature, WLBU2 was modified by addition of cholesterol recognition amino acid consensus (CRAC)
motifs to increase antiviral activity against enveloped mammalian viruses. The CRAC-modified WLBU2 peptides
were tested against human immunodeficiency virus (HIV), influenza A, and dengue virus (DENV) to assess antiviral
activity against viruses with markedly different levels of surface lipid exposure and against mammalian cells to
assess potential cytotoxicity. Antiviral activity was enhanced by the CRAC motif and demonstrated the highest
efficacy against DENV and lowest against HIV, inverse to the level of surface membrane exposure. These studies
reveal for the first time an unexpected range of engineered peptide activity against a broad group of different target
viruses with vastly different membrane composures and indicate the ability of CRAC motif modification to enhance
antiviral activity.
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Introduction

Viral infectious diseases remain a threat worldwide despite
significant medical advances. Few approved antiviral treatments exist
and most antiviral drugs are limited to a single type of viral pathogen
[1]. In recent decades, there has been an increasing interest in the
development of antimicrobial peptides (AMPs) as potential novel
therapeutic agents against bacteria, viruses, and fungi [2-4]. Naturally
occurring AMPs are produced by animals and plants as important
components of the innate immune response [5,6] and have evolved to
respond to properties of microbes that are not dependent on pathogen
metabolic activity [7]. Most naturally occurring AMPs are commonly
made of fewer than 100 amino acids (32 average), have a net positive
charge, and form an amphipathic structure [8,9]. Naturally occurring
AMPs have been selected through evolutionary pressures as anti-
infective agents that have activity against specific pathogens in specific
physiological environments [6,10]. To date, however, these natural
AMPs have proven ineffective in clinical human applications, perhaps
due to this specificity of activity to certain biological environments and
target pathogens [11-13].

Engineered cationic antimicrobial peptides (eCAPs) have been
rationally designed de novo to increase the range of activity against

different pathogens in various biological environments [14,15]. The
eCAP WLBU2, a 24-mer composed of only arginine, valine, and
tryptophan to form an optimized amphipathic helix, displays
antimicrobial activity in vitro against a broad range of Gram-positive
and Gram-negative bacteria including multi- and pan-drug resistant
strains. [16-18]. In addition, WLBU?2 has proven effective in vivoin the
treatment of systemic bacterial infections in mouse models [19]. For
viral infections, in vitro studies using several AMPs, both naturally
occurring and engineered, have indicated antiviral activity against
several mammalian viruses, although effective concentrations are
higher than those observed against bacteria [20-23]. Mechanisms of
antiviral activity for a single peptide can apparently differ based on the
target virus, as observed with the human cathelicidin LL-37 against
human immunodeficiency virus (HIV) [24-26]. Preliminary
experiments using WLBU2 have indicated antiviral activity against
clinical isolates of herpesvirus [27]. A peptide with both anti-bacterial
and anti-viral activity could be of great therapeutic potential. However,
the required higher concentrations of peptides for anti-viral efficacy
limit its potential for clinical use. In order to increase the antiviral
activity of engineered peptides, properties of viral envelopes shared
among various families of viruses could be exploited in order to create
membrane disruptive peptides that preferentially target viral envelopes
[28].

Specifically targeting viral envelopes is difficult because the
phospholipid profiles of viral and host cellular lipid membranes are
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similar [29]. Viral envelope lipids lack the high concentration of
negative charge that is the basis of AMP interaction with and
disruption of bacterial membranes [30]. However, studies of viral
envelopes identified a higher cholesterol-to-phospholipid (Chol/Phos)
ratio compared to the host membranes from which they are derived
[31-34]. This cholesterol enrichment has also been shown to be
necessary for virus infectivity [35-37]. Exploiting cholesterol
enrichment would allow for higher viral efficacy AMPs at lower
concentrations, more similar to concentrations used for anti-bacterial
activity while also reducing the cytotoxicity to host cells. An amino
acid sequence called the cholesterol recognition amino acid consensus
sequence (CRAC) motif directs proteins to cholesterol-rich
membranes [38], representing a plausible targeting strategy for
enveloped virus inactivation. The CRAC motif is a flexible sequence of
5 to 13 amino acids long that directs proteins to cholesterol rich
regions of membranes. The consensus sequence is L/V-X (1-5)-Y-X
(1-5) -R/K, in which X (1-5) represents one to five residues of any
amino acid. This motif is thought to function by interacting directly
with a cholesterol molecule, where the central tyrosine stabilizes
interactions by forming H-bonds [39]. Proper CRAC function relies on
structural flexibility of the motif to allow for stable and specific
interaction with cholesterol [40].

Thus the addition of the CRAC motif to WLBU2 could potentially
direct peptides to cholesterol rich membranes such as the viral
envelope. Since antibacterial activity of WLBU2 is presumed to be
based on membrane disruption, we theorized that CRAC motif
containing peptides could display antiviral activity based on viral
envelope disruption, where viruses with greater surface lipid exposure
would be more sensitive to peptide treatment. For this study, a
reference panel of three mammalian enveloped viruses was chosen
based on markedly different levels of membrane protein content and
surface lipid exposure: human immunodeficiency virus (HIV),
influenza A, and dengue virus (DENV). We hypothesized that
accessibility to the lipid membrane affects antiviral activity of
membrane disruptive peptides based on the ability of the peptide to
form stable and specific interactions with viral envelopes. The surface
of the HIV virion is sparsely populated with about 7-11 copies of the
Env trimer allowing for high lipid exposure [41] and has been shown
to have a high cholesterol content as compared to mammalian cells
[42]. The influenza A virion surface is coated with three membrane
proteins: hemagglutinin, neuraminidase, and the M2 matrix protein
[43]. While there is a much higher membrane protein content for
influenza A as compared to HIV, access to the lipid surface is still
possible, especially by small molecules [44]. Dengue virus (DENV) has
the lowest lipid exposure of this panel, as the viral envelope is enclosed
within a proteinaceous, icosahedral shell of E protein dimers [45-47].
Analysis of antiviral activity of CRAC motif containing peptides
against this panel of viruses indicates whether peptide activity is
dependent upon accessibility of the viral envelope lipids.

In the current study we test the hypothesis that the addition of
CRAC motif sequences to WLBU2 would increase eCAP activity
against lipid enveloped viruses and that the level of antiviral activity
would be directly related to the extent of lipid exposure at the virion
surface, i.e., viruses with greater lipid exposure would be the most
susceptible to eCAP inactivation. The experimental results reveal
otherwise.

Materials and Methods

Modeling of CRAC-WLBU?2 peptides

The  peptide modeling program  PEP-FOLD  (http://
bioserv.rpbs.univ-paris-diderot.fr/PEP-FOLD/) was used to predict the
conformational structure of CRAC motif-containing WLBU2 peptides.
Sequences were analyzed on a short simulation and models were
sorted by sOPEP, which clusters models with simplified side chains
based on similar energy states [48]. PEP-FOLD predicts peptide
conformations based on the specific amino acid sequence using
coarse-grain simulation to calculate interactions between four amino
acids at a time [49]. Models generated in PEP-FOLD are sorted into
clusters based on structural similarity. All models that were analyzed
were representative of a single model cluster. Models generated from
PEP-FOLD were then examined using PyMol molecular visualization
software version 0.99 (http://www.pymol.org/). Similarly, helical wheel
projections and hydrophobicity predictions were created by HeliQuest
(http://heliquest.ipmc.cnrs.fr/). Helical wheel projections were created
using the a-helix setting to analyze the full amino acid sequence. This
program then analyzes the physiochemical properties of the peptide
based on its amino acid sequence and the forced helical conformation
[50].

Peptide synthesis

Amino acid sequences of the desired peptides (WLBU2 and CRAC-
modified versions) were produced by the University of Pittsburgh
Peptide Synthesis Core following previously reported synthesis,
purification, and quality control procedures optimized for WLBU2
production [51]. The same peptides were also produced commercially
by Genscript (Piscataway, NJ) using similar production methods. All
peptide preparations were purified by HPLC to at least 95% purity.
Concentrations of peptide dissolved in sterile water were determined
by a standard ninhydrin assay as previously reported [51]
Concentrations were confirmed using spectrophotometric methods by
A260/A280 determination on a NanoDrop 1000 spectrophotometer
(NanoDrop, Wilmington, DE).

Circular dichroism spectroscopy

Measurements were taken at a 40 uM concentration of each peptide
in the following solvent environments: deionized water, 6 mM sodium
dodecyl sulfate (SDS), 30 mM SDS, and 30% tetrafluoroethylene
(TFE). Circular dichroism (CD) measurements were taken with a Jasco
spectrometer (Aviv Instruments, Lakewood, NJ) at room temperature
with a 1 mm path length over 185 nm to 260 nm with machine units as
output for five scans per sample. The mean residue ellipticities ([©]/
1,000 x [(degree x square centimeters)/decimole]) were calculated of
the  averaged five scans  using  Dichroweb  (http://
dichroweb.cryst.bbk.ac.uk/) [52]. These data were analyzed using the
CDSSTR method [53-55] with SP175 as the reference data set [56].

Cell propagation

The following cell lines were propagated in Dulbeccos Modified
Eagle Medium (DMEM; Life Technologies, Grand Island, NY)
containing 10% fetal bovine serum (FBS) and 1% L-glutamine
(Corning, Manassas, VA): MDCK (ATCC CCL-34), MRC-5 (ATCC
CCL-171), HEK239T/17 (ATCC ACS-4500), VeroE6 (ATCC
CRL-1586), and TZM-bl (Cat No: 8129, NIH AIDS Research and
Reference Reagent Program, Germantown MD) cells. Cultured cells
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were passaged by treatment with 0.05% Trypsin/0.53 mM EDTA in
HBSS (Corning, Manassas, VA) for 10-15 minutes before transferring a
subset of cells to a new flask with fresh complete media.

Virus pretreatment assays

To assay HIV inactivation by test eCAPs, a viral infection
neutralization assay was carried out on TZM-bl cells in 96-well flat
bottom plates to measure production of luciferase under control of the
HIV-1 promoter [57]. Cells were plated at a concentration of 2.5 x 10*
cells/well and allowed to adhere at 37°C/5% CO, for 7 h. HIV strain
89.6 was diluted so as to produce approximately 3 x 10* RLUs/well in
untreated control wells. Peptide dilutions were prepared in a 96-well
U-bottom plate by 2-fold serial dilutions starting at 100 pM down to
0.78 uM in DMEM conta ining 10% FBS. Equal volumes of virus stock
were added to each well of peptide and incubated together at 37°C/5%
CO, for 1 h. Virus-peptide mixtures were then diluted 5-fold and
plated on adhered TZM-bl cells for 1 h, at which time the supernatant
was removed and replaced with fresh complete media. Plates were
incubated for 48 h, cells were then lysed with 50 pL of cell culture lysis
reagent (Promega, Madison WI), and luciferase activity was measured
using the luciferase assay system according to the manufacturer’s
instructions (Promega, Madison WI) using an Orion Microplate
Luminometer (Berthold, Oak Ridge TN).

To assay influenza A inactivation by test eCAPs, a plaque assay was
carried out on MDCK cells [58] using virus that had been pre-
incubated with different concentrations of test peptides. Influenza
strain PR8 was diluted to a final concentration of 160 pfu/ml then
mixed with an equal volume of prepared dilutions of peptide. Peptide
had been diluted by 2-fold serial dilution using DMEM containing
0.2% BSA in 1.5 mL Eppendorf tubes starting at 100 uM down to 0.78
uM. Peptide-virus mixtures were incubated at 37°C/5% CO, for 1 h.
MDCK cells between passages 3 and 10 plated in 6-well plates were
grown to 90-100% confluence and washed twice with serum-free
media then exposed to pre-incubated virus-peptide mixtures for 45
minutes in duplicate. Virus and peptide were removed and replaced
with plaquing media containing DMEM, 10% FBS, 2.5 ug/mL TPCK-
treated Trypsin, and 0.4% agarose. Infected and treated cells were then
grown at 37°C/5% CO, for 5 days before being stained with 35%
EtOH/0.25% crystal violet overnight at 4°C. Stain and agarose plugs
were removed and plaques were counted by eye using a light box.

To assay DENV inactivation by test eCAPs, a plaque assay was
carried out on VeroE6 cells [59] using serotype 2 virus that had been
pre-incubated with various concentrations of peptide. Virus was
diluted to approximately 1200 pfu/ml and mixed with an equal volume
of prepared dilutions of peptide. Peptide had been diluted by 2-fold
serial dilution using MEM containing penicillin/streptomycin, and
Fungizone (Life Technologies, Grand Island NY) in a 96-well plate
starting at 50 uM to 1.5625 uM. Peptide-virus mixtures were incubated
at 37°C/5% CO, for 1 h. VeroE6 cells between passages 25 and 42
plated in 24-well plates were grown to 90-100% confluence over 48 h
and then exposed to pre-incubated virus-peptide mixtures for 1 h in
duplicate. Virus and peptide were removed and replaced with semi-
solid media containing 3% carboxymethylcellulose (CMC), MEM, 10%
FBS, 1% penicillin/streptomycin (Corning, Manassas, VA), and 1%
Fungizone. Infected and treated cells were then grown at 37°C/5% CO,
for 6 days before fixing and staining. Semi-solid medium was removed
from cells before addition of formalin and cells were then allowed to
incubate at room temperature for 1 h. Formalin was removed, the cells
were washed, and then crystal violet was added. Plates were incubated

for 1 h at room temperature and washed again before plaques were
counted by eye using a light box. All inactivation assays were
performed at least three times.

Vero cell pretreatment assay

To assay whether pretreating Vero E6 cells with test eCAPs before
infection with DENV serotype 2, a foci forming unit (FFU) assay was
carried out. Vero E6 cells between passage 27 and 33 plated in 12-well
plates were grown to 90-100% confluence over 24 h and then exposed
to various concentrations of peptide in duplicate. Peptide dilutions
were made in serum-free DMEM and ranged in concentration from 25
uM to 0.39 uM. Peptides were removed from cells after 1 h treatment
at 37°C/5% CO, and cells were washed twice with room temperature
PBS. DENV serotype 2 was diluted to concentration of 100 FFU/mL in
DMEM and cells were infected with 0.3 mL/well of virus. Cells were
incubated with virus for 1 h at 37°C/5% CO, before removal virus.
Cells were washed twice with room temperature PBS and overlaid with
semi-solid media containing Optimem (Gibco, Grand Island, NY),
0.8% methyl cellulose, 3% FBS, 1% L-glutamine, and 1% penicillin/
streptomycin. Cells were incubated at 37°C/5% CO, for 5 days before
developing plates. Semi-solid media was removed by aspiration and
cells were washed twice with room temperature PBS before being fixed
in 1:1 methanol:acetone for 30 min at room temperature. Cells were
blocked for 1 h at room temperature in PBS containing 3% FBS. Anti-
Dengue Virus Complex Antibody, clone D3-2H2-9-21 (EMD
Millipore, Darmstadt, Germany), diluted 1:400 was added to cells for
overnight incubation. Cells were washed three times with room
temperature PBS before addition of Goat anti-Mouse IgG Secondary
Antibody, HRP conjugate (ThermoFisher, Waltham, MA). After 1 h
room temperature incubation, cells were washed three times with PBS
before addition of TrueBlue Peroxidase substrate (KPL, Gaithersburg,
Maryland) for 20 min at room temperature. Cells were washed once
with dH,O and allowed to dry overnight before counting foci.
Inactivation was calculated as the number of foci found in
pretreatment wells as compared to control wells that had been treated
with DMEM alone.

MTS Assay of cytotoxicity

Cytotoxicity measurements were taken on selected transformed and
non-transformed cells using a tetrazolium-based colorimetric MTS
assay, a one-step variation of the classic MTT assay [60,61]. The MTS
assay measures cell viability by detecting metabolically active cells that
reduce MTS to a colored formazan reagent [62]. Cells were plated in
96-well plates and allowed to grow to 90-100% confluence. Peptides
starting at 50 uM were serially diluted by two-fold in a 96-well U-
bottom plate and incubated at 37°C/5% CO, for 1 h. Cells were then
treated with peptides for 1 h, at which time the peptide-containing
supernatant was removed and replaced with fresh complete media.
Cells were then allowed to recover at 37°C/5% CO, for 4 h before
performing an MTS assay. This assay was carried out using the
CellTiter 96 AQueous One Solution Cell Proliferation Assay following
the manufacturer’s protocol (Promega, Madison, WI). Briefly, MTS
reagent was added to cells, and then incubated at 37°C/5% CO, for 2 h
before spectrophotometric readings were taken at 490 nm on a
SpectraMax 340PC384 Absorbance Microplate Reader (Molecular
Devices, Sunnyvale, CA). Cytotoxicity assays were carried out at least
three times against each cell line.
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Human red blood cell lysis assay

A modified version of the RBC lysis assay described by Deslouches
et al. [16] was performed samples of heparinized human blood
purchased  from  BioChemed  (Winchester, VA  http://
www.biochemed.com/human-biological-products.php); University of
Pittsburgh IRB approved exempt status for these specimens. Peptide
dilutions ranging in concentration from 100 uM to 0.78 puM were
prepared in duplicate in tissue culture-treated round bottom 96-well
plates. Peptides were incubated at 37°C/5% CO, for 1 h to mimic viral
inactivation assays before an equal volume of whole blood was added
to each well (1:2 dilution). To produce a standard curve for analysis, 0
to 50 pl of 1:2 diluted whole blood was added to dH,O to a final
volume of 500 pl and incubated for 1 h along with peptide-whole blood
mixtures at 37°C/5% CO,. These treated red blood cells suspensions
were then centrifuged at 600 x g for 5 minutes to pellet intact RBCs. In
a 96-well flat bottom plate, supernatant from each peptide-whole
blood mixture was diluted 10-fold in sterile dH,O. Absorbance
readings were taken at 570 nm on a SpectraMax 340PC384 Absorbance
Microplate Reader (Molecular Devices, Sunnyvale, CA). Hemolysis
assays were carried out least three times.

Isolation of human peripheral blood monocytes

PBMCs were isolated from healthy samples of heparinized human
blood purchased from Bio Chemed (Winchester, VA http://
www.biochemed.com/human-biological-products.php); University of
Pittsburgh IRB approved exempt status for these specimens. PBMC
were isolated by Ficoll gradient centrifugation using Lymphocyte
Separation Media (MP Biomedicals, Santa Anna, CA). Collected
PBMC were washed with PBS at least twice, and treated with ACK lysis
buffer (Gibco, Grand Island, NY) as needed to remove erythrocytes.
Following isolation, PBMC were incubated for 48 h at 37°C/5% CO, in
DMEM/20% FBS before use in further experiments.

Flow cytometric analysis of cell viability

PBMC were exposed to peptide dilutions in DMEM/10% FBS that
had been pre-incubated for 1 h at 37°C/5% CO,. After one hour,
peptide supernatants were removed by centrifugation, washed once,
and resuspended in PBS. Cells were immediately stained using LIVE/
DEAD Fixable Blue Dead Cell Stain Kit (Invitrogen, Grand Island, NY)
following the manufacturer protocol. Cells were then fixed using 2%

methanol-free formaldehyde by incubation at room temperature for 15
minutes. Cells were washed once more with PBS before analysis on a
BD LSRII (BD, Franklin Lakes, NJ). Cell viability assays were carried
out at least three times.

Statistical analysis

Statistical analysis of the data from repeat experiments was
performed using GraphPad Prism 6 (La Jolla, CA). ECsy and CCs
values were calculated using the nonlinear fit of log [agonist] vs.
response. Ordinary one way ANOVA using multiple comparisons and
Tukey’s test was used to determine the statistical significance between
peptides in each treatment.

Results

CRAC motif design and predictive modeling of N- and C-
terminal CRAC motif additions to WLBU2

Following the consensus sequence (L/V-X (1-5)-Y-X (1-5)-K/R),
CRAC motifs were designed for incorporation into WLBU2 in an
attempt to increase cholesterol specificity. Two CRAC motifs were
used: LWYIK, derived from HIV gp4l [40,63,64], and VWYVK, a
synthetically designed CRAC motif created to minimize amino acid
differences between WLBU2 and the CRAC sequence. CRAC motif
function has been shown to be optimized in a context where the CRAC
sequences are able to assume a flexible, unordered structure [40].
Modeling was carried out using readily-accessible programs to
examine the predicted effect of CRAC motif influence on WLBU2
structure as a basis to determine the optimal location for this
modification in the peptide sequence. These structural modeling
studies employed PEP-FOLD modeling software, which has been
optimized to predict secondary structure of short amino acid
sequences based on a coarse grain, multiple simulation analysis using a
structural alphabet for reference [48,49]. Each CRAC motif, LWYIK
and VWYVK, was added to either the C- or N-terminus of the
WLBU2 sequence and modeled using PEP-FOLD. According to
modeling predictions, addition of the CRAC motif to the C-terminus
of WLBU2 resulted in a largely helical structure maintained
throughout the peptide, including the C-terminal CRAC motif (Figure
1A).

A

wLBUZ2
VWY VK

containing peptides are represented in pink.

Figure 1: Structural models of WLBU2 containing one CRAC motif. Models of WLBU2 containing each CRAC motif on either (A) the C-
terminus or (B) the N-terminus. WLBU?2 is represented by gray models, LWYIK containing peptides are represented in blue, and VWYVK

Because PEP-FOLD models the C-terminal CRAC motif as helical,
the structure is predicted to lack the flexibility necessary for proper
CRAC motif function [39]. According to modeling predictions for N-

terminal CRAC peptides, the helix of WLBU2 was undisturbed while
the N-terminal CRAC motifs assume an unstructured conformation
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allowing for the flexibility necessary for CRAC motif functionality
(Figure 1B).

Based on the modeling predictions, four peptides containing one or
two copies of the respective CRAC motifs on the N-terminus were
selected for production by solid phase peptide synthesis, as listed in
Table 1. Peptides were also produced with the CRAC motif added to
the N-terminus twice to investigate whether addition of multiple
CRAC motifs affects peptide activity or cholesterol specificity.

Peptide Length | Molecular Weight| Sequence
Name (g/mol)
LWYIKRRWVRRVRRVWRRV
LWYIK 29 4104.04 VRVVRRWVRR
LWYIKLWYIKRRWVRRVRRV
LWYIK2 34 4807.93 WRRVVRVVRRWVRR
VWYVKRRWVRRVRRVWRRV
VWYVK2 29 4075.99 VRVVRRWVRR
VWYVKVWYVKRRWVRRVRR
VWYVK2 34 4751.82 VWRRVVRVVRRWVRR

Table 1: CRAC motif containing peptides.

Secondary structure characterization of CRAC motif
containing peptides in aqueous and hydrophobic solvent
environments

Once peptides had been produced and subjected to quality control
analyses, structural characterization of the CRAC-modified eCAPs was
carried out by CD spectroscopy in the following solvent environments:
dH,0, 6 mM SDS, 30 mM SDS, or 30% TFE. SDS was used as an
anionic membrane mimetic solvent (analogous to bacterial outer
membranes) and TFE, a hydrophobic solvent, was used to mimic the
interstitial space of a lipid bilayer [65]. Previous studies analyzing
WLBU2 by CD spectroscopy indicated that WLBU2 assumes a
predominantly random coil conformation in aqueous environments,
whereas in 30% TFE, WLBU2 forms a distinct o-helix with
approximately 81% helical content [16,17]. For this study, mean
residual ellipticity (MRE) values were calculated from machine units
using the Dichroweb program and plotted versus wavelength [52].
Predicted structural content for all peptides in each solvent
environment is summarized in Table 2.

dH,0 6 mM SDS 30 mM SDS 30%
TFE

Peptide a- Rand | a- Helix | Rand| a-Helix | Rand| a- Rando

Helix | om om om Helix | m Coll

Coil Coil Coil

LWYIK 55% | 21% | 85% 5% 88% 3% 78% 9%
LWYIK2 55% | 21% | 85% 4% 87% 4% 79% 6%
VWYVK 52% | 23% | 91% 2% 85% 3% 78% 9%
VWYVK2 | 56% | 24% | 88% 5% 82% 5% 76% 10%

Table 2: Secondary structural content of CRAC motif containing
peptides based on CD analysis using CDSSTR method on Dichroweb.

For each of the CRAC motif containing peptides in dH,O, MRE
curves were typical of a random coil with approximately 50% helical

content (Figure 2A). In both 6 mM and 30 mM SDS, MRE curves
revealed pronounced minima at 208 nm and 222 nm that are
characteristic of peptides that are predominantly a-helical in content
(Figures 2B and 2C). In complexes with SDS, all CRAC motif
containing peptides contained >80% helical content. Similar MRE
curves were found when peptides were analyzed in the presence of 30%
TFE (Figure 2D). In 30% TFE, all peptides were found to contain about
75% helicity. Based on CD spectroscopy, all of the CRAC motif
containing peptides formed similar structures in each solvent
environment, with structural features similar to those reported
previously for WLBU?2 (Figure 2E). These findings are consistent with
the modeling predictions showing that CRAC motif containing
peptides maintain the characteristic helical content in membrane
mimetic environments.

6 mM SDS
= 2 60000
] g
= 2 400001"".
w w .5
5] T 20000
E-1 = 2 LWYIK 7 o
Telea
& -20000 -Lwvike | &
§ * VWYVK2 ~§ -20000:
= s
- -4
s 200 208 220 240 s 200 208 220 240
C. D 30% TFE
2 60000 30 mM SDS 2 60000
k] 5
= aooool*;. 2 400004,
g 5 %
K] T 200004 %
S S
b1 =1
8 8 o
& &
< £ -20000
) -3
= = 40001
200 208 220 240
E ‘Wavelength
o,
& oo 30% TFE
S 40000 « WLBU2
w
T 20000
S
3
3 ° 3 s
£ 20000 % V_,,,....-»""
g &
[}
= -40000-
200 208 220 240
Wavelength

Figure 2: CRAC motif containing peptides assume helical structures
in hydrophobic environments. MRE ([©]/1,000 x [(degree x square
centimeters)/decimole]) is plotted against wavelength. (A) Aqueous
solvent - dH,O. (B) Membrane mimic solvent-6 mM SDS. (C)
Membrane mimic solvent-30 mM SDS. (D) Hydrophobic solvent -
30% TFE. Each sample was scanned five times. (E) Previously
published CD data of WLBU2 TFE demonstrating CRAC motif
containing peptides assume secondary structures that are similar to
WLBU?2 in hydrophobic environments (Deslouches et al., 2005b).

Assessment of antiviral activity of CRAC motif containing
peptides against a panel of viruses

To assess antiviral activity of CRAC motif containing peptides, in
vitro infectivity assays were carried out for HIV, influenza A, and
DENV in the presence of peptides. This panel was chosen to represent
a range of surface lipid exposures and membrane protein contents that
might influence eCAP inactivation.

HIV was chosen to represent a virus with high surface lipid
exposure, with only about 7-14 copies of the Env timer studding the
surface of the virion [41]. To test the antiviral activity of peptides in
vitro, HIV strain 89.6 was pretreated with varying concentrations (50
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1M to 0.39 uM) of each of the peptides, and the level of infectious virus
was assayed on TZM-bl cells (Figure 3A). Percent inactivation of HIV
was calculated based on comparison of luciferase production to
untreated HIV controls. For each of the peptides tested, viral
inactivation was observed only at the highest peptide concentrations,
50 and 25 uM. Unexpectedly, treatment of HIV with CRAC motif
containing peptides at concentrations below 25 uM resulted in
apparent enhancement of HIV infection. For example, at 6.25 uM,
CRAC motif containing peptides enhanced infection 1-to 2-fold over
untreated controls. Interestingly, the parental WLBU2 peptide
displayed inactivation and enhancement properties similar to the
CRAC-modified peptides, indicating that the observed functional
properties were not the direct result of the CRAC motif.

Influenza A virions has intermediate membrane protein contents,
with a moderate surface lipid exposure [66]. In order to determine
antiviral activity of the CRAC-modified peptides against influenza
virus in vitro, inactivation by the test peptides was assessed by
measuring viral infectivity in a standard plaque assay. Influenza A
HINI strain PR8 was pretreated with varying concentrations of each
of the peptides and then inoculated on MDCK cells (Figure 3B).

>
w

Influenza A

%Inactivation

%Plaque Reduction

100 10 100

1 10 1
Peptide Concentration (uM) Peptide Concentration (uM)

o

~ WLBU2
LWYIK
-~ LWYIK2
- VWYVK
-~ VWYVK2

DENV

% Plaque Reduction

1 10
Peptide Concentration (uM)

Figure 3: Antiviral activity of CRAC motif containing peptides
against HIV-1, influenza virus, and dengue virus after 1 h treatment
in vitro (A) Antiviral activity of WLBU2 and CRAC modified
peptides against HIV-1 strain 89.6 as measured by luciferase
production. All peptides displayed enhancement of infection at
concentrations greater than or equal to 6.25 pM. (B) Antiviral
activity of WLBU2 and CRAC modified peptides against influenza
A strain PR8 as measured by plaque reduction. CRAC motif
containing peptides displayed similar levels of plaque reduction as
compared to unmodified WLBU2. (C) Antiviral activity of WLBU2
and CRAC modified peptides against DENV serotype 2 as
measured by plaque reduction. CRAC motif containing peptides
displayed an enhancement of antiviral activity relative to
unmodified WLBU2. The presented data is based on the average of
three independent experiments.

Percent plaque reduction was calculated based on comparison to
untreated viral controls. The data reveal that all of the CRAC motif
containing-peptides have similar activity against influenza as
unmodified WLBU2. At concentrations greater than 6.25 pM, all

peptides reduced plaques by about 90-100%. Even at sub-micromolar
concentrations, some peptides retained antiviral activity. At 0.39 uM,
LWYIK2 reduced plaques by about 32%, while VWYVK2 reduced
plaques by 37%. However, at the same concentration, WLBU2 has no
activity against influenza A, although there was no statistically
significant difference in activity between CRAC motif containing
peptides and unmodified WLBU2. As summarized in table 3, ECs,
values indicate that peptides are able to reduce influenza A infectivity
at concentrations of approximately 1-3.5 uM.

Peptide Influenza A DENV
WLBU2 35+0.7 3.2+09
LWYIK 1.9+0.6 0.3+0.1*
LWYIK2 0.6+0.2 0.2+0.2*
VWYVK 2106 0.6+0.1
VWYVK2 1.2+04 0.2+0.1*
*P<0.05, as compared to WLBU2

Table 3: Calculated ECs values (uM) against Influenza A virus strain
PR8 and DENYV serotype 2.

DENV was chosen as a model virus with high membrane protein
content and very low lipid surface exposure [45,47]. In order to
determine antiviral activity of CRAC-modified peptides against DENV
in vitro, inactivation was assessed by measuring infectivity in a
standard plaque assay. DENV serotype 2 was pretreated with varying
concentrations of each of the test peptides and then inoculated on
VeroE6 cells (Figure 3C). Percent plaque reduction was calculated
based on comparison to untreated controls. All of the test peptides
reduced DENV infectivity, and CRAC motif containing peptides
outperformed unmodified WLBU2 alone. All the CRAC motif
containing peptides displayed almost 100% plaque reduction at
concentrations as low as 1.56 pM. Even at 0.39 pM, the lowest
concentration tested, LWYIK2 and VWYVK2 reduced plaques by 73%
and 76%, respectivelyp. CRAC motif containing peptides LWYIK,
LWYIK2, and VWYVK?2 had statistically significantly greater antiviral
activity than unmodified WLBU2 (P<0.05). As summarized in Table 3,
ECs, values of LWYIK, LWYIK2, and VWYVK?2 are about 10-to 20-
fold lower than that of WLBU2 alone with 50% reduction of plaques
observed at sub-micromolar concentrations. Taken together these data
indicate that WLBU2 and CRAC motif containing peptides all reduce
infection by DENV serotype 2 in vitro and that CRAC motifs
significantly improve the efficacy of peptide inactivation of the DENV.

Assessment of anti-DENYV activity in cell pretreatment assay
using CRAC motif containing peptides

In order to determine whether the anti-DENV activity observed in
virus pretreatment assays in vitro was due to peptide interaction with
cells or with target virus, Vero E6 cells were pretreated with the most
active CRAC motif containing peptides LWYIK, LWYIK2, and
VWYVK?2 for one hour before removal of peptide and infection with
DENV serotype 2 and compared to inactivation in virus pretreatment
assays (Figure 4). Cells were pretreated with 1.56 uM peptide as this
was the lowest concentration where 100% inactivation was observed in
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virus pretreatment assays. Percent inactivation was calculated based on
comparison to cells treated with media containing no peptide. At the Transformed Non-transformed
tested concentration, pretreatment of cells with CRAC motif

. K K L. R Peptide MDCK Vero MRC-5
containing peptides resulted in less than 50% reduction in DNEV virus
infection, whereas at the same concentration in virus pretreatment WLBU2 30.6+4.9 39.6£8.4 312+6.7
assays, nearly 100% inactivation is observed. These differences are
statistically significant with P<0.005. These data indicate that antiviral LWYIK Ax27 43547 21.9£35
activity of the peptide is optimized when present during infection and LWYIK2 207+37 291+4.2 26.5+4.6
that peptide interaction with cells can account for some antiviral
activity, perhaps by binding to negatively charged cell surface VWYVK 23.3£3.0 312229 324£36
molecules that are known to enhance viral infection. VWYVK2 220423 339450 365465
Virus Inactivation at 1.56uM Table 4: Calculated CCs values (M) from MTS assay against each of
the cells tested.
= Ao Table 4 lists 50% cytotoxic concentrations (CCsg), defined as the
B .\(’:r'gﬁsg: reet:reeae:'ﬁ;n;r;t concentration at which there is a 50% reduction in cell viability as
5 compared to an untreated control, for each of the peptides against each
2 50 of the cells tested. For all the cells tested, CRAC motif containing
® peptides displayed similar cytotoxicity to WLBU2 with no statistically
significant differences between CCs values. In comparing CCs, for
ol ‘ each peptide across the cell lines tested, there was no significant
\§\§1‘ g & difference between cytotoxicity observed on transformed and non-
< 3 ¢§t\ transformed cell lines.
Figure 4: Antiviral activity of CRAC motif containing peptides A. B.
against DENV serotype 2 in 1 h cell pretreatment assay. Antiviral MDCK Cells Vero Cells
activity of the best candidate CRAC motif containing peptides was 150 160 !
assessed by cell pretreatment assay to determine whether peptide E =1 . Z
presence during infection is necessary for antiviral activity. VeroE6 §‘°° s §100
cells were pretreated with 1.5625 uM peptide for 1 h before peptide E: p 3w
was removed and cells were infected with DENV serotype 2. s =
Infection was measured by standard FFU assay based on two 0 0 |
independent experiments each performed in duplicate. C ' * . P;phde BT (uM) "
' MRC-5 Cells
150
" + WLBU2
Cell viability assessed by MTS assay against a panel of g il
transformed and non-transformed cells following CRAC 8 % S
motif containing peptide treatment :
MTS assays were carried out on a panel of transformed and non- ’ 1 10 100

. . Peptide Concentration (uM)
transformed cells to examine the effects of peptide treatment on cell

viability to parallel the experiments previously performed by | pigure 5: Comparison of in vitro cytotoxic properties of WLBU2
Deslouches et al. [16]. Two transformed cell lines, MDCK and Vero | ,nd CRAC-modified peptide. Cells were treated for 1 h before
cells, were analyzed as they are the relevant indicator cells used for the peptides were removed and cells were allowed to recover in fresh
influenza A and DENV viral inactivation assays, respectively. The complete media for 4 h before cell viability was measured by MTS
human fetal foreskin fibroblast cell line, MRC-5, was analyzed for a assay. Panels A and B display peptide cytotoxicity on transformed
non-transformed cell line [67,68]. Cells were treated with various | c¢]] lines Vero (A) and MDCK (B), the relevant indicator cells for
concentrations of each peptide, and then allowed a four hour recovery | DENV and influenza A infectivity assays, respectively. Bottom row
period in fresh complete media before cell viability measurements were | shows peptide cytotoxicity on the non-transformed cell line MRC-5
taken. The cytotoxicity levels are expressed as a percentage of cell (C). Shaded grey boxes indicate the range of effective
viability compared to untreated controls. Figure 5A-5C summarizes | concentrations (0.3 uM - 3.5 uM) for all of the peptides against
the viability of the various cells treated with concentrations of each of | j1fluenza A and DENV. Above displays the average of three
the peptides ranging from 50 uM to 0.39 uM. The cytotoxicity levels independent experiments

are expressed as a percentage of cell viability compared to untreated
controls.
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Selective indices against influenza A and DENV

Selective indices for each of the peptides against influenza A and
DENV listed in Table 5 were calculated using CCs values calculated by
MTS assay for MDCK cells and Vero cells, respectively. For influenza
A, selective indices for CRAC motif containing peptides were about 2-
fold greater than the selective index of WLBU2. In the case of
LWYIK?2, the selective index was 4-fold higher than the selective index
for unmodified WLBU2 indicating that the peptide has similar
cytotoxic affect, but with greater antiviral activity. For DENV, selective
indices of CRAC motif containing peptides ranged from 52.5 to 188.3.
VWYVK2 had the greatest selective index at 188.3, a 22-fold increase
over unmodified WLBU2. Similarly, LWYIK2 had a selective index of
155.5, an 18-fold increase over WLBU2. The selective indices for
DENV indicate that CRAC motif containing peptides have greater
antiviral activity than unmodified WLBU2. There are currently no
approved antiviral treatments for DENV infection to which selective
indices could be compared.

Peptide Influenza A DENV
WLBU2 1.3 8.8
LWYIK 23.2 76.8
LWYIK2 45.4 155.5
VWYVK 14.6 52.8
VWYVK2 28.7 188.3

Table 5: Selective indices of peptides comparing CCsy of MDCK and
Vero cells to ECs against influenza A and DENYV, respectively.

Characterization of peptide hemolytic and cytotoxic
properties against human blood cells

To investigate the potential cytotoxic effects of peptides against
primary human cells, hemolytic assays were carried out in whole blood
and cell viability was measured for isolated PBMC. In the context of
whole blood, peptides displayed no detectable hemolytic activity (data
not shown). PBMC isolated from whole blood were treated with
peptide for 1 h before cell viability was measured by flow cytometric
analysis using a fixable live/dead stain. Treatments ranged from
peptide concentrations of 25 uM to 0.39 uM (Figure 6). For all of the
peptides tested, cytotoxicity was observed at 25 pM, where the peptide
VWYVK displayed the smallest reduction in viability of about 32%. As
concentration of peptides decreased, cell viability increased, with little
to no reduction of viability observed at concentrations less than or
equal to 6.25 uM for WLBU2 and LWYIK. These data indicate that
VWYVK displays very little cytotoxicity on PBMC, while peptides
containing two CRAC motifs are more cytotoxic, especially as
compared at lower peptide concentrations.

PBMC Viability

150

100

[4)]
(=]

%Cell Viability

1 10
Peptide Concentration (uM)

Figure 6: CRAC motif containing peptides display similar
cytotoxicity properties on primary isolated PBMC compared to
WLBU2. Flow cytometric data of cell viability was determined as
detailed in Materials and Methods. Peptides containing one CRAC
motif displayed levels of cytotoxicity similar to or lower than
unmodified WLBU2, while peptides containing 2 CRAC motifs
were more cytotoxic than unmodified WLBU2. Shaded grey box
indicates the range of effective concentrations (0.3 uM-3.5 uM) for
all of the peptides against influenza A and DENV. Above displays
the average of three independent experiments.

Discussion

Antimicrobial peptides have emerged as promising candidates for
antiviral treatments due to their potential for broad activity. Current
research in cationic antiviral peptides has produced promising results,
though no treatments have yet advanced to clinical studies [21].
Antimicrobial peptide development has been based on the use of
natural AMPs and on the design of de novo engineered peptides with
antiviral activity [69-72]. Previous studies have shown the potential for
developing peptides with antiviral activity against viruses including
HIV [73], influenza A [24], respiratory syncytial virus [74], DENV
[75], and vaccinia virus [26]. The structural diversity of antimicrobial
peptides is consistent with multiple mechanisms of action [76],
including preventing fusion of the virus and cell membranes [77],
blocking viral entry or replication [78], and modulating cellular
antiviral responses [79]. One common mechanism of antiviral peptides
is blocking viral entry by disrupting the envelope integrity and
function, due to direct interactions between the peptide and the lipid
bilayer [69,80-82]. The selectivity of these peptides relies on differences
between the host cell and viral lipid membranes. Many viruses bud
progeny virions from cholesterol-rich regions of membrane so that
viral envelopes are markedly enriched for cholesterol as compared to
the host cell membrane [32,35,36]. Designing eCAPs to interact with
cholesterol-rich membranes could produce peptides with selective
antiviral activity by directing them specifically to viral envelopes.

Here we report structure-function studies describing a novel viral
envelope targeting strategy that was designed to take advantage of
cholesterol-directing sequences to specifically target eCAPs to
enveloped viruses for inactivation. The well-characterized eCAP,
WLBU?2, was modified to add cholesterol targeting CRAC sequences to
the N-terminus either once or twice. We hypothesized that addition of
cholesterol targeting sequences would create antiviral peptides that
display activity based on viral lipid surface exposure, based on peptide
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interactions with the viral envelope. When tested against HIV,
influenza A, and DENV, we found that WLBU2 and CRAC motif
containing peptides all displayed antiviral activity against influenza A
virus and DENYV, while enhancement of infectivity was observed with
HIV. Thus, antiviral activity of CRAC motif containing peptides does
not appear to be based on lipid surface exposure and, surprisingly,
viruses with less lipid exposure were most sensitive to peptide
treatment. These studies indicate the possibility of other mechanisms
of inactivation and serve as a foundation for further mechanistic
studies.

In order to determine the range of activity for cholesterol-targeting
eCAPs, antiviral activity was assessed in vitro against a panel of viruses
with varying levels of membrane protein content and surface lipid
exposure. WLBU2 and the CRAC motif containing peptides all
enhanced HIV infection in vitro, despite the high level of lipid
exposure. The surface of the HIV virion is sparsely populated by Env
proteins with a high lipid surface exposure, which allows peptide
access to the membrane for disruption. Surprisingly however, peptide
treatment of HIV led to enhancement of infection. The mechanism
leading to this enhancement phenomenon is uncertain. Other groups
have demonstrated that cationic amphipathic peptides can enhance
lentiviral transduction efficiency. In vivo, the semen protein semen-
derived enhancer of viral infection (SEVI) [83] has been shown to act
as a polycationic bridge to neutralize repulsion effects between a
negatively charged virion and target cell thereby leading to
enhancement of infection [84]. Peptides that have been previously
reported to display antiviral activity against HIV often block virus-cell
interactions or block viral gene expression, such as by inhibiting
integrase [85] or reverse transcriptase activity [86].

In marked contrast to HIV, WLBU2 and the CRAC motif
containing peptides reduced infection by influenza A virus and DENV
in vitro. In the case of influenza A, CRAC motif containing peptides
performed similarly to WLBU2. Other antiviral peptides that have
dem onstrated activity against influenza A have displayed similar
activity and ECso values [72,87,88]. For DENV, CRAC motif
containing peptides had ECs values about 10-to 20-fold lower than
unmodified WLBU2, with submicromolar ECs values. Other peptide
inhibitors of flavivirus infection have reported ECs, values 10- to 100-
fold greater than those observed for CRAC motif peptides [89].
Contrary to the hypothesis under which these peptides were designed,
DENV was the most sensitive to inactivation by eCAPs in virus
pretreatment assays. This observation suggests that there may be other
mechanisms of virus inactivation in addition to the predicted lipid
disruption. In order to explore this further, VeroE6 cells were
pretreated with peptides before infection with DENV to determine
whether peptide presence during infection is necessary for antiviral
activity. When CRAC motif containing peptides were removed before
infection with DENV, significantly decreased antiviral activity was
observed, indicating that peptide must be present during infection to
maintain antiviral activity. While CRAC motif containing peptides
were designed to interact directly with virion lipids, peptides may exert
antiviral activity when present during infection by direct interaction
with host factors such as cellular receptors for infection. The cellular
receptors of influenza A and DENYV, sialic acid [90] and heparan
sulfate [91], respectively, are both negatively charged glycoproteins
found on the cell surface. Because these eCAP peptides are highly
cationic, introduction of these peptides during infection may block
viral entry by peptide binding to cell surface receptors, thus blocking
interactions between viruses and their necessary receptors. Other
engineered cationic peptides have demonstrated that HSV entry can be

blocked by peptide interaction with heparan sulfate [92], indicating a
similar mechanism could be at play with CRAC motif containing
peptides. Further temporal and mechanistic studies are necessary,
including confocal microscopy studies using fluorescently tagged
peptides to see whether peptides colocalize with necessary receptors
for viral entry.

In order to determine whether CRAC motif containing peptides are
cytotoxic on relevant cells at the concentrations at which antiviral
activity is demonstrated, we measured the cytotoxic effect of our
peptides using three standard methods to analyze a panel of primary,
transformed, and non-transformed cells: red blood cell lysis, flow
cytometry, and MTS assay. As measured by all three assays, the lowest
effective antiviral concentrations of peptide do not significantly alter
host cell viability. In the context of whole blood, none of the peptides
displayed significant hemolysis at any of the concentrations of peptide
tested. As measured by flow cytometric analysis, cytotoxicity greater
than 50% was only observed at peptide treatments at least 4-times as
great as peptide effective concentrations. Similarly, MTS assays
indicate cytotoxicity greater than 50% was only observed at peptide
concentrations at least 10-fold greater than peptide effective
concentrations. While these initial studies indicate limited cytotoxicity
at the effective concentrations of peptide, it is difficult to correlate
these in vitro data to in vivo activity. The prophylactic or therapeutic
use in vivo of these CRAC motif containing peptides will depend on
many different factors including formulation, bioavailability, and
biodistribution. Pharmacokinetic and pharmacodynamic studies are
also warranted in order to consider peptides for therapeutic potential.

Based on the antiviral activity and cytotoxicity data, both the
LWYIK and VWYVK CRAC motifs behave similarly to one another.
This indicates that CRAC motifs can be designed synthetically with
similar levels of activity to naturally occurring sequences. The results
also indicate that there is no additive effect with addition of multiple
CRAC motifs in the context of short peptide sequences. Overall, these
data have important implications in eCAP design. The pattern of
antiviral activity observed with these peptides against the chosen panel
of viruses indicates that the mechanism of action of these eCAPs
against mammalian viruses may not be exclusively or predominantly
dependent on lipid exposure as previously presumed. Our results
indicate that viruses with less lipid surface exposure may be more
susceptible to peptide treatment and that peptide must be present
during infection for optimum antiviral effect. This suggests that there is
a different mechanism of antiviral activity for these peptides possibly
requiring peptide-host interactions. While the results presented here
strongly suggest a distinctive mechanism of action, these deductions
are indirectly derived. Additional studies are required for a more
thorough analysis of potential mechanism of action. Establishing what
this mechanism is will be important in developing peptides with
enhanced antiviral activity, determining other virus species against
which these peptides would be effective, and discovering possible viral
resistance strategies.
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