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Abstract USA

Herpes simplex virus 1, HSV1, is the primary cause of herpes labialis in humans. 2 Southwest College of Naturopathic

Drugs like acyclovirandits derivatives are available for treatment, but with increased Medicine, Research Department, Tempe,
use and the number of immune compromised patients, the development of AZ 85282, USA

resistance to these drugs is increasing. Extracts of the botanical, Melissa officinalis,
have previously been reported to contain antiviral activity toward HSV1. Our initial
studies confirmed earlier results that constituents of Melissa officinalis interacted
directly with the virus and inhibited HSV1 binding to cells during the initiation of
infection. Further studies demonstrated that a component in Melissa officinalis
bound specifically to the viral glycoprotein B. Virion structure was shown to be
stable at low concentrations of Melissa officinalis, however at a ten-fold higher (=7 j.langland@scnm.edu
concentration than that which inhibited binding, virion structure was completely

disrupted suggesting a second, virucidal, mode of inhibition. Melissa officinalis
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was shown to inhibit other alpha herpes viruses as well as having intermediate Southwest College of Naturopathic medicine
inhibitory activity against other viruses from the adenoviridae, poxviridae, Research Department Tempe,
papovaviridae, and rhabdoviridae families. Arizona 85252, USA.
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Introduction as circular, extrachromosomal episomes. Periodically, the viral
genomes in some of the neurons reactivate and virus travels
Herpes simplex virus type 1 (HSV1) is a member of the down the axon to the original site of infection where it can cause
Herpesviridae family that primarily causes herpes labialis (cold  recurrent disease resulting in skin ulcerations and pain [4,11].
sores) in humans. HSV1 also causes facial, pharyngeal, ocular,
central nervous system infections, and in rare cases, encephalitis.
It is seroprevalent in almost 58 percent of the US population and

Current treatment toward HSV1 infection typically uses
acyclovir and the derivatives, famciclovir and valacyclovir [1,12].

. ) ; ; ) Acyclovir is a guanine nucleoside analog that is converted by
increases in prevalence with age [1,2]. Worldwide an estimated 1,0 g thymidine kinase to acyclovir monophosphate. Cellular

60-95 percent of adults are infected with HSV1 [3]. Although  |inases add two more phosphate groups to generate acyclovir
HSV1 infection occurs predominantly at oral sites, an increase in triphosphate that competitively inhibits the viral DNA polymerase
infection at genital sites has been reported [1]. and is incorporated into the viral DNA during genome replication
resulting in chain termination [12]. The effectiveness of these
drugs can be limited in patients with compromised immune
systems or in those experiencing chronic HSV infections. In these
cases, the potential for the virus developing drug resistance is
higher [13,14]. In addition, these drugs can have side effects that
include nausea, diarrhea, and vomiting. Drugs like foscarnet, a

HSV1 infection is transmitted through mucocutaneous sites
via direct contact with a lesion or with body fluids like saliva,
respiratory droplets, or genital secretions [3,4]. Primary infection
occursin epithelial cells of the oral mucosa or lips and can be either
asymptomatic or cause erythymatous vesicles in the dermis and
epidermis which is followed by establishment of latency in the pyrophosphate analog that binds the viral DNA polymerase,
innervating sensory neurons [5-9]. HSV1is transported to the cell 5.4 cidofovir, a nucleotide analog that does not require
bodies of the neuron where latency is established, often in the  phosphorylation by the viral thymidine kinase, can be used when
trigeminal or dorsal root ganglia [4,10]. During latency, the viral  acyclovir resistance has occurred, although these drugs display
lytic genes are repressed and the viral genomes are maintained  reduced bioavailability or nephrotoxicity, respectively [15-18].
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For the past half a century, the US population has been
increasingly seeking alternative therapies to chronic diseases
[19-21]. A study in 2002 estimated 19 percent of adults used a
botanical therapy to treat illnesses or conditions [22]. Given
that herpes virus infection results in lifelong persistence and
is associated with recrudescence in many patients, a number
of plant extracts and oils have been analyzed for therapeutic
potential and include members of the Lamiaceae family: lemon
balm, peppermint, prunella, rosemary, sage, and thyme; as well as
birch bark, Gynura, Manuka, tea tree, eucalyptus, ginger, thyme,
hyssop, sandalwood, and propolis [23-32]. These botanical may
offer alternative therapies as well as the potential for isolation of
novel, efficacious active compounds.

Melissa officinalis, also known as lemon balm, has been prepared
as both aqueous extracts or essential oils and tested for
antiherpes activity in vitro [23,33,34]. Either type of preparation
displays inhibitory activity toward HSV1 and an aqueous extract
was shown to inhibit acyclovir-resistant strains of HSV1 [34]. In
addition, the use of a topical cream made from lemon balm in
the treatment of herpes infection of the skin shows a significant
reduction in the size of lesions by day 2 of treatment [35].

Infection by HSV1 is mediated by binding to specific molecules
on cells using a number of virus-encoded glycoproteins that
are present in the virus envelope. Initial binding occurs with
glycoprotein C (gC) and glycoprotein B (gB) which bind to the
cell surface glycosaminoglycans, heparan sulfate and chondroitin
sulfate, or by the recently described interaction between gC
and the scavenger receptor, MARCO [36-39]. Glycoprotein D
(gD) then binds to entry receptors, nectin-1, nectin-2, HVEM, or
3-O-sulphated heparan sulfate and undergoes a conformational
change that facilitates interactions with viral glycoproteins gB,
gH, and gL [40-44]. The four glycoproteins, gD, gB, gH, and gL, are
required for membrane fusion and release of the viral particle
into the cytoplasm at the external plasma membrane or from
endocytic vesicles [45,46].

Aqueous extracts of Melissa officinalis have been shown to inhibit
binding of HSV1 virions to the cell [23,34]. Given the historical
use and growing body of evidence, this study sought to further
examine the antiviral activity of Melissa officinalis towards
HSV1 to better delineate the mechanism of action of the whole
botanical extract.

Materials and Methods

Cell lines and virus stocks

Vero cells (ATCC) were maintained with Minimal Essential Media
(MEM, Cellgro) supplemented with 100 IU penicillin/ml, 100
ug streptomycin/ml, 2.5 pg amphotericin B/ml, and 10% heat-
inactivated fetal bovine serum (HI-FBS, Hyclone). Cells were
incubated at 37°C, 5% CO, in a humidified chamber. L, Gro2C,
and sog9 cell lines were maintained with Dulbecco’s Modified
Essential Media (D-MEM) supplemented with 1 ug/ml ceftriaxone
and 10% HI-FBS.

HSV1 KOS (a kind gift from David Bloom, Univ. of Florida College
of Medicine), HSV1-1(KOS)AgC2-3 (a kind gift from Robert
Visalli, Indiana University Purdue University), GHSV-UL46 (ATCC)
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expressing GFP linked to the tegument protein, VP11/12, HSV2
(ATCC), and EHV (ATCC) were propagated in Vero cells. At full CPE,
cells were pelleted, resuspended in MEM, 2% FBS, and freeze-
thawed three times followed by sonication for 2 minutes. Cell
debris was removed by centrifugation, and viral stocks were
aliquoted and stored at -80°C. For some experiments, HSV1
KOS and GHSV were purified using an lodixanol step gradient by
centrifugation at 140,000xg for 3 hours in an SW28 followed by
removal of the virus band located at the 20% to 30% interface.
The virus band was diluted in MEM, 2% FBS and pelleted through
a 20% lodixanol pad. The virus pellet was then resuspended in
MEM, 2% FBS, and stored at -80°C. Virus stocks were titered
on Vero cells in the presence of 0.3% human gamma globulin
(Sigma), and plaques were visualized three days later by staining
with 0.1% crystal violet in 20% ethanol.

Extracts

Melissa officinalis extract was obtained from Vital Force
Naturopathic Compounding (Phoenix, AZ). Briefly, verified and
dried Melissa officinalis leaves were ground to a fine powder. The
powder was resuspended at a 1:8 ratio (solid: 75% glycerin) and
incubated for 2 days at room temperature. The bulk botanical
material then was removed by centrifugation at 3,000xg for 15
minutes and the supernatant filtered through a 0.2 um filter.
The final extract was stored at room temperature. For reference
and standardization, all extractions were consistently found to
contain concentrations of non-volatile solutes ranging between
25-30 mg/ml extract.

Cell viability

Vero cells were incubated with increasing concentrations of
Melissa officinalis extract or vehicle for 24 hours. Cells were
harvested by incubation with 0.25% trypsin for 5 minutes
followed by gentle resuspension. Cells were diluted in PBS and
mixed 1:1 with 0.4% trypan blue (Invitrogen). Percent viability
was determined by counting clear versus blue cells using an
Invitrogen Countess.

Plaque reduction assays and single cycle growth
curves

Plaque reduction assays were performed by diluting virus stocks
and preincubating 100-200 plaque-forming units (pfu) with
increasing concentrations of Melissa officinalis extract or vehicle
(75% glycerol) for 20 minutes. Monolayers were infected for 1
hour at 37°C followed by incubation in media containing Melissa
officinalis or vehicle for 3 days at 37°C. Plaques were visualized by
staining with 0.1% crystal violet in 20% ethanol.

Single cycle growth curves were performed by infecting Vero cells
in duplicate with a multiplicity of infection (MOI) of 5 with HSV1
KOS. Increasing concentrations of Melissa officinalis or vehicle
were incubated with virus for 20 minutes followed by infection
for 1 hour at 37°C. Infected cells were washed twice with warm
PBS, given fresh media containing Melissa officinalis or vehicle,
and were harvested at 12 hour intervals. Infected cells plus media
were then pelleted at 12,000 x g for 30 minutes, resuspended in
MEM, 2% FBS, and stored at -80°C. Samples were freeze-thawed
three times, sonicated for 2 minutes, and titered by plaque assay.
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Binding/Uptake assays

Binding of HSV1 to Vero cells was assayed by adding 100-200 pfu
HSV1 KOS to increasing concentrations of Melissa officinalis or
vehicle 20 minutes prior to infection. Virus was added to pre-
chilled Vero cell monolayers and incubated for 2 hours at 4°C to
allow binding. Cells were washed two times with PBS to remove
unbound virus, complete media added, and the cells incubated
for 3 days at 37°C followed by crystal violet staining to visualize
plague formation.

Uptake of HSV1 into Vero cells was assayed by infecting pre-
chilled Vero cell monolayers with 100-200 pfu HSV1 KOS for 2
hours at 4°C in complete media (without Melissa officinalis) to
allow for cell binding. Monolayers were washed with PBS to
remove unbound virus, media was then added which contained
increasing concentrations of Melissa officinalis or vehicle, and
incubated at 37°C for 3 days followed by crystal violet staining to
visualize plaque formation.

Western blots

HSV1 KOS was used to infect Vero cells at an MOI of 5. Melissa
officinalis was added to virus at various times prior to
infection, at the time of infection, or at various times following
infection. Monolayers were fed with 3 mls of complete media
or media containing Melissa officinalis or vehicle after 1
hour of incubation at 37°C. Following 18 hours of incubation,
cells were washed two times with PBS and lysed with 1X SDS
sample buffer (125mM Tris-Cl, pH 6.8, 25% glycerol, 2.5%
SDS, 100mM B-mercaptoethanol, 0.025% bromophenol blue,
10% Protease inhibitor cocktail (Thermo Scientific)). Samples
were separated on 10% polyacrylamide gels, transferred to
PVDF membrane in blotting transfer buffer (10mM CAPS,
20% methanol), and blocked in blotto (25mM Tris, pH 7.5,
137mM NaCl, 2.5 mM KCl, 0.025% Tween, 3% powdered milk).
Mouse monoclonal antibodies to ICP4 (a kind gift from David
Bloom, Univ. of Florida College of Medicine), ICP8, gC, VP16,
GAPDH (Abcam), and gD (Virusys) were diluted according
to manufacturer’s specifications. Detection was performed
using secondary goat anti-mouse IgG or goat anti-rabbit 1gG
conjugated to horseradish peroxidase (Santa Cruz) in the
presence of a chemiluminescent substrate (Biorad).

Immunofluorescence

lodixanol-purified GHSV-UL46 was used to infect Vero cells seeded
at 25% confluency overnight on a glass cover slip at an MOI of
50. Various concentrations of Melissa officinalis or vehicle were
added to virus 20 min prior to infection, and cells were incubated
at 4°C for 2 hours to allow virus binding. Cells were washed
with PBS, fixed in 4% formaldehyde (Thermo Scientific), and
quenched in 50mM NH,CI. Cell membrane was stained with 5 ug/
ml Wheat Germ Agglutinin (WGA, Molecular Probes) and nuclei
were stained with 4’,6-Diamidino-2-phenylindole dihydrochloride
(DAPI, Sigma). Cover slips were mounted onto glass slides with
Prolong Antifade Reagent (Life Technologies) and visualized with
a Leica TCS SP8 Confocal Laser Scanning Microscope using a 40X
lens (performed at Veteran’s Administration Hospital Research
Center, Phoenix, Arizona).

© Under License of Creative Commons Attribution 3.0 License
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Heparin-agarose binding assays

Heparin conjugated to agarose (Sigma) was incubated with 1 x
10° pfu HSV1 KOS in the absence of competitor or in the presence
of various concentrations of Melissa officinalis extract for 1 hour
at 4°C. Heparin-agarose was washed and pelleted two times
followed by the addition of 1 x SDS sample buffer. Samples were
analyzed for HSV1 binding by Western blot for the presence of
HSV1 gB. Control samples included non-conjugated agarose
alone and the addition of vehicle in place of Melissa officinalis
(data not shown).

Virion stability assay

A 20% sucrose pad was loaded with 1 x 10° pfu HSV1 KOS that
had been untreated or treated with increasing concentrations
of Melissa officinalis, vehicle, or 0.5% Triton x-100 for 1 hour at
37°C. Samples were centrifuged at 140,000xg for 80 minutes in
an SW55 rotor, and pellets were resuspended in 1 x SDS sample
buffer followed by Western blot analysis for tegument protein,
VP16, and outer membrane protein, gD.

Depletion assay

His-tagged HSV1 glycoproteins from the virulent McKrae strain
were expressed from plasmids, pPEP98 (gB) and pPEP99 (gD) (a
kind gift from Vladimir Chouljenko, Louisiana State University).
Vero cells were transfected with each plasmid using Lipofectamine
2000. Forty-eight hours post-transfection, cells were lysed in
NP-40 lysis buffer. The his-tagged glycoproteins B and D were
subsequently purified using an anti-6X His antibody conjugated
agarose resin. The binding of the gB and gD to the resin was
verified by Western blot analysis. Melissa officinalis extract (100
ul) was incubated with the resin alone or with resin bound with
glycoprotein B or D. Following 30 min incubation at 4°C, the resin
was pelleted at low speed, and the supernatant removed and
assayed for HSV1 inhibitory activity in a plaque assay.

Statistics

Statistical analysis was performed using Prism 6 for MAC OS X,
GraphPad Software, Inc. For immunofluorescence, a one way
ANOVA followed by a Turkey test for multiple comparisons was
performed to determine differences between groups.

Results

Extracts of Melissa officinalisinhibit HSV1 cytopathic
effect and plaque formation

Extracts from the plant, Melissa officinalis, have been reported
to affect replication of HSV1 while having low toxicity to cell
monolayers [23,34]. These results were confirmed by incubating
increasing concentrations of Melissa officinalis extract with
Vero cell monolayers alone and by incubating increasing
concentrations of Melissa officinalis or vehicle with Vero cells
infected with HSV1. Figure 1A shows that concentrations of
Melissa officinalis up to 18 pul/ml of extract had no microscopically
visible effects on growth or morphology of the Vero cells. When
cells were infected with HSV1, typical cytopathic effect (CPE) due
to viral infection was seen in untreated cells (Figure 1B). Upon
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Figure1 Melissa officinalis inhibits HSV1-induced CPE. (A) Vero cell monolayers were treated with increasing concentrations of Melissa
officinalis and photographed 24 hours later. (B) Vero cell monolayers were infected with HSV1 at a MOI=5, treated with increasing

K concentrations of Melissa officinalis or vehicle, and photographed at 24 hpi. /

the addition of Melissa officinalis during HSV1 infection, CPE was
still observed with 0.1 pl/ml extract, but was greatly reduced
at 0.3 ul/ml, and completely inhibited at 1-3 ul/ml extract. The
same concentrations of vehicle did not inhibit CPE due to HSV1
infection (Figure 1B).

The selectivity index (SI) for Melissa officinalis extract was
calculated by incubating HSV1-infected Vero cells with increasing
concentrations of Melissa officinalis and by incubating Vero
cells with increasing concentrations of Melissa officinalis
alone. The EC_, or effective concentration at which 50% of
HSV1 plaque formation was inhibited by Melissa officinalis,
was determined to be 0.58 pl/ml extract (Figure 2). The CC,,
or cytotoxic concentration at which 50% of the cells were non-
viable following treatment with Melissa officinalis was 190 pl/ml
(Figure 2). This gave an Sl of Melissa officinalis extract (CC_/EC, )
of 327. Notably, the cell viability curve and CC,  with vehicle alone
(75% glycerin) was very similar to that following treatment with
Melissa officinalis (Figure 2). This suggests that the cell toxicity
of the Melissa officinalis extract was likely associated with the
extraction solution (75% glycerol) and that the SI of Melissa
officinalis may be higher than 327.

Melissa officinalis decreases infective titers of HSV1
in a single cycle growth assay

Vero cells were infected with HSV1 and treated with 0.3 or 1
ul/ml Melissa officinalis or vehicle. At 1, 12 and 24 hours post
infection, virus was harvested and titered. Figure 3 shows that
the titer of untreated HSV1 increased by nearly 3-logs at 24
hours post infection (hpi) as compared to the input virus titer
at 1 hpi. HSV1 treated with either 0.3 or 1 pl/ml vehicle had a
similar pattern of growth in cells as untreated virus. The addition
of Melissa officinalis at 0.3 and 1 pl/ml prior to HSV1 infection
resulted in a rapid 1- and 2-log decrease in titer, respectively,

4

as measured at 1 hpi. Melissa officinalis treatment at 0.3 uA/ml
resulted in no additional change in titer at 12 hpi, but by 24 hpi,
viral titers increased by 3-logs to a level approximately 1-log less
than untreated virus (Figure 3). Melissa officinalis treatment at 1
ul/ml resulted in a 1.5-log decrease in measurable titers at 12 hpi,
but by 24 hpi a 2.5-log increase in virus titer as compared to input
titer was measured. This final titer at 24 hpi was approximately
2-logs less than untreated virus (Figure 3). Therefore, initial
treatment with Melissa officinalis resulted in a rapid decrease in
infective titers, but all infections were able to partially recover by
24 hpi.

Melissa officinalis inhibited HSV1 when added prior
to infection

Based on the results from Figure 2, Melissa officinalis appeared to
likely inhibit HSV1 during the initial steps of infection. To further
evaluate this, Melissa officinalis was incubated with HSV1 for
various times prior to infection, at the same time of infection, or
at various times post infection followed by analysis of viral protein
expression. HSV1 treated with 1 pl/ml Melissa officinalis was
compared to untreated or vehicle-treated HSV1 by measuring the
accumulation of immediate early (IE), early (E), and late (L) viral
proteins. Figure 4A shows that untreated and vehicle-treated
HSV1 resulted in similar expression of ICP4 (IE), ICP8 (E), and
gC (L) proteins at 18 hpi. Alternately, HSV1 virions treated with
Melissa officinalis for 60 or 30 minutes prior to infection or added
at the same time of infection resulted in complete loss of viral
protein expression (Figure 4A). Treatment of HSV1-infected cells
30 minutes post-infection resulted in a slight decrease in protein
expression for all viral proteins whereas treatment 60 or 120
minutes post infection did not significantly reduce the levels of
IE, E, and L proteins (Figure 4A).

A similar experiment was performed that measured viral
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Figure 2 Selectivity index of Melissa officinalis. A plaque reduction assay was performed on Vero cell monolayers infected with 100-200 pfu
of HSV1 and treated with increasing concentrations of Melissa officinalis to determine the EC50. Vero cell monolayers were treated
with increasing concentrations of Melissa officinalis, and trypan blue staining was used to determine cell viability and the CC50. The

\ cell viability of Melissa officinalis-treated cells was compared to vehicle (glycerin)-treated cells. /

replication following incubation with Melissa officinalis. Again,
1 wl/ml Melissa officinalis was incubated with HSV1 for 30
minutes prior to infection, at the same time of infection, or at
various times post infection and analyzed for the production of
infectious virions at 24 hpi. At 1 hpi the amount of input virus
was measured, and at 24 hpi a 4.5-log increase in titer was
observed in untreated samples (Figure 4B). However, when virus
was pretreated with Melissa officinalis for 30 min or added at
the same time as infection, no HSV1 was detected at 24 hpi.
When Melissa officinalis was added 30 min post infection, a 1-log
decrease in yield as compared to input titer was observed. This
agrees with results seen with protein expression which shows
that El, E, and L protein production is decreased as compared to
untreated virus. Similarly, the addition of Melissa officinalis at 1,
2, 4, and 6 hours post infection resulted in approximately 3-, 2-,
1-, and 1-log reductions in yield, respectively.

Melissa officinalis at low concentrations inhibits
HSV1 virions from binding to the cell

The results of treatment of HSV1 in the previous single cycle
growth and protein synthesis assays suggest that Melissa
officinalis has an effect prior to or during binding of the virion to
the cell. Avirus binding assay was performed by adding increasing
concentrations of Melissa officinalis to HSV1, incubating the virus
with cells at 4°C to allow for adsorption, followed by washing
away unbound virus and botanical extract, and then incubating
at 37°C to allow any bound virus to replicate and form plaques.
Figure 5A shows that a concentration of 0.3 pl/ml and 1 pl/ml
was able to inhibit 60% and 95% of the virus from binding to cells,
respectively, whereas concentrations of vehicle up to 3 pl/ml had
no effect on binding and plaque formation.

In addition, a virus uptake assay was performed by incubating
HSV1 with cells at 4°C to initially allow virus to bind to the

© Under License of Creative Commons Attribution 3.0 License

cell followed by the addition of media containing increasing
concentrations of Melissa officinalis or vehicle with incubation at
37°C. Figure 5B shows that 0.3 pl/ml and 1 pl/ml had no effect
on uptake of the virus, whereas a higher concentration of 3 pl/ml
inhibited uptake of 70% of the virus into the cells. Vehicle had no
effect on uptake and plaque formation.

Next, assays were done to test if the effect of Melissa officinalis
was specific for the virus and or the cells. Figure 5C shows that
when cells were pre-incubated with increasing concentrations of
Melissa officinalis followed by washing and then infecting with
HSV1, concentrations up to 3 pl/ml did not affect HSV1 infectivity
or replication. However, when various concentrations of Melissa
officinalis were pre-incubated with HSV1 virions followed by
pelleting of the virus, resuspending in fresh media, and infecting
cells, a dose dependent response was observed where 0.3 and 1
pl/ml inhibited plaque formation by 42% and 92%, respectively.

These results together suggest that Melissa officinalis
components may be interacting with the free HSV1 virion and
inhibiting viral attachment to the cell. HSV1 has previously been
shown to bind to heparin in vitro as a surrogate molecule to the
heparan sulfate moieties present on the cell surface [47]. As an
in vitro assay, HSV1 virions (1 x 10° pfu) were incubated with
heparin-agarose either alone or with increasing concentrations of
Melissa officinalis. The agarose beads were washed and bound
virus eluted by boiling in SDS-sample buffer. Western blot
analysis of the eluted material (testing for HSV1 gB) showed
that 0.3, 1, and 3 pl/ml was able to effectively reduced the
amount of gB present on the resin by 79%, 96% and 100%,
respectively (Figure 5D). HSV1 did not bind to agarose alone
and incubation with vehicle had no effect on virion binding to
the heparin-agarose (data not shown).

The inhibition of virion binding to the cell by Melissa officinalis
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treated with 1 ul/ml Melissa officinalis at various times prior to infection, at the time of infection, or at various times post infection.
At 18 hpi cells were harvested, and Western blot analysis was performed to detect IE (ICP4), E (ICP8), and L (gC) viral proteins. All
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infection, at the time of infection, or at various time post infection. At 24 hpi monolayers were harvested and titered for plaque
forming units. Input virus (at 1 hpi) had a titer of 5 x 10° pfu/ml (not shown).
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Figure 5 Melissa officinalis inhibits HSV1 attachment to cells. A plaque reduction assay was performed with increasing concentrations of Melissa
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Melissa officinalis prior to infection followed by a plaque assay. In Part (D), HSV1 virions were incubated with heparin-agarose in the

presence of increasing concentrations of Melissa officinalis followed by Western blot analysis (for gB) of the resin bound material. j

was confirmed by performing a binding assay using HSV1
expressing a GFP-labeled tegument protein (GHSV). Figure 6A
shows full color images and gray-scale images of GFP for each
field (representative image from z-stack). In mock-infected
Vero cells, only the cell membrane (stained with WGA) and
nucleus (stained with DAPI) could be observed (Figure 6A,
panels A and E). In cells infected with GHSV, GFP-fluorescent
virions binding to the surface of the cells were clearly observed
(Figure 6A, panels B and F). When cells were infected with
GHSV in the presence of 3 ul/ml vehicle, a slight reduction in
virion particles bound to the cell was observed, however this
did not show statistical significance (Figure 6A, panels C and
G and Figure 6B). When cells were infected with GHSV in the
presence of 0.3 ul/ml Melissa officinalis, an 88% reduction
in the number of viral particles bound per cell was observed
(Figure 6A, panels D and H and Figure 6B), while 3 ul/ml
Melissa officinalis resulted in a complete loss of virion binding
(Figure 6B).

Melissa officinalis disrupts virion structure only at
high concentrations

It is possible that Melissa officinalis reduces virus binding to
the cell by either blocking virus interaction with cell receptors
or by disrupting virion structure. To test for virus stability, HSV1
virions were treated with increasing concentrations of Melissa
officinalis or vehicle followed by pelleting through a sucrose pad.
Concentrations of vehicle up to 3 ul/ml did not affect stability
of the virions as seen by the presence of the envelope gD and
internal tegument protein (VP16) in the sucrose pellet (Figure
7). Concentrations of Melissa officinalis up to 1 ul/ml also did
not affect virion stability; however Melissa officinalis at 3 pl/ml
caused disruption of the virions resulting in loss of envelope and
tegument proteins (Figure 7). Treatment with Triton X-100 was

© Under License of Creative Commons Attribution 3.0 License

used as a control to show complete disruption of virions. These
results may suggest that Melissa officinalis may bind to the virus
and block cell attachment at low concentrations (1 pl/ml or less),
whereas higher concentrations (3 pl/ml or more) may affect
virion stability.

GlycoproteinBbindstothe antiviral component(s)
present in Melissa officinalis

The HSV1 glycoproteins are involved in binding and uptake into
the cell. Initial binding involves gB and gC and therefore represent
likely targets for the antiviral activity associated with Melissa
officinalis. In order to test the role of gC, an HSV1 deleted for
the gC gene (HSV1-1(KOS)AgC2-3) was used to test for the ability
of Melissa officinalis to inhibit viral replication. HSV1 deleted
for gC is a weak but viable virus [36,37]. As shown in Figure 8A,
Melissa officinalis gave similar inhibition curves for wild type and
HSV1-1(KOS)AgC2-3 with 1 ul/ml inhibiting plaque formation by
90% in both cases. This suggests that a component of extract
from Melissa officinalis does not bind to gC, but rather may be
interacting with gB on the virion.

A gB deficient HSV1 is not viable, so to examine the role of gB, his-
tagged HSV1 gB and gD were transiently expressed in Vero cells
and purified by binding to a 6X his-tag antibody-agarose resin.
Melissa officinalis extract was incubated with resin alone or with
resin containing bound gB or gD, and the resulting supernatant
(unbound extract components) were removed and tested for the
ability to inhibit HSV1 plaque formation. Figure 8B shows that
both resin-bound Melissa officinalis extract and extract incubated
with gD-resin exhibited similar inhibition of plaque formation.
However, extract incubated with gB-resin lost approximately 30-
40% of the HSV1 inhibitory activity. These results suggest that the
HSV1 inhibitory component present in Melissa officinalis could
be depleted by binding to gB. Cumulatively, these results support
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Figure 6

Melissa officinalis inhibits GFP-labeled HSV1 from binding to cells. (A) Confocal microscopy. A binding assay was performed with GHSV
at an MOI=50 followed by staining with WGA-Alexa Fluor® 594 and DAPI. Panels A, B, C, and D are full color, and panels E, F, G, and H
are gray-scale panels of GFP only. Treatment conditions are listed above the panels. (B) Quantitative analysis of virion binding. Three
fields from Part (A) were analyzed with 10 cells per sample and quantitated for the number of bound virions. * indicates p<0.0001.J
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Figure7 High dose Melissa officinalis disrupts virion structure. HSV1 virions were left untreated, treated with 0.5% Triton, or were treated

with increasing concentrations of Melissa officinalis or vehicle for 1 hour at 37°C. Virions were pelleted through a 20% sucrose pad,

that Melissa officinalis inhibits HSV1 attachment to the cell by
binding to and blocking gB receptor interaction with the cell.

Higher concentrations of Melissa officinalis can
inhibit cell to cell spread

HSV1 gB plays an essential role not only for viral attachment,
but for cell-to-cell spread as well [48]. To test for the ability of
Melissa officinalis to inhibit viral spread, Vero cell monolayers
were infected with HSV1 at an MOI=0.001, and at 6 hpi following
binding and uptake, the cells were washed followed by the
addition of increasing concentrations of Melissa officinalis or
human gamma-globulin. Infections were allowed to proceed for

8

3 days followed by staining of the monolayers. Although 1 ul/ml
Melissa officinalis did not prevent spread and destruction of the
monolayer, a concentration of 3 pl/ml resulted in only limited
CPE of the cell monolayer (Figure 9A). At concentrations of 10
and 30 pl/ml, no viral spread of CPE was observed (Figure 9A).
These results suggest that Melissa officinalis can inhibit both
HSV1 attachment and cell-to-cell spread, although a higher
concentration is required for the inhibition of cell-to-cell spread.
As a control, this assay was done in comparison to treatment
with human gamma-globulin. Human gamma-globulin binds
free virions on the Fc receptor which is formed from a complex
of glycoprotein E and glycoprotein [49]. A dose dependent effect

This article is available in: http://herbal-medicine.imedpub.com/archive.php
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of human gamma globulin was observed where doses from 0.1-
3.0% produced a gradient of reduced CPE. This is a very different
result than that observed with Melissa officinalis where a gradient
effect was not observed with full CPE occurred at 1 pl/ml, while
at 3 ul/ml the monolayer had only minimal CPE. To quantify
this effect, Figure 9B shows titers measured from infected cell
monolayers treated with 3 pul/ml Melissa officinalis or vehicle.
At all-time points measured over the course of 3 days, Melissa
officinalis inhibited viral replication by 4-5 logs as compared to
vehicle.

Melissa officinalis inhibits the replication of other
viruses

The ability of Melissa officinalis to inhibit other related members
of the alpha herpes virus family was tested by plaquing HSV1,
HSV2, and equine herpes virus 1 (EHV1) on Vero cell monolayers
with increasing concentrations of extract from Melissa officinalis.
HSV2 was slightly more sensitive to Melissa officinalis as compared
to HSV1 (Figure 10A and B), whereas EHV1 was intermediate in
sensitivity. In Figure 10A, the inhibition of viral induced CPE could
easily be observed in HSV1 infected cells at 6 pl/ml, HSV2 at 2
pl/ml, and EHV1 at 18 ul/ml. To quantitate this inhibition more
accurately, the plaque reduction assay, shown in Figure 10B top
panel, demonstrates the ID, for HSV1 at 0.8 pl/ml, HSV2 at 0.2
pl/ml, and EHV1 at 6.0 pl/ml.

A number of additional virus families were tested for their
sensitivity to Melissa officinalis using various prototype
viruses. Vaccinia virus (VACV-Copenhagen, Orthopoxviridae)
had similar sensitivity as HSV-1 to increasing concentrations
of Melissa officinalis, whereas vesicular stomatitis virus (VSV,
Rhabdoviridae), adenovirus (ADENO, Adenoviridae), and simian
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virus 40 (SV40, Papovaviridae) had intermediate sensitivity to
Melissa officinalis with 1D_, ranging from 3.0-7.5 pl/ml (Figure
10B). Structurally, these intermediately sensitive viruses are
both enveloped and non-enveloped. Encephalomyocarditis virus
(EMCV, Picornaviridae) and reovirus (REO, Reoviridae) were
unaffected by the presence of Melissa officinalis during infection
(Figure 10B).

Discussion

This study sought to further define the antiviral activity associated
with Melissa officinalis. As shown, Melissa officinalis strongly
inhibited HSV1-induced CPE and plaque formation. The extract
was relatively nontoxic to cells with a high SI of 327, thereby
supporting its potential for use as a therapeutic. Astani et al. and
Nolkemper et al. have reported Sls of 875 and 2200, respectively,
for extracts of Melissa officinalis. Both groups resuspended their
dried material in boiling water rather than glycerin which was
used in our current study [23,34]. These previous results agree
with our results since cell toxicity with glycerin alone was nearly
identical as the glycerin-extracted Melissa officinalis.

HSV1 virions were shown to be stable up to 1 pl/ml following
incubation with extract from Melissa officinalis, however at 3 pl/
ml, the virions become disrupted as evidenced by loss of both
envelope and tegument proteins. Therefore it appears that two
phenomena may be occurring with the extract from Melissa
officinalis: inhibition of HSV1 binding at low concentrations (<
1 pl/ml), and disruption of virion structure at > 3 pl/ml. These
two phenomena are evidenced in the concentrations of Melissa
officinalis required to inhibit HSV1 in the binding and uptake
assays. In the binding assay HSV1 was preincubated with Melissa
officinalis followed by infection of cell monolayers with the

This article is available in: http://herbal-medicine.imedpub.com/archive.php



mixture at 4°C. A concentration of 0.3 pl/ml Melissa officinalis
resulted in a 60% reduction in plaque formation and at 1 ul/ml,
a 90% reduction. At these concentrations of extract, the HSV1
virions were stable, so the effect of Melissa officinalis was to
directly inhibit binding of virions to the cell. The ability of Melissa
officinalis to act directly onvirions to prevent binding to the cell has
also been suggested by Nolkemper et al. and Astani et al. [23,34].
Alternately, in the uptake assay, HSV1 was prebound to cells at
4°C followed by the addition of Melissa officinalis. Doses below
3 ul/ml did not affect viral plaque formation, but a concentration
of 3 ul/ml was able to inhibit 74% of plaque formation. This result
may suggest that following virus binding, a higher concentration
of Melissa officinalis may lead to disruption of the virus particles
already bound to the cell. Therefore, Melissa officinalis inhibits
virion binding to the cell at lower concentrations, but inhibition
of uptake requires a concentration that disrupts virion structure.

The direct inhibition of HSV1 virions by Melissa officinalis is
also supported by the data in the preincubation assay (Figure
5C). When increasing concentrations of Melissa officinalis were
preincubated with cell monolayers followed by infection with
HSV1, no significant reduction in plaque formation was observed.
However, when HSV1 virions were preincubated with Melissa
officinalis followed by infection of cell monolayers, 0.3 pl/ml
inhibited plaque formation by 42%. This supports and suggests
that componentsin Melissa officinalis bind directly to the virus and
prevent attachment to the cell. In addition, immunofluorescence
data showed that 0.3 pl/ml inhibited nearly 80% of virions from
binding to the cells.

The initial step of HSV1 in binding to a cell occurs when virus-
encoded glycoproteins, gB or gC, bind to heparan sulfate moieties
[36,37]. It has been found that soluble heparin, which is related in
structure, can be used to inhibit HSV1 binding to the cell [47,50].
In addition, we found that extracts from Melissa officinalis could
inhibit HSV1 binding to heparin-agarose in vitro. This inhibition
occurred at the lower concentrations at which virion structure
remained intact (0.3 and 1 pl/ml).

As mentioned, the HSV1 gB and gC are involved in initial cell
attachment. WtHSV1 and HSV1 deleted of gC were similarly
affected by Melissa officinalis extract suggesting the gC at least is
not the sole component targeted the active botanical constituent.
More importantly, resin-bound gB was able to partially deplete
the inhibitory compound(s) from the Melissa officinalis extract.
This key experiment supports our previous results and suggest
that the active compound(s) present in Melissa officinalis binds
directly to gB to inhibit virus binding to cells. Density gradient
analysis of virions incubated with 1 pl/ml Melissa officinalis did
not cause an increase in density due to components of Melissa
officinalis binding to virions as seen previously with HIV (data
not shown) [51]. This lack of shift in density may be due to the
relatively low molar amounts of gB present on HSV1 virions [52].

Murine L-cell fibroblast cell lines that are deficient in heparan
sulfate (Gro2C) or are deficient in both heparan sulfate and
chondroitin sulfate (sog9) have previously been reported [53,54].
When these cells were tested under single cycle conditions, a
concentration of 1 pl/ml Melissa officinalis inhibited HSV1 yields
by 90% in each cell line tested, regardless of the presence of
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heparan sulfate and/or chondroitin sulfate (data not shown). This
is in agreement with data from Bender et al. that shows gB can
bind cells independently of heparan sulfate by using alternative
receptors [54-58]. This indirectly supports that the inhibitory
component of Melissa officinalis likely binds to gB thereby
prevents interactions with either heparan sulfate or other
structurally related cellular receptors.

When comparing other alpha herpes viruses for their sensitivity
to Melissa officinalis, HSV2 appeared to be the most sensitive,
followed closely by HSV1, and EHV1 being more intermediate.
All three viruses utilize heparin sulfate for cell attachment. The
reduced activity against EHV1 was surprising, but may be related
to structural differencesin theviral gB. For HSV1, Melissa officinalis
also inhibited cell-to-cell spread of the virus. The requirements
for virion binding/entry and cell-cell fusion are not identical,
however gD, gHgl and gB are essential for both processes [48].
The inhibitory activity of Melissa officinalis targeting gB agrees
with its effect on both viral attachment and cell-to-cell spread.
Higher doses of Melissa officinalis were required to inhibit cell-to-
cell spread, but this may be related to gB mechanisms of action or
accessibility during viral attachment versus cell-cell fusion.

When a variety of other viral families were tested for the ability
of Melissa officinalis extract to inhibit replication, strong
inhibitory activity towards VACV was observed. VACV infection
can be inhibited by soluble heparan sulfate, in agreement with
the ability of Melissa officinalis to inhibit infection [59]. VSV,
adenovirus and SV40 were moderately inhibited by Melissa
officinalis. VSV has not been shown to bind to heparan sulfate,
however it requires a charged interaction for binding to the
cell, and negatively charged molecules have been shown to
inhibit infection possibly explaining this partial inhibition [60].
Adenovirus has been shown to bind heparan sulfate as well as
various other cell surface molecules [61,62]. This broad range
of cell surface receptors may support the partial inhibition
observed. For SV40, viral binding involves the cellular
glycolipid, GM1, which contains a single sialic acid moiety [63].
It is possible again that Melissa officinalis partially inhibits
interaction of the virus particle with this receptor. The final
two viruses in our study that were not inhibited by Melissa
officinalis, EMCV and Reovirus, both bind to sialic acid on the
surface of the cell [64-66]. The results suggest that Melissa
officinalis was not able to bind to these viruses and inhibit
cell attachment. Together, the viral family results support
that component(s) of Melissa officinalis are able to bind viral
envelope or capsid proteins and prevent interaction with
cellular heparan sulfate or related receptors.
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