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a b s t r a c t

Antimicrobial peptides (AMPs) are gaining importance as effective therapeutic alternatives to conven-
tional antibiotics. Recently we have shown that a set of nine synthetic antimicrobial peptides, four
originating from thrombin-induced human platelet-derived antimicrobial proteins named PD1–PD4 and
five synthetic repeats of arginine-tryptophan (RW) repeats (RW1-5) demonstrate antibacterial activity
in plasma and platelets. Using WR strain of vaccinia virus (VV) as a model virus for enveloped virus in
the present study, we tested the same nine synthetic peptides for their antiviral activity. A cell culture-
based standard plaque reduction assay was utilized to estimate antiviral effectiveness of the peptides.
latelet-derived peptides
icrobicidal

fu

Our analysis revealed that peptides PD3, PD4, and RW3 were virucidal against VV with PD3 demonstrat-
ing the highest antiviral activity of 100-fold reduction in viral titers, whereas, PD4 and RW3 peptide
treatments resulted in 10–30-fold reduction. The EC50 values of PD3, PD4 and RW3 were found to be
40 �g/ml, 50 �g/ml and 6.5 �M, respectively. In VV-spiked plasma samples, the virucidal activity of PD3,
PD4 and RW3 was close to 100% (90–100-fold reduction). Overall, the present study constitutes a new
proof-of-concept in developing peptide therapeutics for vaccinia virus infections in biothreat scenarios

tion a
and as in vitro viral reduc

. Introduction

Ever since their discovery, antimicrobial peptides (AMPs) have
een gaining attention as an important therapeutic intervention
lternative in the field of disease prevention and care against a
umber of microbes (Brogden, 2005; Hancock and Sahl, 2006;
yston et al., 2009; Zaiou, 2007). This can be mainly attributed

o the rising microbial drug resistance, associated toxicity and
igher production costs involved with conventional antimicro-
ial drugs. As a result of intense research in this field over the

ast decade, approximately 20,000 AMPs have so far been listed
n the AMPs database (Brogden, 2005; Hancock and Sahl, 2006;
yston et al., 2009; Zaiou, 2007). These peptides are either derived

rom nature (from microbes, vertebrates including humans) or are

ynthetic forms (Brogden, 2005; Hancock and Sahl, 2006; Zaiou,
007). Each AMP could demonstrate their antimicrobial property
ither on a single class of organisms i.e., anti-bacterial, anti-viral,
nti-parasitic, anti-fungal or on multiple classes of pathogens. The
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∗ Corresponding author at: Bldg 29A, Room 2C-11, NIH Campus, 8800 Rockville

ike, Bethesda MD 20892, United States. Tel.: +1 301 827 1822;
ax: +1 301 827 1825.

E-mail address: krishna.ketha@fda.hhs.gov (K.V.K. Mohan).

166-3542/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.antiviral.2010.03.012
gents.
Published by Elsevier B.V.

mechanism of action of many AMPs include either direct micro-
bicidal activity or indirect action by blocking or inhibiting an
important pathway in the microbial life cycle (Brogden, 2005; Chan
et al., 2006; Hancock and Sahl, 2006; Oyston et al., 2009; Zaiou,
2007).

Though most of the currently reported AMPs are known to be
either anti-bacterial or anti-fungal peptides, the number of antivi-
ral peptides is slowly going up. Some of the AMPs that have been
shown to be effective antivirals have been against viruses such as
influenza A virus, severe-acute respiratory syndrome coronavirus
(SARS-CoV), West Nile Virus (WNV), and other viruses (Bai et al.,
2007; Basu et al., 2009; Chu et al., 2008; Daher et al., 1986; Guo
et al., 2009; Oyston et al., 2009; Zaiou, 2007). Interestingly these
antiviral peptides were originally either elicited due to an immune
response by the host to the viral infection or virus-encoded (Bai et
al., 2007; Basu et al., 2009; Chu et al., 2008; Daher et al., 1986;
Guo et al., 2009; Oyston et al., 2009; Zaiou, 2007). Besides �-
defensins two other classes of AMPs are produced by mammalian
cells: �-defensins and cathelicidins (Gallo et al., 2002; Harder et al.,
1997). Between the two, cathelicidin represented by LL-37 is the
most famous antimicrobial peptide that has demonstrated potent
anti-bacterial, anti-viral and anti-fungal properties (Dorschner et

al., 2001; Howell et al., 2004). The �-defensins are known to
inhibit replication of herpes simplex virus (HSV), cytomegalovirus
(CMV), vesicular stomatitis virus (VSV) and influenza A virus (Daher
et al., 1986). The mechanism of action of these peptides has
been suggested to involve disruption of the microbial membrane

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:krishna.ketha@fda.hhs.gov
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Table 1
List of peptides used in the study. Peptides PD1–PD4 are platelet microbicidal protein
(PMP)-derived peptides and superscript numbers on each peptide sequence indicate
amino acid position on the PMP sequence.

Peptides Sequence

PMP-derived peptides PD1 1SDDPKESEGDLHCVC15

PD2 13CVCVKTTSLVRPRHI27

PD3 49KNGRKLCLDLQAALY63

PD4 60AALYKKKIIKKLLES74

RW series peptides RW1 RW
RW2 RWRW
K.V.K. Mohan et al. / Antivi

nd/or penetration of the microbial membranes to interfere with
ntracellular functions (Brogden, 2005; Harrison and Ramshaw,
006; Howell et al., 2004; Liu et al., 2007; Tang et al., 2002). So far,
he �-defensins, cathelicidins (LL-37), caragenins (synthetic AMPs),
eptide mimetics of �-interferon, the broad spectrum antiviral EB
nd peptide aptamers have been shown to possess antiviral activ-
ty against vaccinia virus (VV) (Ahmed et al., 2005; Altmann et
l., 2009; Harrison and Ramshaw, 2006; Howell et al., 2004, 2007,
009; Saccucci et al., 2009).

We have recently demonstrated the antibacterial activity of
wo types of AMPs, the thrombin-induced human platelet-derived
ntimicrobial peptides (PD) and the arginine-tryptophan (RW)
epeat peptides, against aerobic bacterial contaminants encoun-
ered in blood products (Mohan et al., 2009a). The structure and

echanism of action of PD and RW peptides has been elucidated
reviously in detail and these peptides are also known to be non-
ytotoxic and non-hemolytic (Chan et al., 2006; Liu et al., 2007;
eaman et al., 2007; Yeaman and Bayer, 1999). Because vaccinia
irus has been used as a model to test methods of decontaminat-
ng blood products, and it has been found to be relatively resistant
o solvent/detergent inactivation methods, we selected this virus
o evaluate the antiviral activity of PD and RW peptides (Lin et
l., 2005; Remington et al., 2004; Roberts, 2000; Wu and Snyder,
003). In the present study we evaluated the same PD and RW pep-
ides that were previously evaluated against bacteria (Mohan et
l., 2009a) for their antiviral activity against VV as a model virus
or enveloped viruses and observed that PD and RW peptides do
emonstrate antiviral activity on VV in cell culture as well as in
piked plasma.

. Materials and methods

.1. Cells, virus and reagents

Simian kidney epithelial cell lines Vero 76 and B-SC-1 cells
ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle’s

edium (DMEM) (Mediatech, Herndon, VA) containing 10% fetal
ovine serum (FBS), 2 mM l-glutamine (Mediatech, Herndon, VA)
nd penicillin–streptomycin (Invitrogen, Gaithersberg, MD). Vac-
inia virus (WR strain, kind gift from B. Moss) was propagated in
ero 76 cells as described previously (Jones-Trower et al., 2005;
otwal et al., 1989; Mohan et al., 2009b).

.2. Virus stock preparation and infection

VV seed stocks were prepared by infecting three T752 flasks
f Vero 76 cells (Jones-Trower et al., 2005; Kotwal et al., 1989).
nfected cells were freeze-thawed three times at 72 h post-infection
h.p.i.), followed by low speed centrifugation and the supernatant
as collected, estimated for viral titers by plaque assay, aliquoted

nd stored at −80 ◦C, until used (Jones-Trower et al., 2005; Kotwal
t al., 1989; Mohan et al., 2009b). VV infection of B-SC-1 (simian kid-
ey epithelial) cells for antiviral analysis was performed in 12-well
lates.

.3. Peptide synthesis and reconstitution

A total of nine antimicrobial peptides were synthesized at CBER
ore Facility. Four were tPMP-1 consensus sequence derived (PD)
eptides of 15 amino acids in length and other 5 microbicidal pep-
ides were 1–5 repeats of Arg-Trp (RW1-5) amino acids (Table 1)

Liu et al., 2007; Mohan et al., 2009a; Tang et al., 2002; Yeaman
nd Bayer, 1999). Reconstitution of the peptides was essentially
s per a published protocol except for the solvent used (Mohan
t al., 2009a). Both the PD and RW peptides were reconstituted in
hosphate buffered saline (PBS), pH 7.2. Since PD peptides were
RW3 RWRWRW
RW4 RWRWRWRW
RW5 RWRWRWRWRW

of uniform length (15-mers), the stock solutions were made at
100 �g/�l by reconstituting the lyophilized powder in PBS and
stored at 4–8 ◦C until used. Since the RW peptides were of vari-
able length (2-, 4-, 6-, 8-, and 10-mer), the stocks were made at
10 mM concentration for these peptides by dissolving in PBS, pH
7.2.

2.4. Antiviral assays

All the nine AMPs were evaluated for their antiviral potential.
AMPs were tested at 3 different stages of virus infection: pre-,
during- and post-infection. VV-infection without the peptides was
taken as control and all experiments were performed in triplicate
for statistical analyses.

2.4.1. Pre-infection
To analyze whether the AMPs act on the virus and/or cells both

the VV and B-SC-1 cells were treated individually with the nine
AMPs prior to infection and assessed for viral titers. Effect of AMPs
on VV was performed by taking 100 �l of 104 pfu/ml concentra-
tion of WR virus, mixed individually with PD1–PD4 or RW1–RW5
peptides made up to a final volume of 1 ml with DMEM and incu-
bated at room temperature for 2 h. Final concentration of the PD
peptides was at 100 �g/ml whereas RW peptides were diluted to
a 10 �M final concentration. The inoculum was then added to B-
SC-1 cells maintained in 12-well plates. Following virus binding to
the cells at 37 ◦C for 1 h, virus inoculum was aspirated and agar
overlay containing DMEM was added to the cells and incubated
for 72 h (Jones-Trower et al., 2005; Kotwal et al., 1989; Mohan et
al., 2009b). At the end of incubation period the agar overlay was
removed and cell monolayer was stained with crystal violet for
enumeration of virus plaques. Results were expressed in plaque-
forming units (pfu)/ml. Similarly, effect of PD and RW peptides on
B-SC-1 cells was analyzed by individually treating cells with each of
these peptides for 2 h at the same concentrations as above. Follow-
ing incubation the peptide mixture was aspirated and cells washed
once with fresh DMEM. Virus infectivity was assessed by inocu-
lating a 1 ml mixture of VV (103 pfu/ml) onto these treated-cells
and incubated for 1 h at 37 ◦C. Viral titers were measured by plaque
assay as described above.

2.4.2. Virus-binding stage
100 �l of 104 pfu/ml concentration of WR virus was mixed with

individual PD and RW peptides (final concentration 100 �g/ml and
10 �M, respectively) and made up to 1 ml with fresh DMEM and the
mixture was added directly to B-SC-1 cells. Cells were incubated at

37 ◦C for 1 h. Following virus binding, the inoculum was aspirated
and an agar overlay containing DMEM was added to the cell culture
plates and incubated at 37 ◦C for 72 h (Jones-Trower et al., 2005;
Kotwal et al., 1989). Cell monolayer was then stained with crystal
violet for viral plaques as described above.
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Fig. 1. Antiviral activity of PD and RW peptides on VV during the pre-infection
stage. WR strain of VV was incubated with PD and RW peptides at 100 �g/ml and
10 �M concentration, respectively, for 2 h at RT and titers were measured by count-
ing plaques on B-SC-1 cells. Since PD peptides were of uniform length (15 aa) they
were constituted in �g/ml whereas RW peptides though were of varying length (2,
4, 6, 8 and 10 aa) and hence expressed in �M concentrations. These two different
concentration expression units were maintained to be consistent with our previ-

groups (Fig. 2). Similarly, the pre- and post-infection treatment of
B-SC-1 cells with PD and RW peptides did not have any signifi-
cant effect on virus titers between control and the peptide-treated
groups (Fig. 2).

Fig. 2. Antiviral activity of PD and RW peptides during pre-infection, VV-binding and
post-infection stage. PD and RW peptides were added to B-SC-1 cells at 3 different
stages: (a) prior to infection (filled bars), (b) during virus binding (open bars) or (c)
post-infection stage (shaded bars) and resulting viral titers were compared to that
of VV-infection lacking the peptides. In the pre-infection experiment B-SC-1 cells
were incubated with PD and RW peptides for 2 h at 37 ◦C, followed by washing of
the cells and infection with VV. For the virus-binding stage experiment peptides
08 K.V.K. Mohan et al. / Antivi

.4.3. Post-infection stage
B-SC-1 cells maintained in 12-well culture plates were infected

ith 1 ml of VV inoculum (103 pfu/ml) and incubated at 37 ◦C
or 1 h. Following virus binding, the inoculum was aspirated
nd fresh DMEM containing individual PD peptides at a final
oncentration of 100 �g/ml and RW peptides at 10 �M were
dded to each well and cell culture plates were incubated at
7 ◦C. Following 48 h of virus infection supernatant was aspi-
ated and cell monolayer was freeze-thawed thrice to extract
irus particles as described previously (Jones-Trower et al.,
005; Kotwal et al., 1989). Virus particles extracted from each
ell was then quantified by the plaque assay as described

bove.

.5. Dose–response and EC50 value estimation

To evaluate whether the PD and RW peptides were microbicidal
t concentrations lower than 100 �g/ml and 10 �M, respectively, a
erial doubling dilution analysis was performed with PD3, PD4 and
W3 peptides. Since PD peptides were of uniform length (15 aa)
hey were constituted in �g/ml concentration. RW peptides though
ere of varying length (2, 4, 6, 8 and 10 aa) and hence expressed in
M concentrations. We maintained these two different concentra-

ion expression units to be consistent with our previously published
ork (Mohan et al., 2009a). The final concentration of the PD pep-

ides for the assay were 100, 50, 25 and 12.5 �g/ml whereas the
W peptides concentration was 10, 5, 2.5 and 1.25 �M. 103 pfu/ml
f WR virus was mixed individually with each of these peptides and
he antiviral assay was performed as per the pre-infection protocol
escribed above.

.6. Plasma sample spiking assay

To assess whether these three AMPs would maintain their
ntiviral activity in a biological material, human plasma samples
ere spiked with VV and the peptides were tested for their activity.
uman plasma samples were acquired from the NIH blood bank,
ethesda, MD and were spiked with 102 pfu of VV-WR virus. PD3,
D4 and RW3 peptides were each incubated with the virus inocu-
um for 2 h at room temperature and tested for antiviral activity
y performing the plaque assay as described in the pre-infection
xperiment.

.7. Statistical analyses

All assays described here were performed a minimum of three
imes and mean values ± SD (Standard Deviation) were calculated
sing Microsoft Excel®. Statistical analyses were performed using a
wo-tailed Student’s t-test and values were considered significant
hen p < 0.05. Dose–response curves (EC50 values) for PD3, PD4

nd RW3 peptides were estimated using the GraphPadTM Prism 5.0
oftware.

. Results

.1. PD3, PD4 and RW3 inhibit vaccinia virus during the
re-infection stage

In order to evaluate at which stage of the virus infection are
he PD and RW peptides demonstrate antiviral activity, we tested
ll nine AMPs in a pre-infection incubation step. Results from this

xperiment revealed that preincubation of AMPs with VV were able
o inhibit viral infection (Fig. 1). Platelet-derived peptides PD3 and
D4 were able to bring down the VV titer by 10–100-fold. The RW3
eptide was able to elicit a 10-fold reduction in VV titers (Fig. 1).
emaining six peptides (PD1, PD2, RW1, RW2, RW4 and RW5) did
ously published work (Mohan et al., 2009a). VV infection without the peptides was
included as control. PD3, PD4 and RW3 peptides demonstrate significant (p < 0.05,
indicated by *) reduction in viral titers.

not demonstrate any antiviral activity above what was observed
with the control group.

3.2. PD3, PD4 and RW3 peptides do not inhibit vaccinia virus
after virus-binding and post-infection stage

Once we observed that the AMPs were able to inhibit VV, the
next step was to address whether the AMPs would still inhibit VV
post a virus-binding step or a post-infection stage. Analysis of the
post virus-binding experiment revealed that none of the PD or RW
peptides were able to inhibit virus infection as there was no sig-
nificant difference in the viral titers between the test and control
were mixed individually with VV and the mixture was added to cells. Following
incubation for 1 h inoculum was aspirated and agar overlay with DMEM was added.
The post-infection assay was performed by first infecting B-SC-1 cells with VV for 1 h
and then adding fresh medium containing PD and RW peptides. Note that both PD
and RW peptides do not exhibit significant antiviral activity (p > 0.05) during these
three stages of treatment.
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Fig. 3. Dose–response curves or EC50 estimation of PD and RW peptides. Serial doubling dilution analysis was performed with PD3, PD4 and RW3 peptides. The final
concentration of the PD peptides for the assay were 100, 50, 25 and 12.5 �g/ml whereas the RW peptides concentration was 10, 5, 2.5 and 1.25 �M. 1 ml of WR virus
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2000; Srinivasan et al., 2006; Wu and Snyder, 2003). Of the nine
AMPs tested, three peptides (PD3, PD4 and RW3) exhibited viru-
cidal activity against vaccinia virus. The same three peptides also
exhibited potent bactericidal activity in plasma and platelets stored
in plasma (Mohan et al., 2009a). The mechanism of action of these
103 pfu/ml) was mixed individually with each of these peptides at RT for 2 h, follow
as added to cells and incubated at 37 ◦C for 72 h. Viral titers were estimated by cou
ere deduced by using the GraphPad Prism 5.0 software. Peptide concentrations a

oncentration expressed in �M. Analysis reveals that the EC50 values for PD3 (A), P

.3. PD and RW peptides exhibit antiviral activity at low
oncentrations

In order to evaluate the minimal inhibitory concentration of
he PD3, PD4 and RW3 peptides further analysis by serial doubling
ilution of these peptides and their effect on virus inhibition was
erformed. Dose–response curves for PD3, PD4 and RW3 were gen-
rated using the GraphPad Prism 5.0 software and their EC50 values
alculated. Analysis revealed that PD3 (Fig. 3A) and PD4 (Fig. 3B)
xhibited an EC50 value of 40 �g/ml and concentration, respec-
ively. RW3 on the other hand revealed an EC50 dose at 6.5 �M
oncentration (Fig. 3C).

.4. PD and RW peptides inhibit vaccinia virus in spiked plasma
amples

Since these peptides have already been known to act as potent
ntibacterial agents (Mohan et al., 2009a) in blood products, we
nalyzed whether these AMPs could inhibit VV in a VV-spiked
lasma sample as well. Analysis of the effect of PD3, PD4 and RW3
eptides on VV in spiked plasma samples revealed that PD3 was the
ost potent peptide with 100% virus inhibition at 100 �g/ml con-

entration. PD4 peptide on the other hand demonstrated a 90-fold
eduction in virus titer at 100 �g/ml concentration (Fig. 4). RW3
as able to inhibit VV by ∼90% at 10 �M concentration (Fig. 4).

. Discussion

We had previously reported the proof-of-concept of usage of PD

nd RW peptides as bactericidal agents in experimentally contam-
nated blood products (Mohan et al., 2009a). Ideally, to be the most
seful, any antimicrobial agent has to exhibit a broad-spectrum
ntimicrobial activity viz. anti-bacterial, anti-viral, anti-fungal and
nti-parasitic. Hence, in the present study we evaluated the efficacy
y infection of B-SC-1 cells for 1 h. Following virus binding agar overlay with DMEM
plaques at the four different concentrations of the peptides tested and EC50 values
resented on the x-axis (log scale) with PD3 and PD4 expressed in �g/ml and RW3
and RW3 (C) were 40 �g/ml, 50 �g/ml and 6.5 �M, respectively.

of the same AMPs against vaccinia virus reduction in experimen-
tally infected plasma. Though current virus inactivation procedures
are considered highly efficient and the transmission risks due to
viruses is said to be minimal, the possibility still does exist. In order
to address this hypothetical but possible occurrence we selected
vaccinia virus as a model virus as it poses considerable challenge
in being the most resistant virus to solvent/detergent inactiva-
tion methods (Lin et al., 2005; Remington et al., 2004; Roberts,
Fig. 4. Antiviral activity of PD and RW peptides against VV in spiked-plasma sam-
ples. Human plasma samples spiked with 102 pfu of VV-WR virus were incubated
with PD3, PD4 and RW3 peptides individually for 2 h and tested for antiviral activity
by infecting B-SC-1 cells and measuring virus titer by performing the plaque assay as
described in the pre-infection experiment. Note that PD3, PD4 and RW3 treatment
results in 90–100-fold reduction of viral titers (p < 0.05, indicated by *).
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MPs on bacteria is well known but their mechanism of action on
iruses is not yet clearly understood (Liu et al., 2007; Yeaman and
ayer, 1999).

Antimicrobial peptides have been reported against a variety of
iruses that include influenza A virus, SARS co-V, WNV, HSV and
any others (Bai et al., 2007; Basu et al., 2009; Chu et al., 2008;
uo et al., 2009). The precise mechanism of action of the various
MPs is similar in some and different between other viruses. These
MPs could even have a stage-specific action on different viruses
uch as some may act on the extracellular virus, some may do so
n the intracellular form, and some at the time of virus release (Bai
t al., 2007; Basu et al., 2009; Chu et al., 2008; Guo et al., 2009).
ur analysis of the PD and RW peptides indicate that all three
eptides exhibit their antiviral activity on the virus during in vitro
onditions. These peptides do not have any effect once the VV is
ound to the cell membrane or during post-infection. More inter-
stingly, pre-treatment of B-SC-1 cells with PD and RW peptides
id not adversely affect virus titers suggesting that these peptides
o not affect virus entry and may not be able to penetrate the cell
s reported with some of the recently tested AMPs (Snyder and
owdy, 2004).

Our analysis of the VV-spiked plasma samples further confirm
hat the PD3, PD4 and RW3 peptides are able to inhibit the virus
nd are able to retain their antiviral activity in biological fluids as
ell. While one would argue that a peptide that provides a 10-

old reduction in VV titers is not an effective therapeutic agent, it
ould make a difference in blood transfusion settings where blood
onor deferral takes care of the high titer symptomatic individuals
nd inadvertently collected blood from an asymptomatic individual
i.e. with very low titers). In this scenario a reduction of ∼100 VV
articles to less than 10 or, 10 particles to 0 would certainly make
difference, if the peptide can achieve a 10-fold reduction of the

irus.
In the present study, the highest concentration of the PD and

W peptides tested was only 100 �g/ml and 10 �M, respectively,
ased on our previous experience with bacteria (Mohan et al.,
009a). Regardless of whether there is substantial risk of acquiring
V by blood products or not, the demonstration of anti-vaccinia
roperties of these AMPs in plasma samples is very promising.
he antiviral potency of these AMPs may have potential applica-
ions, as observed with Caragenins, for topical therapy of poxviral
nfections (Howell et al., 2009). Interestingly, the Caragenins are
ynthetic antimicrobial compounds designed to mimic the struc-
ure and function of endogenous AMPs (Howell et al., 2009). Future
pplication of these AMPs in other potentially challenging scenar-
os include treatment of various microbial infections, especially the
rug-resistant ones, through systemic administration (Groneberg
t al., 2004). More pertinently, small animal testing of these AMPs
ould provide further evidence of such an application for these
eptides and additionally reveal peptide clearance or safety aspects
f these AMPs in vivo. The distinct advantage of the PD and RW
eptides is that these are non-immunogenic, non-cytotoxic and
on-hemolytic and thus have very minimal safety concerns. Addi-
ionally, since these AMPs are synthetic they are easy to produce
n large quantities with a good product consistency. A more com-
rehensive analysis using these AMPs on some of the more recently
merging viruses such as H1N1, West Nile virus (WNV), SARS Co-V,
MV could bring about the value of these AMPs in virus inactiva-
ion/intervention strategies in general.
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