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Abstract

Herpes simplex virus-1 (HSV-1) remains a leading cause of viral disease world-
wide and is spread by direct contact with infected lesions. There is no vaccine
against HSV-1 infections and there remains a need to identify therapeutics that
could reduce the spread. In this study various hispolon compounds were ana-
lyzed to determine their antiviral potential against HSV-1 infections in cultured
Vero cells. To determine the effects on infectivity and possible mechanisms of
inhibition, the following assays were conducted. In vitro cytotoxicity assays
were conducted to determine the effect of the compounds on cell viability and
the maximum non-cytotoxic concentrations. Antiviral assays measured cell via-
bility, percent inhibition of infection following treatment with the compounds,
and the effect on the viral infection cycle. These effects were visualized using
inverted light and fluorescent microscopy. Of the 24 hispolons tested, only his-
polon pyrazole-1 (HISP-1) demonstrated antiviral effects. HISP-1 was demon-
strated to effect early stages in HSV-1 infection in cultured Vero cells (attach-
ment, penetration, and post-penetration). In silico modeling analyses were con-
ducted to analyze the interactions between HISP-1 and viral glycoprotein D
(gD). HISP-1 is safe at concentrations tested and is effective in inhibiting infec-
tion of HSV-1 in cultured cells. HISP-1 has potential for therapeutic use as an
antiviral against HSV-1 infection, could work in synergy with other antivirals
that work be a different modality, and could be developed as a component of a
topical agent to reduce the spread of HSV-1 infections.
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1. Introduction

Hispolon (HIS) is a polyphenolic bioactive compound isolated from the fruiting
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body and mycelium of medicinal mushroom Phellinus linteus. HIS demonstrat-
ed a range of medicinal properties including antioxidant, anti-inflammatory, and
antiproliferative effects [1] [2] [3] [4]. Additionally, hispolon ethanolic extracts
from the fruit bodies of the basidiomycete Inonotus hispidus reported antiviral
activity against influenza types A and B [5]. Curcumin, a natural phenolic com-
pound derived from Curcuma longa, has demonstrated a broad therapeutic po-
tential including antioxidant [6], anti-inflammatory [7] [8], antibacterial [9], and
antiviral activities against hepatitis C virus [10], enterovirus 71 [11], human
immunodeficiency virus [12], influenza A [13], and herpes simplex virus (HSV)
1 and 2 [14] [15]. Curcumin is mostly insoluble in water, poorly soluble in hy-
drocarbon solvents, but very soluble in polar solvents such as ethanol, methanol,
and dimethyl sulfoxide (DMSO) [16]. Low bioavailability has been attributed to
curcumin being insoluble in water at pH 7 [17]. The poor bioavailability of cur-
cumin reduces its potential as a therapeutic agent with clinical applications [18].

The World Health Organization estimates that 67% of the world’s population
over the age of 50 is infected with HSV-1 [19]. HSV is transmitted by close con-
tact [19]. HSV receptor-binding protein, glycoprotein D (gD) is the principal
determinant for viral entry [20]. The herpesvirus entry pathway requires the coor-
dinated action of gD, gH/L heterodimer and gB. Glycoprotein B is a class III fu-
sogenic protein essential for HSV-1 infectivity, thought to undergo a conforma-
tional change that provides energy for membrane fusion [21]. The use of antivir-
al agents such as acyclovir and ganciclovir can lead to resistance [22] and there
still is no effective vaccine against HSV infections. Since the virus can enter a la-
tent stage and can develop resistance to antivirals, it is important to continue to
search for novel antiviral agents.

There are structural similarities between hispolon and curcumin [23]. Analo-
gues of curcumin and structurally related hispolon analogues were developed to
compare their effectiveness as anti-inflammatory and anti-proliferative agents
against various cancers [24]. Additionally, 44 hispolon compounds were synthe-
sized and screened for antitubercular and antibacterial activity [25]. X-ray crys-
tal structures and computational docking techniques were used to compare the
antiproliferative activity of hispolon and several derivatives to curcumin [26].
This study aimed to compare the antiviral properties of various hispolon com-

pounds against HSV-1.

2. Materials and Methods
2.1. Cell Culture

Vero cells (American Type Culture Collection (ATCC) Manassas, VA) were cul-
tured in T25 flasks using Dulbecco’s Modified Eagle Medium (DMEM) media
supplemented with 5% Fetal Bovine Serum (FBS) (Serum Source International,
Charlotte, NC, USA) and 1% gentamicin sulfate (BioWhittaker, Lonza, VWR,
South Plainfield, NJ, USA). Trypsin EDTA (0.25%) was used to subculture cells.
The cells were maintained at 37°C and 5% CO.,.
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2.2. Preparation of Virus

A recombinant strain of HSV-1, GHSV-UL46 (ATCC VR-1544), which contains
the sequence for green fluorescent protein (GFP) fused to the tegument protein
pUL46 [27] was used for all experiments. Virus was passaged in T25 flasks and
Vero cells were allowed to display full cytopathic effect (CPE). The media con-
taining virus was then collected, centrifuged, and the supernatant stored at —80°C.

2.3. Preparation of Hispolons

Twenty-four compounds [Hispolon (HIS) 1-6, hispolon isoxazoles (HISI) 1-6,
hispolon phenylsulpho pyrazoles (HISPSP) 1-6), and hispolon pyrazoles (1-6)]
(Natsol Laboratories Pvt. Ltd., Visakhapatnam, India) were dissolved in DMSO to
prepare 5 mM stock solutions. Hispolon concentrations were then diluted in
DMEM to desired concentrations of 12.5, 25, 50, 75, 100, and 125 uM.

2.4. Cytotoxicity Study—Alterations of Cell Morphology

Vero cells were plated in 6 well plates, grown for 24 hours and treated with var-
ious concentrations (12.5, 25, 50, 75, 100, and 125 pM) of each of the 24 hispo-
lon compounds. After 1 hour (h) the hispolon reagents were removed by aspira-
tion and the cells were washed with phosphate buffered saline (PBS). DMEM
was then added to the wells and cells were incubated at 37° under 5% CO, and
observed every 24 hours for a period of three days after treatment. Cells were
examined, using an inverted microscope, at 400x magnification to observe

morphological changes in the cells.

2.5. Antiviral Assays—Inverted Microscopic Observation

Cell treated assay—Vero cell suspensions (100 puL) were plated in separate wells
in a 6 well plate and after 24 - 48 hours (when 70% - 80% confluent) cells were
treated with various concentrations of hispolons (12.5, 25, 50, 75, 100, and 125
uM) for 60 minutes, then aspirated. Cells were infected with 100 uL of HSV-1.
After 1 hour, all unadsorbed virus was aspirated and replaced with 3 mL DMEM.
After 48 hours, infected cells were examined with an inverted microscope at
400x magnification to observe cytopathic effect in the cells.

Virus treated assay—Vero cell suspensions (100 uL) were plated in separate
wells in a 6 well plate for 24 hours. HSV-1 virions were treated with various
concentrations of hispolons (12.5, 25, 50, 75, 100, and 125 pM) for 60 minutes.
After 60 minutes, Vero cells were infected with treated virus for 1 hour. After 1
hour, all unadsorbed virus was aspirated and replaced with 3 mL of media. After
48 hours, infected cells were examined with an inverted microscope at 400x

magnification to observe cytopathic effect in the cells.

2.6. Antiviral Assays—Cell Proliferation

2.6.1. Cell—Treated Assay
Vero cell suspensions (100 uL) were plated in separate wells in a 96 well plate

and after 48 hours cells were treated with various concentrations of hispolons
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(25, 50, 75, and 100 uM) for 60 minutes, then aspirated. Cells were infected with
100 pL of HSV-1. After 1 hour, all unadsorbed virus was aspirated and replaced
with 100 pL of DMEM. After 48 hours, 20 L of MTS reagent was then added to
the samples; the plate was gently rocked, then incubated at 37°C under 5% CO,
for 60 minutes. The absorbance was measured at 450 nm using Infinite PRO 200
microplate reader (Tecan Life Sciences US, Raleigh, NC USA).

2.6.2. Virus—Treated Assay

Vero cell suspensions (100 pL) were plated in separate wells in a 96 well plate for
48 hours. HSV-1 virions were treated with various concentrations of hispolons (25,
50, 75, and 100 pM) for 60 minutes. After 60 minutes, Vero cells were infected
with treated virus for 1 hour. After 1 hour, all unadsorbed virus was aspirated and
replaced with 100 uL of media. After 48 hours, 20 pL of MTS reagent was then
added to the samples; the plate was gently rocked, then incubated at 37°C under
5% CO, for 60 minutes. The absorbance was measured at 450 nm using Infinite
PRO 200 microplate reader (Tecan Life Sciences US, Raleigh, NC USA).

% Viability = [(Cell s in fected with treated HSV-1-Blank)/(Cells only — Blank)] x100.

2.7. Binding Assay

Vero cells were grown for 24 - 48 hours in a 96-well plate until 70% - 80% con-
fluent. The plate was pre-incubated at 4°C for 30 min. Subsequently, the media
was removed from the cells. The virus was treated with increasing concentra-
tions (25, 50, 75, and 100 pM) of HISP-1 Treated and untreated HSV-1 virions
were incubated at room temperature for 1 h followed by infection of the cells on
ice. The plate was incubated for 1 h at 4°C, then unbound HSV-1 was carefully
aspirated from the cells using a multichannel pipettor.

Fresh media was added to cells in each well. The plate was incubated at 37°C
and 5% CO, for 48 h and assayed using the Viral ToxGlo™ assay (Promega,
Madison, WI, USA) as described previously. Mean and SD (four replicates) were
calculated using Graph Pad Prism (GraphPad Software, Inc., La Jolla, CA).

2.8. Penetration and Post-Penetration Assays

Vero cells were grown in a 96-well plate until 70% - 80% confluent. The media was
removed from the cells and the cells were infected with 100 uL of HSV-1. The plate
was incubated at 4°C for 2 h to ensure attachment but not penetration of the
HSV-1. At room temperature various concentrations (25 - 100 uM) of HISP-1
were added. The plate was incubated at room temperature for 10 min for the pe-
netration assay. For the post-penetration assay, various concentrations (25 - 100
uM) of HISP-1 were added for 30 min at room temperature after the virus par-
ticles entered the cells. After incubation, 100 pL of 1x phosphate buffer saline
(PBS) (pH 3.0) was added to each well to inactivate the unadsorbed virions for 1
minute immediately followed by addition of 100 pL of 1x PBS (pH 11.0) to neu-

tralize the acid. The PBS and media were removed using a multichannel pipettor
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followed by the addition of 100 pL of 5% FBS DMEM. After 48 h, cell viability was
determined using the Viral ToxGlo™ (Promega, Madison, WI, USA) assay. The
plate was read using the Infinite 2000 PRO microplate reader (Tecan Life Sciences
US, Raleigh, NC USA). Mean and SD (five replicates) were calculated using Graph
Pad Prism (GraphPad Software, Inc., La Jolla, CA).

2.9. Fluorescent Microscopy

Vero cells were grown on glass cover slips in 6-well plates and incubated at 37°C
and 5% CO, until 70% - 80% confluent. When confluent, the cells were infected
with HSV-1 treated with 75 uM HISP-1 or untreated HSV-1 for 1 h. Uninfected
cells served as a negative control. Cells infected with untreated virus served as
positive control. After one hour of infection the unadsorbed virions and media
were aspirated from the cells and replaced with media. Twelve hours post infec-
tion, the cells were treated with 300 uL of DAPI (4,6-diamidino-2-phenylindole)
(Sigma Aldrich) stain for 5 min at 37°C in the dark. Then the cells were fixed
with 2% - 4% paraformaldehyde for 10 - 20 min then rinsed with PBS. Mounting
medium, containing 90% glycerol, and 10% phosphate buffered saline (PBS) was
used to fix the coverslips on the slides. Slides were permanently sealed around
the perimeter using clear nail polish. The slides were observed using a Zeiss Axio
Scope Al microscope (Zeiss US, Peabody, MA, USA).

2.10. Molecular Docking Analyses

The crystallized structure for the receptor, glycoprotein D (4MYV), was ob-
tained from the Protein Data Bank (https://doi.org/10.2210/pdb4MYV/pdb).

Non-standard residues were then removed in UCSF Chimera [28] and the re-

ceptor was prepared for docking in UCSF Chimera and Auto Dock Tools [29].
The grid space for docking was then defined for this protein in Auto Dock Tools
based on insight from CastP [30] analysis of glycoprotein D binding pockets.

A 3D model for hispolon pyrazole 1 ((E)-4-(2-(3-Methyl-1H-pyrazol-5-yl)
vinyl) benzene-1,2-Diol) was not available; this was created by first creating the
chemical structure in Biovia Draw Version 22.1 (2022). This structure was im-
ported into ChemSketch (ChemSketch, version 2022.1.2) where this was con-
verted into a 3D structure; this structure was then refined using Avogadro [31].
Finally, this molecule was prepared for docking using Auto Dock Tools. The 3D
structure for Curcumin was downloaded from PubChem
(https://pubchem.ncbi.nlm.nih.gov/compound/Curcumin, accessed on 1/4/2024)
which was then prepared for docking in Auto Dock Tools.

The docking analysis was carried out using Auto Dock Vina [32] [33] to test
for an interaction between either of the target ligands (hispolon pyrazole 1 or
curcumin) and glycoprotein D. A binding affinity of —7.0 kcal/mol was used as a
threshold to identify significant interactions. Results were visualized in Auto-
DockTools to review binding affinity, then in Biovia Discovery Studio Version
24.1.0.23298 (2023) to generate figures.
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2.11. Statistical Analyses

All statistical analyses were performed on raw absorbance or luminescence val-
ues and are presented as means + standard error of the mean (SEM). Data were
analyzed separately using a one-way ANOVA with treatment as the main varia-
ble in GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). The source of
significant main effects was queried using post hoc analysis, and significant in-
teractions were assessed with pairwise comparisons. For all test results, a prede-

termined level of a = 0.05 was used.

3. Results

3.1. Treatment with Hispolon Compounds Is Not Cytotoxic to
Vero Cells

Cytotoxicity to each of the hispolon compounds was assayed at a concentration
range of (12.5 -125 uM). The effect of 2% concentration of DMSO was also as-
sayed since the hispolons were dissolved in DMSO. Microscopic analyses indi-
cated that the Vero cells were not affected by the DMSO vehicle even when cells
were treated with concentrations up to 2.5% DMSO. These results are consistent
with the findings of a previous study [34]. There were no morphological changes
in cells following treatment with each of the hispolon compounds up to the

tested concentration of 125 uM (Figure 1).

A. Vero cells B. 2% DMSO

C. 125%

HIS-1 HIS-2

HISI-2 HISI-3

HISPSP-1 HISPSP-2 HISPSP-3 HISPSP-4 HISPSP-5 HISPSP-6

HISP-1 HISP-2 HISP-3 HISP-4 HISP-5 HISP-6

Figure 1. Microscopic observation (400x) of cell morphology under different conditions
(A) Control, Vero cells only; (B) Vero cells treated with 2% DMSO; (C) Vero cells treated
with the maximum concentration (125 uM) of each hispolon compound. The results
indicate that the DMSO and hispolons are not cytotoxic to Vero cells at concentrations
tested.
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3.2. Treatment with HISP-1 Inhibits Infection in Vero Cells

3.2.1. Inverted Microscopic Study

Vero cells infected with HSV-1 display cytopathic effects. The microscopic assay
was designed to determine which of the hispolon compounds could inhibit HSV-1
infection of cultured Vero cells. In the cell-treated assay, Vero cells were treated
with various concentrations (12.5 - 125 uM) of each of the hispolon compounds.
Treated cells were then infected with HSV-1. In the virus-treated assays, HSV-1
virions were treated with each of the hispolon compounds at various concentra-
tions (12.5 - 125 uM). Treated virions were then used to infect Vero cell mono-
layers. Infected cells were observed for evidence of CPE and microscopic images
were taken at 48 hours post infection (hpi). Of the 24 hispolon compounds
tested, only HISP-1 (Figure 2) reduced the appearance of CPE and increased cell
viability (Table 1, Figure 3). Reduction in the appearance of CPE indicated that
treatment with HISP-1 inhibited HSV-1 infection of cultured Vero cells. Micro-
scopic examination indicated that treatment with HISP-1 reduces or prevents
HSV-1 induced cytopathic effects.

HN

[HO \ N

HO
HISP-1: C1oH12N>0»

Figure 2. Chemical and structural formulas for HISP-1.

Table 1. Only HISP-1 reduced the appearance of cytopathic effects of HSV-1 infections of
Vero cells at concentrations ranging from 50 - 125 uM.

Hispolon isoxazoles Hispolon phenylsulpho Hispolon pyra-

HISPOLON (HIS
Inhibitior(l? ) (HISI) pyrazoles (HISPSP) zoles (HISP)
’ Inhibition? Inhibition? Inhibition?
HISP-1

HIS-1—No HISI-1—No HISPS-1—No

(50 - 125 uM)
HIS-2—No HISI-2—No HISPS-2—No HISP-2—No
HIS-3—No HISI-3—No HISPS-3—No HISP-3—No
HIS-4—No HISI-4—No HISPS-4—No HISP-4—No
HIS-5—No HISI-5—No HISPS-5—No HISP-5—No
HIS-6—No HISI-6—No HISPS-6—No HISP-6—No
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Vero cells DMSO + HSV-1 Cells + HSV-1

75 uM VT

125 uM VT

Figure 3. Inverted microscopic observations (400x) of Vero cells, Vero cells treated with
DMSO and infected with HSV-1, and untreated HSV-1 infected controls; cells treated
with 50, 75, 100 and 125 pM concentrations of HISP-1 then infected with HSV-1 (CT-cell
treated), and virions treated with 50, 75, 100 and 125 uM concentrations of HISP-1that
were used to infect Vero cell monolayers. Rounded and lifted Vero cells indicate CPE.

Infection of Vero cells with HSV-1 treated with HISP-1 at concentrations
ranging from 75 - 125 pM did not indicate evidence of CPE. Monolayers are in-
tact with no appearance of rounding and lifting, like the Vero cells control. There
was evidence of cytopathic effect when cells were treated prior to infection (CT)
with HSV-1 and when virions were treated with less than or equal to 50 pM
concentration of HISP-1. Cells treated with 2% DMSO prior to infection with
HSV-1 also showed evidence of CPE (Figure 3).

3.2.2. Treatment with HISP-1 Increased Cell Proliferation

The ability of HISP-1 to mediate HSV-1 induced cell damage was investigated by
determining the effect on cell viability. Cell viability of Vero cells infected with
HSV-1 following treatment of Vero cells with 50 - 125 uM (CT) or treatment of
HSV-1 virions (VT) with HISP-1 was determined using an MTS assay, which
quantifies viable cells using the insoluble formazan product as an indicator of
cell proliferation. The mean value of percent viability of Vero cells infected with
HSV-1 treated with 50, 75, or 100 uM HISP-1 was significantly greater as com-
pared to the mean value of percent viability of Vero cells infected with untreated
HSV-1. For HISP-1 treated HSV-1 at 75 and 100 uM concentrations, the per-
centages of viable cells are 78.8 and 78.4, respectively. Treatment of cells before
infection with concentrations up to 125 pM of HISP-1, however, was not signif-
icantly different from the percent of viable cells resulting from infection with
untreated virus (Figure 4(A)). The percent inhibition of infection also differed

significantly when HSV-1 was treated with concentrations of 50, 75, or 100 uM
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HISP-1 as compared to infection of Vero cells with untreated HSV-1. The great-
est percentage of inhibition was observed with the 75 uM and 100 pM HISP-1
treated HSV-1 with percentage of inhibition 62.7 and 63.1, respectively. Percent
inhibition, as measured by the MTS assay is shown in Figure 4(B).

MTS HISP-1 Viability

150 -
3
;100—
=
S
= 50
8
0
K%
150 - |
@ g
%100— - N
g {g s
S 50 i | [E] 2
£ g
£ o 2 ﬁ
T o S T =& :
S s T
-50 1 1 1 1 1 1 1 1 1 1
FORARARNK) Koy
NSO,
AT P TS @
e\°
Treatment
(B)

Figure 4. Treatment of HSV-1 virions affects cell proliferation of HSV-1 infected cells.
HSV-1 mediated cell death was significantly inhibited in Vero cells following treatment of
the virions with HISP-1. Cell viability of Vero cells (5 replicates) (CT) or Vero cells (5
replicates) (VT) was quantified 48 hpi using the Cell-Titer 96Aqueous One Solution Cell
Proliferation Assay (MTS) (Promega). Vero cells infected with treated HSV-1 had higher
viability compared to untreated infected cells after 48 h (A). The % inhibition calculated
based on these viabilities was significantly different when cells were infected with HISP-1
treated virus (B). Data are presented as mean = SEM. Statistical analysis was performed for
the viability assay using a one-way ANOVA with Tukey’s HSD Test for multiple comparisons
comparing results to the untreated HISP-1 infected control, *p < 0.5, ****p < 0.0001.
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3.2.3. Treatment of HSV-1 Virions with HISP-1 Increased Cell Viability
An additional measure of cell viability was used to assess the effect of treatment
with HISP-1 with a maximum concentration of 75 uM. The goal was to deter-
mine the lowest concentration of the compound that would inhibit HSV-1 infec-
tion. The Viral ToxGlo™ Assay measures ATP levels as an indicator of mito-
chondrial function and cell viability. Cell viability was measured by lumines-
cence. HISP-1 treatment increased ATP production in infected Vero cells.
Treatment of Vero cells (cell treated indicated by CT) and HSV-1 virions with
HISP-1 resulted in significant differences in cell viability as compared to percent
viable cells when infected with untreated HSV-1. The greatest percentage of via-
ble cells (70.6%) was observed when the virus was treated with 75 uM HISP-1
(Figure 5(A)). The percent inhibition of infection also differed significantly
when HSV-1 was treated with concentrations of 25, 50, or 75 uM HISP-1 as
compared to infection of Vero cells with untreated HSV-1. The greatest percentage
of inhibition (56.8%) was observed with the 75 uM HISP-1 treated HSV-1
(Figure 5(B)).

3.3. HISP-1 Affects Early Stages of the Infection Process of HSV-1

The antiviral activity of HISP-1 on the binding to host cells was assessed using a
binding assay. Vero cells were infected with HSV-1 treated with increasing con-
centrations of HISP-1 for 1 h at 4°C. This allowed for the binding to occur but
not the penetration of the virus [35]. After 48 h, luminescence was measured.
There were significant differences between the attachment or binding of treated
virions and untreated virions (Figure 6(A)). The difference in the effect on bind-
ing, as measured by luminescence, was significant when antiviral activity was
calculated following treatment of HSV-1 with 50, 75, and 100 M concentrations
of HISP-1 with greatest calculated value for attachment occurring with 75 uM
concentration (Figure 6(A)). This indicates that HISP-1 inhibits the binding
stage of the HSV - 1 infection cycle.

To determine the antiviral effects of HISP-1 during penetration of the virus
into the host cell, Vero cells grown in a 96 well plate were infected with HSV - 1
at 4°C for 2 h to ensure attachment but not penetration of the virions. The cells
were treated for 10 min at varying concentrations (25 pM to 100 uM) of HISP-1
at room temperature during the penetration step [35] of infection. After 48 h,
luminescence was measured. There were significant differences between the pe-
netration of treated virions and untreated virions. The greatest effect was seen
when Vero cells were infected with virions treated with 75 uM HISP-1. This in-
dicates that HISP-1 inhibits the penetration stage of the infection cycle.

The antiviral effect of HISP-1 on the post penetration step of the viral cycle
was determined by infecting Vero cells with HSV-1 at 4°C for 2 h to ensure at-
tachment but not penetration of the HSV-1. Cells were then treated with HISP-1
for 30 min at 37°C and 5% CO,after the virus penetrated the cells. Cell viability
was measured 48 hpi. The results indicated that treatment with HISP-1 after
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binding and penetration did affect HSV-1 infection. There was a significant dif-
ference in viable cells resulting from treatment post-penetration of virions
treated with 75 uM HISP-1 as compared to untreated virions. Treatment of vi-
rions with HISP-1 inhibits binding, penetration and post penetration stages of
the HSV-1 infection cycle.

150
=
> 100+ =1 15 i |
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o) 2| |©
8 ©
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— 504 =
[
o
Treatment
(A) ToxGlo Viability
—
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9
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S
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g
>
0 1 1 “I° I;IEI 1 0I2 _T_ 27IWQ
© 0 SO

Treatment
(B) ToxGlo Inhibition

Figure 5. Treatment with HISP-1 affects cell viability of HSV-1 infected cells. HSV-1
mediated cell death was significantly inhibited in Vero cells following treatment of the
cells or treatment of the virions with HISP-1. Cell viability of Vero cells (5 replicates) was
quantified 48 hpi using Viral ToxGlo™ assay kit (Promega Corp., Madison, WI) (Promega).
There was a significant difference in percent viability of cells treated (CT) with HISP-1 or
when virions were treated with HISP-1 when compared to infection with untreated HSV-1
(A). The % inhibition calculated based on these viabilities was significantly different when
cells were infected with HISP-1 treated virus and compared to infection of Vero cells with
untreated HSV-1 (B). Data are presented as mean * SD. Statistical analysis was performed
for the viability assay using a one-way ANOVA with Tukey’s HSD Test for multiple
comparisons comparing results to the untreated HISP-1 infected control, *p < 0.5, ***p <
0.001, ****p < 0.0001.
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Figure 6. (A) ToxGlo™ attachment assay of Vero cells infected at 4°C with HISP-1 treated
HSV-1, pretreated for 1 h with 25 - 100 uM concentrations of HISP-1 and Vero cells infected
with untreated HISP-1 as a control. The antiviral effects of HISP-1 on the attachment stage of
HSV-1 infection are reported. Cell viability was measured by the luminescence of Vero cells.
(B) ToxGlo penetration assay of Vero cells infected at 4°C for 2 h to ensure attachment but
not penetration of the virions. The cells were treated for 10 min at varying concentrations of
HISP-1 at room temperature during the penetration step [35] of infection. After 48 h,
cell viability as measured by the luminescence of Vero cells infected with 25 - 100 uM
concentrations of HISP-1-treated HSV-1 and Vero cells infected with untreated HISP-1 as a
control. The antiviral effects of HISP-1 on the penetration stage of HSV-1 infection are
reported. Cell viability was measured by the luminescence of Vero cells infected with 25 -
100 uM concentrations of HISP-1-treated HSV-1 and Vero cells infected with untreated
HISP-1 as a control. **p<0.01, **p < 0.001, ***p < 0.0001.
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3.4. Fluorescent Microscopy Indicates that Treatment of HSV-1
with HISP-1 Inhibits the Infection of Vero Cells

The strain of HSV-1 used in this study, HSV-1 GHSV-UL46, contains the se-
quence for GFP fused to the tegument protein pUL46. GFP expression (green)
occurs in a late stage of HSV-1 infection. DAPI stain (blue) shows the morphol-
ogy of the cell nuclei. GFP expression is greatest when untreated HSV-1 infected
Vero cells (B). HSV-1 infected cells show cytopathic effects characteristic of
morphologic changes shown in human herpes virus infections including cy-
toskeletal modifications resulting in the appearance of elongated cells and for-
mation of multinucleated cells [36]. There is a difference in GFP expression and
morphology between in the untreated and treated HSV-1 infected Vero cells at
12 hpi. Expression of GFP is inhibited in HSV-1 infected cells when virions were
treated with 75 uM HISP-1 (Figure 7).

Figure 7. Fluorescent microscopic images (200x) of (A) uninfected Vero cells; (B) 12 h
post-infection observation of untreated HSV-1 infected Vero cells and (C) HISP-1 treated
HSV-1 infected Vero cells (Scale = 50 uM).

3.5. Molecular Docking Analyses Indicated That HISP-1 Has Low
Binding Affinity to gD

Molecular docking analyses were conducted to model the interaction between
the receptor-binding protein gD and HISP-1. The predicted interactions be-
tween gD and HISP-1 and curcumin were also analyzed because of the structural
similarities between hispolons and curcumin. The 3D structures for HISP-1 and
curcumin are presented in Figures 8(A) and Figures 8(B). The predicted ribbon
model of the binding of HISP-1 to gD is shown in Figures 8(C). HISP-1 forms
five conventional hydrogen bonds (Chain A: two with VAL 61 and Chain B: 115
TYR, 131 THR, and 132 GLN) and four pi-alkyl bonds (Chain A: 60 ALA; Chain
B: 115 TYR, 130 ARG, and 133 PRO (Figures 8(E)). HISP-1 failed to meet the -7
kcal/mol threshold with a reported receptor binding affinity of —6.15 kcal/mol.
Analysis with AutoDock Vina showed that curcumin can bind to gD with a
binding affinity of —7.17 kcal/mol. Predicted binding interactions between
curcumin and gD are shown in Figure 8(D), with a summary of receptor ligand
interactions in Figure 8(F). Based on these analyses, curcumin forms three
conventional hydrogen bonds (Chain B: 130 ARG, 133 PRO, 222 ARG), five
alkyl/pi-alkyl bonds (Chain B: 113 MET, 130 ARG, two with 133 PRO, 222
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ARG), and van der Waals interactions with nine residues (Chain A: 70 LEU, 72
HIS; Chain B: 115 TYR, 131 THR, 132 GLN, 134 ARG, 135 TRP, 148 ASN, 221
PRO).

B. Curcumin

A. HISP-1

C. HISP-1 and gD D. Curcumin and gD

F. Curcumin and gD
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Figure 8. Molecular docking analysis of the interaction of HSV-1 (gD) and HISP-1 and
curcumin. 3D structure of HISP-1 (A) and curcumin (B). Ribbon model of predicted
binding interaction between HISP-1 and gD (C) an HISP-1 and curcumin (D); (E)
Two-dimensional diagram of receptor-ligand interactions between HISP-1 and gD and
(F) curcumin and gD, including conventional hydrogen bonds (green), van der Waals
interactions (light green) and pi-alkyl (pink).

4. Discussion

There has been extensive research on the medicinal properties and modes of ac-
tion of hispolon, a polyphenolic constituent of medicinal mushrooms and his-
polon analogs. Medicinal properties include antioxidant, anti-inflammatory, and
antiproliferative [1] [2] [3] [4] [23] [36] [37] There is, however, a paucity of re-
search on the antiviral properties. Curcumin, structurally similar to hispolon,
has also demonstrated antioxidant [6], anti-inflammatory [7] [8], antibacterial

[9], and antiviral activities against hepatitis C virus [10], enterovirus 71 [11],
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human immunodeficiency virus [12], influenza A [13], and herpes simplex virus
(HSV) 1 and 2 [14] [15]. Curcumin acts as an antiviral through multiple me-
chanisms [17]. The structural similarities to curcumin suggest a role of hispolon
as an antiviral.

In this study we investigated the ability of 24 hispolon analogs to inhibit the
infection of HSV-1 in cultured Vero cells. Of the 24 analogues tested only his-
polon pyrazole-1 (HISP-1) inhibited the infection of Vero cells by HSV-1 (Table
1, Figure 3-5). HISP-1 has therapeutic potential; our results indicate that it can
be safely applied to cultured Vero cells at concentrations up to 125 pM (Figure
1). The early stages of HSV-1 infection are affected by treatment of the virions
with HISP-1 (Figure 6(A)-(C)). The expression of the structural proteins (te-
gument and surface glycoproteins) is also inhibited when the virus is treated
with HISP-1. There is a reduction in the expression of GFP (sequence bound to
the tegument protein) following treatment with HISP-1.

HSV-1 infections continue to affect a large population of the world’s popula-
tion [19]. HSV-1 causes cold sores around the mouth and oral and lesions in the
genital mucosa [38]. HSV-1 also causes severe illness such as encephalitis [39],
necrotizing stromal keratitis [40], and neonatal herpes [41]. There are effective
medications for the treatment of HSV-1 such as acyclovir, which acts on the
HSV polymerase thymidine kinase [42]. Prolonged use of acyclovir can lead to
resistance because of mutations in the thymidine kinase gene and possibility the
development of ACV resistant strains [43] [44]. Viral transmission occurs by di-
rect contact with lesions or infected secretions [45]. HSV-1 infection requires
high affinity binding of cellular receptors to gD [46]. Cellular receptors such as
herpes virus entry mediator (HVEM), nectin-1, and 3-O-sulfated heparan sulfate
then interact with gD, inducing a conformational change that leads to formation
of a fusion complex composed of several viral glycoproteins (gB, gH, and gL).
The viral nucleocapsid and tegument are then released into the cytoplasm [46]
[47]. Results of this investigation indicate that HISP-1 affects early stages of viral
infection: attachment, penetration, and post-penetration (Figure 6(A), Figure
6(B), and Figure 6(C), respectively). This mechanism of inhibition is similar to
the effect of curcumin on the attachment and penetration of HSV-1 [14] but dif-
fers in that HISP-1 also demonstrated an effect post-penetration (Figure 6(C)).
However, curcumin reported greater antiviral cell viability and inhibitory abili-
ties against HSV-1 in cultured Vero cells [14] than our results with HISP-1 in
this study.

One interesting aspect of the results that compared the antiviral effect of
treatment of the cells to treatment of the virus is that treatment of the cells with
HISP-1 did not significantly inhibit HSV-1 infection (Figure 4(B) and Figure
5(B)). Antiviral therapeutics often target the viral attachment protein required
for infection or the immune system [48]. Our results imply that HISP-1 targets
the surface glycoproteins.

Molecular docking analyses were conducted to model the interaction between
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the receptor-binding protein gD and HISP-1 and between gD and curcumin
(Figure 8). Computational docking has been used to identify potential natural
inhibitors of the receptor-binding domain of SARS-CoV-2 based on number of
hydrogen bonds, and binding affinity minimum interaction energy [48]. The
binding affinities of HISP-1 to gD and curcumin to gD were —6.15 kcal/mole and
—7.15 kcal/mole, respectively. The binding affinity of HISP-1 to gD is lower than
the desired —7.0 kcal/mole threshold. This finding alone does not preclude con-
sideration of HISP-1 as an antiviral against HSV-1. The binding affinity of some
Food and Drug Administration (FDA) approved drugs against HIV-1 reverse
transcriptase ranged from —5.63 to —6.85 [49]. It is possible that HISP-1, like
curcumin, exerts antiviral effects through multiple mechanisms, including main-
taining the infected cell’s redox balance [50]. Future studies should investigate the
effect of HISP-1 on expression of non-structural proteins and on alleviating oxid-
ative stress. Additionally, in vivo studies should be conducted to determine the

effectiveness of HISP-1 in inhibiting HSV-1 infection in an animal model.

5. Conclusion

Our results demonstrate that HISP-1 is safe at concentrations tested and a concen-
tration of 75 pM showed a maximum cell viability and inhibition of 78% and 62.7%,
respectively. HISP-1 acts on the early stages of HSV-1 infection. HISP-1 could work
in synergy with other antivirals that work by a different modality and could be de-

veloped as a component of a topical agent to reduce the spread of HSV-1.
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