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Abstract

The attachment of Herpes simplex virus type-2 (HSV-2) to a target cell requires ionic interactions
between negatively charged cell surface co-receptor heparan sulfate (HS) and positively charged
residues on viral envelop glycoproteins, gB and gC. Effective blocking of this first step of HSV-2
pathogenesis demonstrates significant prophylactic effects against the viral disease; any in vitro
therapeutic effects of blocking this interaction, however, are not clear. Here, we provide new
evidence that zinc oxide tetrapod micro-nanostructures synthesized by flame transport approach
significantly block HSV-2 entry into target cells and, in addition, demonstrate the potential to stop
the spread of the virus among already infected cells. The zinc oxide tetrapods (ZnOTs) also
exhibit the ability to neutralize HSV-2 virions. Natural target cells such as human vaginal
epithelial and HelL a cells showed highly reduced infectivity when infected with HSV-2 virions
that were pre-incubated with the ZnOTs. The mechanism behind the ability of ZnOTs to prevent,
neutralize or reduce HSV-2 infection relies on their ability to bind the HSV-2 virions. We used
fluorescently labeled ZnOTs and GFP-expressing HSV-2 virions to demonstrate the binding of the
ZnOTs with HSV-2. We also show that the binding and hence, the anti-viral effects of ZnOTs can
be enhanced by illuminating the ZnOTs with UV light. Our results provide new insights into the
anti-HSV-2 effects of ZnOT and rationalize their development as a HSV-2 trapping agent for the
prevention and/or treatment of infection. The observed results also demonstrate that blocking
HSV-2 attachment can have prophylactic as well as therapeutic applications.

1. INTRODUCTION

HSV-2 is one of the most frequent sexually transmitted infections worldwide with global
estimates of 536 million infected people and an annual incidence of 23.6 million cases
(Tronstein et al., 2011). In the United States alone, 22% adults are HSV-2 seropositive
(Wald et al., 2001), but only a small percentage of individuals with HSV-2 infections have
been recognized with genital herpes. Additionally, most HSV-2 infections are acquired from
persons without a clinical history of genital herpes, thus the risk of sexual transmission does
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not correlate well with the recognition of clinical signs and symptoms of HSV-2 (Shukla et
al., 2009). HSV-2 infection results in a wide variety of clinical manifestations ranging from
asymptomatic infections to ulcerative and vesicular lesions on the genitals. The latter is a
hallmark site of infection. The infection, however is not limited to the genital area, as it is
capable of causing necrotizing stromal Keratitis in the eye, encephalitis, meningitis and
neurological complications in infants surviving the infection (Chayavichitsilp et al., 2009;
Jinetal., 2011; Kriebs, 2008). HSV-2 infections are rarely fatal but the presence of herpetic
lesions on the mother during the birth process places babies’ lives at risk (Spear, 2004).
Despite its vast presence in the population, no cure or vaccination has been developed
causing people to live with either symptomatic and/or asymptomatic recurrences for the rest
of their lives.

HSV-2 is the prototype of the neurotropic alphaherpesviruses, all of which cause latency
(Avitabile et al., 2007). The virion consists of an electron dense core containing double
stranded DNA that encodes over seventy different genes. The genome of the virus is
enclosed by an icosahedral capsid that displays 162 protein units known as capsomers
(Akhtar and Shukla, 2009; Favoreel et al., 2010; Jackson and Longnecker, 2010). The
capsid, in turn, is surrounded by tegument proteins and all components are enclosed by a
lipid bilayer envelope with over a dozen viral proteins and glycoproteins on the surface
(Campadelli-Fiume et al., 2000). Of the many glycoproteins on the envelope, five are
important for the coordination of host cell entry: gB, gC, gD, gH, and gL(Connolly et al.,
2011). While gB and gC facilitate HSV attachment to cells by binding with negatively
charged heparan sulfate (HS), others including gB are required for the capsid penetration
into the host cells. Blocking attachment of the virus is known to have prophylactic effects
against the disease; however, it is not clear whether blocking attachment can generate
therapeutic effects against existing infections as well. The ability of HSV to typically infect
any cell type makes the development of more efficient therapeutics a high priority. In
addition, the lifelong prevalence of HSV-2 infection results in prolonged administration of
standard treatments leading to an increased risk of drug resistance against existing HSV
antivirals, which mostly target HSV replication (Muggeridge, 2000). Thus, new drugs that
target other critical steps in viral lifecycle such as entry and cell-to-cell spread can help
reduce the risk of the emergence of drug resistance.

Recent exploration of nanoparticle interactions with biological targets has transformed the
field of medical research including the area of drug development (Wiesenthal et al., 2011).
In this regard the recently described ZnO micro-nano particles have shown high promise as
prophylactic agents against HSV-1 (Mishra et al., 2011). In the present work we have
examined the anti-HSV-2 properties of ZnO tetrapod (ZnOT) structures synthesized by the
flame transport approach (Adelung et al., 2011). We describe the neutralizing, prophylactic,
and therapeutic applications of ZnOTs against HSV-2 infection in vitro and establish a
mechanism by which ZnOT bind HSV-2 virions and render them ineffective for a
productive infection.

2. MATERIALS AND METHODS

2.1 Synthesis of ZnO tetrapod structures and cytotoxicity assay on cells

ZnOT structures were synthesized by a recently developed flame transport synthesis (FTS)
approach (Adelung et al., 2011). Briefly, the Zn metal micro powder (commercially
available from Goodfellows, UK) was mixed with sacrificial polymer powder (Polyvinyl
Butyrol, Kuraray GmbH Europe) and the mixture was then burned at 900 °C in a simple
muffle type box furnace in air which resulted in the formation of ZnOTs (Adelung et al.,
2011; Mecklenurg et al., 2012.). The tetrapods were then harvested from the furnace and
used for the anti-viral tests. The shape and size of the synthesized structures were
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investigated using scanning electron microscopy (SEM) at 10 kV electron beam acceleration
voltage and 18 pA filament (LaBg) current. The SEM results confirmed the tetrapod shape
of the ZnO structures with arm diameters in the range of 200 nm to 1 um and arm lengths in
the range of 5 pm to 30 um. Identical ZnOTs were used for all experiments demonstrated
here.

To determine the effect of UV ZnOT and NUV ZnOT treatment on the viability of HeLa
and VK2/EG6 cells an MTS cytotoxicity assay was performed 24 hours after ZnOT treatment.
V2KJ/EB6 cells and HeLa cells were seeded at a density of 2x10% in a 96-well plate. UV
treated ZnOT was spread in a thin layer and placed in a petri dish for irradiation for 1 hour.
UV ZnOT and NUV ZnOT were brought into suspension in PBS at concentrations of 1.5, 1,
0.8, 0.6, 0.4, 0.2, and 0.1 mg/mL. Removal of culture medium from confluent monolayer of
cells was followed by treatment with the various concentrations of UV and NUV ZnOT for
24 hours. Cell viability was analyzed by a chromogenic kit (CellTiter Aqueous96; Promega,
Madison, WI, USA). Colorimetric detection was measured by micro-pate reader (TECAN
GENious Pro) at 492 nm.

2.2 Cells, Virus, Plasmids and Antibodies

Chinese hamster ovary (CHO-K1) cells were provided by P.G. Spear (Northwestern
University). CHO-K1 cells were passaged in Ham’s F12 medium (Gibco/BRL, Carlsbad,
CA,USA) supplemented with 10% fetal bovine serum (FBS) and penicillin and streptomycin
(P/S) (Sigma). HeLa cells were provided by B. P. Prabhakar (University of Illinois Chicago)
which were passaged in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and P/S. African green monkey kidney (Vero) cells were provided by P.G. Spear
(Northwestern University). Vero cells were passaged in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS and P/S. Human vaginal epithelial (VK2/
E6) cells obtained from ATCC. VK2/E6 cells were passaged in Karatinocyte serum free
medium (SFM) (Gibco/BRL, Carlsbad, CA,USA) supplemented with epidermal growth
factor (EGF) and bovine pituitary extract (BPE).

Wild type HSV-2(333), HSV-2(333) GFP, and p-galactosidase-expressing HSV-2(333) gJ-
were also used (Martinez and Spear, 2002). Virus stocks were propagated and tittered on
Vero cells, and stored at =80 °C.

The plasmids expressing HSV-2 glycoproteins pMM245 (gB), pMM346 (gD), pMM349
(gH) and pMM350 (gL) were used in this study (Muggeridge, 2000; O'Donnell and Shukla,
2009). Plasmid pT7EMCLuc that expresses firefly luciferase gene under the control of a T7
promoter and plasmid pCAGT?7 that expresses T7 RNA were also used (Pertel et al., 2001;
Tiwari et al., 2004).

The following primary antibodies were used for Western blot analysis in this study: Mouse
anti-VP16 monoclonal antibody (mAB) diluted 1:500 (sc-7545 Santa Cruz Biotechnology,
Santa Cruz, CA); rabbit anti-GAPDH at 1:2000 polyclonal antibody diluted 1:2000
(sc-25778 Santa Cruz Biotechnology, Santa Cruz, CA). Secondary antibodies used for
western blot analysis were horseradish peroxidase-conjugated anti-mouse 1gG
diluted1:25000 (115-035-062, Jackson ImmunoResearch Laboratories) and horseradish
peroxidase-conjugated goat anti-rabbit 1gG diluted 1:20000.

2.3 ZnOT Treatment Conditions

2.3.1 Neutralization Treatment—To determine the neutralizing properties of ZnOTs,
HSV-2(333), HSV-2(333)gJ-, and HSV-2(333)GFP virus underwent “turn-cubation”, a
method we recently designed to optimize the binding between ZnOT and HSV-2. Turn-
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cubation is the process in which HSV-2 virus and ZnOT (UV: ultra violet treated, NUV:
Non-UV treated) undergo a constant 360 rotation (260250 Orbitron Rotator I1) for 1 hour at
4 °C. At a concentration of .1 mg/ml ZnOT were incubated with virus at an MOl of 1 or 0.1.
At the completion of the incubation step the suspension containing the virus and ZnOTs is
added to the HeLa cells and V2K/E6 cells. p-galactosidase expression, VP16 detection,
plaque formation, infectious viral cluster number and size measurements were performed
thereafter. 1x PBS mock treated samples were used as a positive control to determine
HSV-2 infectivity in the absence of ZnOTs.

2.3.2 Prophylactic Treatment—To determine the efficacy of ZnOT as a prophylaxis
against HSV-2, the cells were pretreated with 0.1mg/ml of UV or NUV ZnOT for 30
minutes at 37 °C in the absence of the virus. At the end of the 30 minute incubation, cells
were infected with an MOI of 1 or 0.1 and then placed at 37 °C from 2-6 hours. At the end
of the infection cells were washed with 1x PBS. p-galactosidase expression, VP16
detection, plaque formation assay, and infectious viral cluster number and size
measurements were performed to determine the effectiveness of the prophylaxis treatment
on HSV-2 infection.

2.3.3 Therapeutic Treatment—The therapeutic usage of ZnOTs was determined by first
challenging the cells with HSV-2 at a MOI of 1 or 0.1 for 30 minutes at 37 °C in the absence
of ZnOTs. Following the first 30 minutes of infection, HeLa cells and Vaginal cells were
treated with UV, NUV ZnOT or mock treated with 1x PBS. p-galactosidase expression,
VP16 detection, plaque formation number and size, and infectious viral cluster number and
size measurements were performed to establish the effectiveness of the therapeutic treatment
on HSV-2 infection.

2.4 Viral Entry Assay

A standard entry assay was performed as described previously (Shukla et al., 1999). Briefly,
HeLa and VK2/E6 cells were seeded at a density of 2x10% in a 96-well plate. Entry was
examined under neutralization, prophylaxis, therapeutic or mock treatment (1x PBS)
conditions. A stock concentration of .1mg/ml of UV and NUV ZnOT’s was used for each
treatment condition. For the infection step, the cells were infected at an MOI of 1 with -
galactosidase expressing recombinant virus HSV-2(333)gJ- for 6 hours at 37 °C. After 6
hours cells were washed with PBS and the soluble substrate o-nitrophenyl-p-D-
galactopyranoside (ONPG) was added. Enzymatic activity was measured by micro-pate
reader (TECAN GENious Pro) at 405 nm.

2.5 Immunoblotting

After 2 hours of infection with HSV-2(333) strain at an MOI of 1, the effectiveness of
neutralization, prophylaxis, and therapeutic treatment on viral internalization in HeLa cells
was determined by Western blot analysis (Shukla et al., 2009). Briefly, virally infected cell
lysates (mock treated or treated with a concentration of .1 mg/ml of UV or NUV ZnQOTs)
were denatured in NUPAGE LDS Sample Buffer (Invitrogen,NPO0007) and heated to 80 °C
for 10 minutes. Equal amounts of protein were added to 4-12% SDS-PAGE and transferred
to a nitrocellulose membrane. Nitrocellulose membrane was blocked in 5% nonfat milk in
tris buffer saline (TBS) for 2 hours at room temperature. After the nonspecific binding
blocking step was complete, membranes were incubated with mouse anti-VVP16 monoclonal
antibody (Santa Cruz) at dilutions of 1:500 overnight at 4 °C. The following day the blots
were washed multiple times with 0.1% TTBS (0.1% Tween 20 in TBS) before the addition
of horse radish peroxidase conjugated anti-mouse 1gG at dilutions of 1:25000 at room
temperature. Protein bands were visualized on an ImageQuant LAS 4000 imager (GE
Healthcare Life Sciences) after the addition of SuperSignal West Femto maximum
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sensitivity substrate (Pierce, 34096). The density of the bands were quantified using
ImageQuant TL image analysis software (version:7). GAPDH was measured as a loading
control.

2.6 Plaque Assay and Infectious Spread Assay

2.6.1 Plaque Assay—A monolayer of HelLa cells was seeded in a 24 well plate at a
density of 5x104 cells per well. Upon confluency the cells either received neutralization,
prophylaxis, therapeutic or mock treatment (1x PBS) and a low MOI of 0.1 infection with
HSV-2(333). Stock concentration of .1 mg/ml was used in treatment condition. After 2
hours of infection at 37 °C inoculums were removed and methylcellulose (Sigma) was added
over each monolayer. Cells were then incubated at 37 °C for 72 hours. At the end of the
incubation cells were fixed with methanol for 20 minutes at room temperature and stained
with crystal violet. Plagues were counted and imaged at 10x objective (Zeiss Axiovert 200).

2.6.2 Infectious Spread Assay—The virus spread assay was performed as described
previously(Roller and Herold, 1997). Briefly, a monolayer of HeLa cells received
neutralization, prophylaxis, therapeutic, or mock treatment (1x PBS). A stock concentration
of 0.1mg/ml of ZnOT was used to for treatment. HeLa cells and were challenged with
HSV-2(333)GFP strain at a low MOI of 0.1. 2 hours post infection inoculum was removed.
Cells were washed once with PBS and overlaid with methylcellulose (Sigma) DMEM
medium. 72 hours post infection the spread of HSV-2(333)GFP amongst HeL a cells was
assessed by capturing images of the green virally infected cells clusters at 10x objective
(Zeiss Axiovert 200). Cluster sizes were determined by outlining the area of each cluster, for
each outline an average area was generated by Axioversion software.

2.6.3 Plaque Size Determination—A monolayer of HeLa cells were seeded in a 24 well
plate at a density of 5x10%. Upon confluency cells received neutralization, prophylaxis,
therapeutic or mock treatment (1x PBS). A 0.1mg/ml stock of ZnOT’s was used for each
treatment condition. Cells were infected at an MOI of 0.1 with HSV-2(333) or HSV-2(333)
GFP. After 2 hours of infection at 37 °C inoculums were removed and methylcellulose was
added. 72 hours post infection plaques were measured with a micrometer at the 10x
objective. The area of each plaque was calculated using Axioversion software. The average
area was determined by measuring 20 plaques from each group.

2.7 Cell-to-Cell Fusion Assay

A standard virus free cell-to-cell fusion assay was performed as described previously
(Tiwari et al., 2004). Two populations of CHO-K1 cells, designated target cells and effector
cells were generated. The target cell population was transfected with 1.0 pg of gD receptor
(Nectin-1) and 0.5 pg of the plasmid expressing the luciferase gene. The effector cell
population was transfected with 0.5 pg each of HSV-2 glycoproteins gB, gD, gH, and gL
and T7 RNA polymerase. Effector cells lacking gB were used as a negative control. 18
hours post transfection effector cells were treated with .1mg/ml of UV ZnOT, .1 mg/ml
NUV ZnOT or mock treated with (1x PBS). To determine fusion target and effector cells
were mixed together (1:1 ratio) and co-cultured in 24 well dishes. 24 hours post mixing
effector and target cells luciferase gene expression resulting from fusion was measured
using a reporter lysis assay (Promega).

2.8 Fluorescently Labeled ZnOT Binding to HSV (333) GFP Virus

The binding ability of ZnOT to HSV-2(333) GFP was determined by mixing fluorescently
labeled ZnOT with HSV-2(333)GFP. A thin layer of ZnOT powder was spread onto a petri
dish. The ZnOT were illuminated with UV light for 1 hour at room temperature. 5 mg UV
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treated (UV) and 5 mg untreated (NUV) ZnOT were put into individual solutions (5 mg/ml).
1 ml of UV and NUV solutions were placed into Eppendorf tubes. Rhodamine phallodin
(Legarra et al.)(Invitrogen) was incubated at room temperature with ZnOTs for 20 minutes.
At the end of incubation these ZnOT structures were washed twice with 1x PBS. HSV-2
(333)GFP and fluorescently labeled ZnOTs were then placed into a 35 mm glass-bottom
dish and incubated for 2 hours at 37 °C(MatTek Corporation). At the end of incubation
fluorescently label ZnOTs and HSV(333)GFP were imaged using a confocal microscope
(Lecia DMIRE?2) equipped with a camera (Lecia TCSSP2).

2.9 Syncytia Assay

A syncytia assay was performed to determine the effect of ZnOT on multinucleated cell
formation as previously described (O'Donnell and Shukla, 2009). Briefly, two populations of
cells were generated, target cells and effector cells. Target cell population were transfected
with 1.0 pg of gD receptor, Nectin-1 and 0.5 pg of a plasmid expressing cyan fluorescent
protein (CFP) fused with a nuclear localization signal (NLS) (Clontech, Mountain View,
CA). The effector cell population was transfected with 0.5 pug each of HSV-2 glycoproteins
gB, gD, gH, and gL and a red fluorescent protein (RFP) fused with a nuclear export signal
(NES) (Hu et al., 2003). Target and effected cells were co-cultured in 35 mm glass-bottom
dishes (MatTek Corporation) at a 1:1 ratio and treated with .1mg/ml of UV and NUV
ZnOT’s. Syncytia number and images were captured 24 hours post mixing at 63x objective
on a confocal microscope (Lecia DMIREZ2) equipped with a camera (Lecia TCSSP2).
Effector cells lacking gB were used as a negative control for syncytia formation.

Statistical Analysis

Graph Pad Prism software (version 4.0) was used for statistical analysis of each group.
P<0.05 and P<0.001 were considered as the significant differences among mock treated and
treated groups.

3. RESULTS
3.1 ZnOT effect on cell Cytotoxicity

To determine the effect of UV ZnOT and NUV ZnOT treatment on the viability of HeLa
and VK2/EG6 cells an MTS cytotoxicity assay was performed. A concentration range from
0.1 mg/mL to 1.5 mg/mL was examined and the highest ZnOT concentration resulted in up
to 40 percent loss of viability after the 24 hour treatment (Figure 1). Viability assays also
showed comparable effects on by both UV and NUV ZnOT. The concentration of ZnOT
during the remainder of experiments was kept at a nontoxic concentration of 0.1 mg/ml
throughout the study to preserve cell health during our investigation.

3.2 Neutralization, Prophylactic, or Therapeutic Treatment Reduces HSV-2 Entry Into
Naturally Susceptible Cells

Because of the hexagonal wurtzite crystal structure and c-axis as the easy growth axis, one
dimensional rods and tetrapods are the most favorable ZnO shapes to grow. In general,
growth of various geometries of ZnO nano-microstructures have been performed but there
has always been some substrate limitations. The biggest advantage with flame synthesized
ZnO tetrapod structures in the present case is their flexibility that they can be easily used for
any application with high accuracy and also there is no substrate limitation(Adelung et al.,
2011; Mecklenurg et al., 2012.). For present investigations, large amount of ZnOT were
synthesized by already mentioned flame transport approach and correspond SEM images at
different magnifications are shown in Fig. 2. SEM images show the tetrapod morphologies
and homogeneity of synthesized structures. The diameters of tetrapod arms vary in the range
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from 200 nm to 2 pm and their lengths vary from 5 pm to 25 um which have been
successfully reproduced several times as per requirements.

To establish the multifunctional usage of ZnOT structures during different stages of
infection, HeLa and VV2K/EG cells were infected at a concentration of 0.1 mg/ml under three
different conditions: neutralization, prophylactic and therapeutic treatment. Each group was
contained with UV ZnOTs and NUV ZnOTs. Since UV treated ZnO structures have been
reported to show the enhanced anti-viral properties (Wiesenthal et al., 2011) thus both UV
and NUV ZnOTs were examined to determine their antiviral properties against HSV-2.
Following either neutralization treatment in which the virus and ZnOTs were incubated first;
prophylaxis treatment (pretreatment of cells with ZnOTs prior to infection), therapeutic
treatment (viral infection prior to the addition of ZnOTSs), or mock treatment (infection in the
absence of ZnOTs), entry of a B-galactosidase-expressing reporter virus, HSV-2(333) gJ-,
was determined. As shown in Figure 3A, the neutralization treatment resulted in a
significant decrease (P<0.05) in p-galactosidase expression in HelLa cells and vaginal
epithelial cells (data not shown) when treated with both UV and NUV ZnOTs. UV
neutralization however resulted in more pronounced decrease of B-galactosidase expression.
The prophylactic treatment (Figure 3B) effect on reporter virus strain HSV-2(333)gJ-, also
resulted in a significant decrease in HSV-2 entry in UV ZnOT treated cells (P<0.05)
suggesting an enhanced effect of the UV treated ZnOT on the virus. Lastly, the effectiveness
of ZnOT in the presence of an active infection was studied through the therapeutic
treatment. This condition allowed us to study the inhibiting effects of ZnOTs after viral
entry. It has already been shown that HSV is able to enter the cells within the first 10
minutes of infection at 37 °C (Cheshenko et al., 2003), therefore we allowed the infection to
persist for 30 minutes prior to the addition ZnOTs. Therapeutic treatment with ZnOTs
resulted in a decrease in viral entry as expression of B-galactosidase was reduced in UV and
NUV ZnOT treated cells, though entry reduction was not as significant as seen in other
treatment groups. Treatments were also performed in susceptible VK2/E6 cells (data not
shown). A reduction in entry following neutralization, prophylactic and therapeutic
treatment was seen in VK2/E6 cells.

3.3 Zn0OTs Neutralization, Prophylaxis and Therapeutic Treatment Decreases
Internalization of HSV-2 (333)

After HSV-2 entry into the cell, VP16 is released from the virion to activate the transcription
of immediate early genes. Since VP16 can be immediately detected in cells, it also provides
an alternative mechanism to verify HSV internalization. Therefore, to confirm our results
obtained using a reporter virus, which could be subjective to the enzymatic activity of the
substrate and the translation of the reporter gene, we also focused on detecting VP16 by
Western blot analysis. Two hours post infection HeLa cells were collected and total lysates
were analyzed to determine the effects of ZnOT on the internalization of VVP16. Cells were
subjected to neutralization, prophylaxis, or therapeutic treatment. VP16 expression was
significantly (P<0.001) decreased following neutralization, prophylaxis, and therapeutic
treatment. Under neutralization condition, the effect of UV ZnOTs was most effective in
reducing the internalization of the viruses. The oxygen vacancies produced during the UV
treatment increases the attraction between ZnOT and the viruses, thus enhancing the viral
trapping ability of UV ZnOT in comparison to NUV ZnOT (Figure 4A). The prophylaxis
treatment also resulted in a comparable decrease in HSV-2 (333) internalization in both UV
and NUV ZnOTs conditions (Figure 4B). The decreased internalization, however, supports
the preventative function of ZnOT against the ability of viruses to enter into susceptible
cells. Lastly, the therapeutical usage of ZnOTs was found to decrease the viral
internalization as tegument protein VP16 expression was significantly decreased following
UV and NUV ZnOT treatments (Figure 4C).
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3.4 ZnOT Treatment Inhibits Cell-to-Cell Fusion

One mechanism that has contributed to the pathogenesis of HSV-2 is its ability to infect the
neighboring cells without diffusing through the extracellular environment; this is known as
cell-to-cell fusion. Through this process the virus spreads rapidly while evading detection by
the immune system(Fischer et al., 2001; Sattentau, 2008). The cell-to-cell spread of viruses
is mediated through the coordinated efforts of surface exposed glycoproteins from infected
cells that contact their specific receptors on neighboring uninfected cells. Through the
specific glycoprotein-receptor interactions, the cells fuse and generate multinucleated cells.
Since ZnOTs treatment resulted in a decreased viral entry and internalization, we decided to
investigate its effect on virus free cell-to-cell fusion. To create this scenario in vitro CHO-
K1 cells were split into two populations: target cells, and effector cells (Tiwari et al., 2009).
Target cells were transfected with the gD receptor Nectin-1 and the luciferase reporter gene
under the control of the T7 promoter. Effector cells were transfected HSV-2 glycoproteins
essential for cell fusion and T7 polymerase (Figure 5A). The fusion between both
populations of cells allows the T7-polymerase to bind its promoter thus initiating the
synthesis of the luciferase gene. By addition of the substrate, firefly luciferase, we can
analyze the amount of fusion that has occurred between the two populations of cells.

To determine the effect of ZnOT treatment on cell-to-cell fusion luciferase activity was
measured 18 hours post treatment. Effector cells lacking gB mixed with target cells were
utilized as a negative control. ZnOT UV and NUV treatment at 0.1 mg/ml resulted in a
significant decrease (p< 0.001) in the cell-to-cell fusion in CHO-K1 (Figure 5B). While both
forms of ZnOT treatment decreased the cell fusion, UV ZnOT exhibited a larger effect on
the fusion of cells than NUV ZnOT. These results illustrate the functional usage of ZnOT’s
not only at the point of cell entry and viral internalization, but also at the point of viral
spread as ZnOTs presence blocks membrane fusion between cells.

3.5ZnOT Treatment Decreases Infectious Cluster Size and Plaque Formation

Since the results of our virus free cell-to-cell fusion assay are subjective to the expression of
the luciferase reporter gene, effect of ZnOTs on cell-to-cell spread was assayed in cell
culture via an infectious viral spread assay and a plaque assay. The effect of neutralization,
prophylaxis and therapeutic treatments at a concentration of 0.1mg/ml on infectious cluster
size was quite astonishing, as cluster size was significantly decreased (p<0.05) (Figure 6A).
The decreased cluster size seen within each group of UV and NUV treated HeL a cells
suggests that ZnOTs presence during virus infection regulates the ability of infected cells to
fuse with neighboring cells. Furthermore, treatment with ZnOT not only resulted in
decreased cluster size, but also reduced the number of virally infected cell clusters (Table 1).
Under all three ZnOTs treatment conditions, a significant (P<0.05) reduction in infected cell
cluster size was observed implying that the lateral diffusion the virus uses during infection is
somehow impaired in the presence of both UV and NUV treated cells (Figure 6B). The
significant reduction in infected cell clusters shows that the ZnOT traps virally infected cells
thereby decreasing infected cells ability to spread to neighboring cells and disseminate
infection.

A viral plaque assay was performed to confirm the results of the infectious cluster assay.
Prior to the addition of methylcellulose, an inhibitor of viral diffusion, cells underwent
neutralization, prophylaxis, therapeutic, or mock treatment. A stock solution of 0.1mg/ml
was used to treat cells. The ability of HeLa cells to form plaques was almost completely
obliterated within each group, supporting the findings of our infectious spread assay. As
shown in Figure 7A, plaque formation and plaque size in the presence of both UV and NUV
ZnOTs was dramatically decreased (Figure 7B). These results were quite impressive as it
supports the multifunctional properties of ZnOT at multiple stages of infection and under
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varying conditions of infection. Following the fixation of cells the number of plaque within
each group were counted, and as per our expectation, in the presence of UV and NUV
ZnQOTs the number of plaques were almost half of that in mock treated cells (Table 2). This
suggests that inhibition of the virus infection by ZnOTs prevented both entry and spread of
the virus. The statistical significance of the decreased plaque formation within each group
supported our prior finding of the inhibitory effect that ZnOT has on viral spread and
infection cluster size. Taken together, our results indicate that ZnO tetrapod structures block
infection and spread of HSV-2. The significant decrease in plaque number and plaque size
suggest that in the presence of ZnOTs, cell susceptibility to infection declines.

3.6 ZnOTs treatment of effector cells reduces syncytial cell formation and reduces the
average number of nuclei per syncytia

After entry occurs, the virus is able to spread throughout the host by cell-to- cell fusion.
During this process, HSV infected cells express the viral envelope glycoproteins required for
fusion on their surface, allowing the infected cell to bind and fuse with neighboring
uninfected cells. This results in the formation of large multinucleated cells called syncytia
(O'Donnell and Shukla, 2008). To determine the effect of NUV and UV ZnOTs treatment on
syncytial formation and number, CHO-K1 cells were split into two populations of cells. The
target cells were transfected with a CFP plasmid attached to a nuclear localization signal
allowing all transfected cells to have cyan colored nuclei. The effector cells were transfected
with a RFP plasmid attached to a nuclear export signal causing all transfected cells to have
red cytoplasm (Figure 8A). The effect of UV and NUV ZnOT treatment significantly
decreased the syncytial formation of CHO-K1 cells (Figure 8B). Table 2 lists the average
number of syncytial cells and the size of syncytia in the presence and absence of ZnOT. The
results show that cells treated with ZnOT’s showed a significant reduction (p<0.05) in their
ability to form multinucleated cells (57 syncytial cells) in comparison to positive control
cells (99 syncytial cells). The effect of ZnOT treatment was most apparent in cells with > 6
nuclei. The effect of ZnOT treatment significantly impaired the size (8 large syncytial cells)
in comparison to positive control (22 large syncytial cells). Overall, syncytia formation was
reduced to almost half of the number seen in mock treated cells

3.7 ZnO tetrapod’s attraction to HSV-2(333) GFP virus immobilizes virus as virions become
trapped in tetrapod spikes

It has been shown that ZnO has the ability to bind and trap HSV-1(Mishra et al., 2011). This
trapping process has been noted to be one of the mechanisms in which the nanoparticles
neutralizes the virus, thus inhibiting its pathogenesis (Mishra et al., 2011). To determine the
interactions between HSV-2 and ZnOT (UV and NUV) were fluorescently stained with
phallodin (red) to visualize tetrapod-virus interactions (Figure 9). Following the staining
process tetrapods were incubated with HSV-2 (333) GFP to observe the trapping properties
of ZnOT to the virus. The confocal microscopy results revealed that both UV and NUV
ZnOTs were capable of binding virus. The co-localization of the virus on tetrapod structures
suggest that these viruses are attracted to and bind by the ZnOT, therefore making the virus
unable to initiate infection within cells.

4. DISCUSSION

ZnOT structures utilized in our studies were synthesized by a recently developed flame
transport approach (Adelung et al., 2011). This is a very cost effective and efficient
approach offering the synthesis of large quantities (>kilograms) of ZnOTs with a high
degree of reproducibility. Since these tetrapods are structurally self-supported, they find a
wide range of applications ranging from antiviral activities (Mecklenurg et al., 2012.) to the
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design of threedimensional networks as templates for growing multifunctional composite
structures (Martinez and Spear, 2002).

This study demonstrates the significance of ZnO tetrapod structures in anti-HSV-2
prevention and therapy. The concept of mounting spikes with diameters down to the
nanoscale on a central base creates a micro scale unit that maintains its nanoscale specific
functionality. These particles can be seen as nanostructured micro materials. The purpose of
this study was to explore the antiviral properties of ZnO micro-nanostructures against
HSV-2. The dramatic decrease in infectivity was seen in all experiments whether cells had
undergone UV or NUV ZnQOT treatments. The consistency of the results shows the promise
of ZnOT as a potent anti-HSV agent and also raises the possibility of future development of
ZnOT as a broad-spectrum treatment against many viral diseases. Historically, ZnO pastes
and powders (Wiesenthal et al., 2011) have been used to treat minor skin irritations such as
diaper rashes, eczema, and sunburn (Mishra et al., 2011). Also, the creams that contain zinc
oxide and zinc sulfate have been found to reduce symptoms originating from herpes labialis.
However, such results were only found upon immediate usage of the creams, and only small
favorable differences were seen (Opstelten et al., 2008). An earlier clinical study using ZnO/
glycine also showed detectable therapeutic effects among the patients infected with HSV-1
(Godfrey et al., 2001). Thus, the previously performed studies on ZnO also support our
findings that our ZnOTs can exert anti-HSV effects and that ZnOTs can be pursued further
for development as an alternative treatment to commercially available antivirals.

From a mechanistic view point our study clearly demonstrated the viral trapping ability of
ZnO tetrapod structures against HSV-2. Figure 10 depicts our understanding of the
interactions of ZnOTs with HSV-2 preceding a viral infection. The effectiveness of this
treatment was not just limited to preventing entry, but it also provided significant therapeutic
efficacy by reducing the number of plaques formed after the treatment. The decreased
reporter virus expression and production of p-galactosidase signified that treatment with the
ZnOT particles resulted in decreased entry. However, since we have utilized a reporter virus
system, it was necessary to investigate further if entry was indeed inhibited or the reporter
virus expression was altered due to problems with transcription and translation. To rule out
any negative effects of reporter virus transcription and translation, we utilized an assay in
which results were not dependent on a reporter gene expression but on the direct protein
expression of HSV-2 virus. Our investigations led us to determine the effect of ZnOT on the
internalization of HSV-2 through detection of the tegument protein VP16. The use of
nontoxic concentrations of ZnOT allowed us to conclude that results were solely due to the
inhibitory properties of ZnOT in a cell infection system. Once a decrease in internalization
was found we also investigated the role ZnOT played in cell-to-cell viral spread and virus-
induced membrane fusion. Through both, the viral spread assay and plaque formation assay,
we concluded that the presence of both UV and NUV ZnOT inhibited the cell-to-cell spread
of HSV-2. These results were later confirmed with the syncytia formation assay and a virus
free cell-to-cell fusion assay. We believe that the tetrapod structure and the micro scale
dimensions of ZnOTs generate steric hindrance by specifically binding to HSV-2 infected,
and hence, glycoprotein expressing cells and prevent them from fusing with neighboring
uninfected cells. This may define a mechanism by which cell-to-cell spread of virus from an
infected cell to a neighboring uninfected cell may be inhibited.

Recent exploration of nanoparticle interactions with biological targets has transformed the
field of medical research including the area of drug development (Wiesenthal et al., 2011).
Nanoparticles now play important roles as biosensors, (Luo et al., 2006) and also provide
effective use in drug delivery (De Jong and Borm, 2008). Gold (Au) and Silver (Ag)
nanoparticles have been shown to have inhibitory effects on viral infectivity and spread of
human immunodeficiency virus type-1 (HIV), respiratory syncytial virus, monkeypox virus,
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influenza virus, tacaribe virus and hepatitis B Virus (HBV) (Baram-Pinto et al., 2009;
Bowman et al., 2008; Galdiero et al., 2011). Silver nanoparticles capped with
mercaptoethane (Ag-MES) and gold nanoparticles capped with mercaptoethane sulfonate
(Au-MES NP) have been shown as effective inhibitors of HSV-1 infectivity (Baram-Pinto et
al., 2010; Baram-Pinto et al., 2009). The high specificity of the Au and Ag nanoparticles to
bind HSV-1 particles raises the possibility of developing a new and highly effective
microbicide against chronic HSV infections. However, given the high costs associated with
Au and Ag, new and cheaper alternatives are highly desirable. In addition nanoparticles
could have unforeseen side effects, e.g., it is known that they can overcome the blood brain
barrier (BBB) which might not always be intended, furthermore it was recently found that
smaller silver nanoparticles could cause inflammation at the BBB (Trickler et al., 2010). An
improvement in this respect might be to bind nanostructures to larger units without losing
their special features originating from the nanoscale.

Control of the pathogenesis of HSV-2 has been an area of continued interest due to an
inability of drugs or vaccines to cure the virus. As the leading sexually transmitted infection,
it has a strong global impact on the human health worldwide. While current drugs in the
market are used to control the disease symptoms, we are yet to design a prophylactic drug
that can be used to prevent transmission of HSV-2. Through our studies we have identified
some multifunctional usage of ZnO tetrapod type structures to counteract the infection at
different levels. With antiviral resistance increasing against the existing drugs such as
acyclovir, the development of board spectrum therapeutics is in great demand, especially
those ones which are readily available and can be synthesized at low cost. ZnO micro-nano
structures fit both requirements. The mass production of ZnOT structures makes them an
ideal product for HSV-2 antiviral therapy. Their ability to control and trap viruses also
makes them of specific interest in the development of low cost prophylactics having the
potential to treat an existing infections as well. Therefore, we believe that our discovery will
indeed have a great impact in the field of therapeutics. While much more groundwork must
be done, we believe we are on our way to expanding the list of possible strong candidates
for topical treatments for HSV-2 genital lesions. Further in vivo studies in mouse vaginal
labia would likely produce insightful information about the antiviral effects of ZnO micro
nanostructures in mammalians.
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Figurel. ZnOT Cytotoxicity

The viability of HeLa cells after ZnOT treatment was determined by MTS cytotoxicity assay
at 24 hours post ZnO treatment. HeLa cells were seeded at a density of 2x10% in a 96-well
plate. UV ZnOT and NUV ZnOT were brought into suspension in PBS at concentrations of
1.5,1,0.8,0.6,0.4,0.2, and 0.1 mg/mL. Cell viability was analyzed by a chromogenic kit
(CellTiter Aqueous96; Promega, Madison, WI, USA). Colorimetric detection was measured
by micro-pate reader (TECAN GENious Pro) at 492 nm. Results are representative of three
independent experiments.
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Figure 2. Zinc oxide nano-micro scale tetrapod structures synthesized by flame transport
approach
(A) Glass bottle shows the large amount of ZnO tetrapod structures which were synthesized

in just one run. (B-E) show the scanning electron microscopy images of different type of
tetrapod structures from the ZnO powder shown in (A).

Antiviral Res. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Antoine et al.

Page 17

A 0.8 + NEUTRALIZATION TREATMENT
0.7 -
> 0.6 -
-
lﬁ . 05 A
-g,g 04 -
g}
©we 03 -
o
™0
SO 0.2
5 0-1 | .
T 0 - : : : ,
Mock uv NUV Untreated
Treatment Uninfected
B
0.7 1 PROPHYLAXIS TREATMENT
0.6 -
g
ch 05 1
5 E
28 0.4
%)
8% 03
~ O
<= 0.2
(2]
T 0.1
0 : - : )
Mock uv NUV Untreated
Treatment Uninfected
C 1.2 - THERAPEUTIC TREATMENT
1
[
-
&o.— 08
£
R c
E.,, 0.6 -
33
©Q 04 -
g2
>
(%) 0.2 -
I
0 - - - y
Mock uv NUV Untreated
Treatment Uninfected

FIGURE 3. Neutralization, prophylaxis, or therapeutic treatment with ZnOT inhibitsHSV-2
entry

A B-galactosidase-expressing reporter virus, HSV-2(333)gJ-was used for entry
measurements. Viral entry was determined after each of the treatments indicated. UV treated
(UV) or non-UV treated (NUV) ZnOTs were tested. (A) Neutralization. ZnOT was allowed
to bind the virus and the virus/ZnOT mixture was then used to infect cells. (B) Prophylaxis
treatment. Cells were pretreated with ZnOTs and then infected with HSV-2(333)gJ- virus.
(C) Therapeutic treatment. Cells were first infected with HSV-2(333)gJ- and then treated
with the ZnOTs.
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FIGURE 4. Neutralization, prophylaxisor therapeutic treatment result in decr eased
internalization of HSV-2(333)
Western blot analysis of VP16 expression was performed to determine the effect of ZnOT
on HSV-2 internalization. As indicated, VP16 protein expression was determined for
neutralization, prophylaxis, therapeutic or mock treated cells infected with wild-type
HSV-2(333). The cell lysates were prepared at 2 hours post infection and Western blots
were performed. VP 16 expression and relative protein intensity are shown. (A)
Neutralization (B) prophylactic and (C) therapeutic treatment. GAPDH was measured as a
loading control. Results are representative of three independent experiments.
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FIGURE 5. ZnOT Treatment inhibits virus free cell-to-cell fusion

A. The diagram shows the virus free cell-to-cell fusion assay used. Two populations of cells
representing effector cells and target cells were generated. Effector cells express HSV-2
glycoproteins and T7 polymerase and the target cells express gD receptor nectin-1 and the
firefly luciferase gene under T7 promoter. The luciferase activity can be detected when the
cells fuse. (B) CHO-K1 effector cells were pretreated with UV and NUV ZnOT and mixed
with target cells for 24 hours. As a negative control effector cells lacking gB were mixed
with target cells. Results are representative of three independent experiments.
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FIGURE 6. ZnOT reducesinfectious cell cluster formation

HSV-2(333)GFP virus was used to determine the effect of ZnOT on viral replication and
cell-to-cell spread. (A) Cellular expression of GFP and its distribution mark the ability of
HSV-2 to form clusters of infected cells under various treatment conditions as indicated.
Reduced clusters were noted in all conditions where ZnOT was present. (B). Relative sizes
of infected cell cultures were determined by measurement of clusters under a fluorescent
microscope. Images are representative of 3 independent experiments.
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FIGURE 7. ZnOT reduces plaque formation

The effect of ZnOT treatment on viral spread and replication was determined by syncytial
plaque assay. (A) Formation of plagues by HSV-2(333) infected cells under various
treatment conditions as indicated. (B) Relative plaque sizes are shown. The data represents
observations from three independent experiments.
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FIGURE 8. An illustration of red-blue syncytia assay used to under stand the effect of ZnOT
treatment

Effector cells expressing HSV-2 glycoproteins required for entry and NES-RFP signal were
mixed with target cells expressing gD receptor nectin-1 and CFP-NLS signal. Effectors were
pretreated with ZnOT prior to the mixing of target and effector cells. (B) Using a confocal
microscope syncytia formation was recorded 24hours post mixing.
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UV ZnOT + HSV-2(333) GFP NUV ZnOT + HSV-2(333) GFP

FIGURE 9. Fluorescently labeled ZnOT binds HSV-2(333)GFP virus

The direct interactions between ZnOT and HSV-2 virus were visualized through the
incubation of fluorescently tagged ZnOT with GFP tagged HSV-2. Both the UV and NUV
treated ZnOT show significant trapping ability. Images are representative of 2 independent
experiments.
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FIGURE 10. Model of ZnOT anti-HSV-2 action

A cartoon illustrates the infection process in the presence and the absence of ZnOT. (A)Non-
UV treated ZnOT can trap the virus owing to the partial negative charge generated during
synthesis. This partial negative charge attracts virus thus contributing to decreased entry and
replication. (B) In the absence of ZnOT the virus is able to bind and interact with heparan
sulfate and nectin-1 to mediate infection. (C) UV light treatment induces additional oxygen

vacancies making ZnOT more partially negative.
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Table 1
Relative number of plaquesformed upon ZnOT treatment

The number of plaques was counted after UV ZnOT and NUV ZnOT treatment. Positive control cells were
mock treated with 1x PBS. The average is based on the results of three independent experiments.

1Xa1-)ew1a1ems

1X31-)ewiarems

1Xa1-)1ewa1ems

RELATIVE NUMBER OF PLAQUES
MOCK NUV uv
TREATMENT | TREATMENT | TREATMENT
NEUTRALIZATION 49+8 19+7 17+ 4
TREATMENT
PROPHYLAXIS TREATMENT 61+4 27+5 20+8
THERAPEUTIC TREATMENT 51+3 21+7 12+5
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