ZMV

Molecular Vision 2017; 23:26-38 <http://www.molvis.org/molvis/v23/26>
Received 9 September 2016 | Accepted 23 February 2017 | Published 26 February 2017

© 2017 Molecular Vision

Zinc oxide tetrapods inhibit herpes simplex virus infection of
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Purpose: Infection of the human cornea by herpes simplex virus type-1 (HSV-1) can cause significant vision loss. The
purpose of this study was to develop an ex vivo model to visualize viral growth and spread in the cornea. The model
was also used to analyze cytokine production and study the antiviral effects of zinc oxide tetrapods.

Methods: A B-galactosidase-expressing recombinant virus, HSV-1(KOS)tk12, was used to demonstrate the ability of the
virus to enter and develop blue plaques on human corneal epithelial (HCE) cells and corneal tissues. Freshly obtained
porcine corneas were cultured and then scratched before infection with HSV-1(KOS)tk12. The blue plaques on the cor-
neas were imaged using a stereomicroscope. Western blot analysis for HSV-1 proteins was performed to verify HSV-1
infection of the cornea. Using the ex vivo model, zinc oxide tetrapods were tested for their anti-HSV-1 potential, and a
cytokine profile was developed to assess the effects of the treatment.

Results: Cultured corneas and the use of f-galactosidase-expressing HSV-1(KOS)tk12 virus can provide an attractive
ex vivo model to visualize and study HSV-1 entry and spread of the infection in tissues. We found that unlike cultured
HCE cells, which demonstrated nearly 100% infectivity, HSV-1 infection of the cultured cornea was more restrictive
and took longer to develop. We also found that the zinc oxide tetrapod—shaped nano- and microstructures inhibited HSV
infection of the cultured cells, as well as the cultured corneas. The cytokine profile of the infected samples was consistent
with previous studies of HSV-1 corneal infection.

Conclusions: The ability to visualize HSV-1 growth and spread in corneal tissues can provide new details about HSV-1
infection of the cornea and the efficacy of new cornea-specific antiviral drug candidates. The ex vivo model also dem-
onstrates antiviral effects of zinc oxide tetrapods and adequately portrays the drug delivery issues that cornea-specific

treatments face.

Herpes simplex virus 1 (HSV-1), a member of the
Alphaherpesvirinae subfamily, contains a double-stranded
linear DNA genome, which is encapsulated by a protein
capsid and a host-derived envelop [1]. The other serotype,
HSV-2, is closely related, but it has been shown that HSV-1 is
responsible for more than 95% of cases of ocular herpes. Most
notably, HSV-1 is the primary cause of infectious blindness
in developed nations due to the virus’s ability to remain latent
in neuronal cell bodies. The latent state of HSV-1 is charac-
terized by the loss of viral protein synthesis via entry of a
state of non-viral genome replication. The HSV-1 infectious
or lytic state can be reactivated due to the presence of envi-
ronmental cues, such as increased host stress levels or loss
of immunity [2]. In the United States alone, it is estimated
that 20,000 new cases of ocular HSV-1 infection occur annu-
ally with an additional 28,000 cases of reactivation reported
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during the same period [3]. Thus, generating new models that
can add more details about the HSV-1 infection mechanism
in the cornea can be vital for developing new understanding
of the viral pathogenesis and more effective drug treatments.

A promising area of antiviral drug development lies
in exploiting HSV-1 entry into cells via various cellular
membrane receptors. HSV-1 contains multiple glycoproteins
on its envelope that facilitate entry. Some of these glycopro-
teins, namely, gB, gD, gH, and gL, are necessary for infection
to occur [4]. HSV initiates entry via interactions of gB and
gC to heparan sulfate proteoglycans expressed on corneal
epithelial cell membranes. This results in the virus attaching
to cells. Once attached, the viral gD binds to its cognate
host receptor, nectin-1 or 3-O sulfated heparan sulfate,
which is required for genome-containing capsid penetration
into epithelial cells. Furthermore, the genome-containing
capsid then travels via the cellular microtubule network to
the nucleus for replication in the lytic cycle or insertion into
the normal cell genome in the lysogenic cycle [5-7]. Given
the presence of various pockets of positively charged amino
acids on these viral glycoproteins, developing antivirals that
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contain negatively charged molecules has yielded promising
results [8]. One such antiviral material candidate is zinc oxide
[9]. The uniquely designed zinc oxide tetrapod structures
contain engineered oxygen vacancies and therefore, are
highly negatively charged. They block infection of cultured
cells by HSV-1 [9] and by HSV-2 [10,11]. However, the zinc
oxide tetrapods have not been tested for their ability to block
HSV-1 infection of the corneal cells and the cornea.

One promising way to study viral infection in the cornea
is based on ex vivo cultures of the cornea. Cultured corneas
can provide a useful model for studying HSV infection [12].
They can mimic many key aspects of the in vivo tissue
environment and more accurately depict viral spread than
cultured cells. To add novelty to the cultured cornea infec-
tion model, our study uses a recombinant HSV-1 KOS viral
strain that incorporates the Escherichia coli lacZ gene (Gene
ID: 945006, OMIM: 230500) [13] as a reporter system for
viral infection. A product of lacZ, B-galactosidase, can easily
be measured qualitatively and quantitatively by the addition
of substrates, such as 5-bromo-4-chloro-3-indolyl-B-D-
galactoside (X-gal) or O-nitrophenyl B-D-galactopyranoside
(ONPQ), to the tissue culture media. This allows for easy
visualization of HSV-1 infection [14]. Our study shows that
the growth of infection in the corneal tissues can be visual-
ized, and the model can be used to demonstrate the antiviral
efficacy of zinc oxide tetrapods.

METHODS

Cells and virus: Human corneal epithelium (HCE) cell
line was provided by Dr. Kozaburo Hayashi, National Eye
Institute, Bethesda, MD [15, 16]. HCE cell line was grown
in Minimal Essential Media (MEM, Life Technologies,
Carlsbad, CA) and augmented with 10% fetal bovine serum
(FBS, Sigma Aldrich, St Louis, MO) and 1% penicillin and
streptomycin (P/S, Life Technologies). African green monkey
kidney (VERO) cell line was supplied by P.G. Spear, North-
western University, Chicago, IL. This cell line was grown
with Dulbecco’s modified Eagle’s medium (DMEM, Life
Technologies) augmented with 10% FBS and 1% P/S. VERO
cells were utilized to propagate and titer KOS-tk12 virus.

To assess HSV-1’s ability to utilize B-galactosidase
reporter assay the HSV-1 strain KOS-tk12 was used. This is a
recombinant virus with bacterial lacZ gene (Gene ID: 945006,
OMIM: 230500) inserted into HSV-1’s thymidine kinase gene
(Gene ID: 2703374, OMIM: 188300). The product of lacZ is
B-galactosidase. This gene is under control of HSV-1 infected
cell protein 4 (ICP4) promoter [13]; 106 plaque forming units
(PFU) were used to infect the pig corneal epithelia, and 0.1
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multiplicity of infection (MOI) was used for infecting HCE
cells.

Short tandem repeat (STR) analysis: To confirm the authen-
ticity of the cell lines used in this study, STR analysis was
performed at the DNA Services Facility at the University of
Illinois at Chicago. The cell lines were confirmed by using
GenePrint 10 system Kit (Promega, Madison, WI). The kit
amplifies nine STR loci plus the gender determining locus,
Amelogenin. After the amplification samples were analyzed
using ABI Prism® 3730x1 Genetic Analyzer (Applied
Biosystems, Foster City, CA) and the data was analyzed using
GeneMapper® v5.0 software (Applied Biosystems). Appro-
priate positive and negative controls were used throughout
the test procedure.

Corneal epithelium processing: Porcine eyes were donated
from Park Packing Co, Chicago, IL on day of sacrifice.
Protocol was adapted from [17] as follows to achieve best
results. To optimize ex vivo infection, corneas were excised
same day as obtained. Tools to excise the corneas were ster-
ilized in hot water, alcohol, and phosphate buffered saline
(PBS 1X; 2.7 mM KCI, 1.5 mM KH,PO,, 138 mM NaCl,
8 mM Na,HPO,.7H,0O, pH:7.2 Life Technologies). Corneas
were excised, washed once with PBS, and then incubated
overnight at 37 °C in MEM media augmented with 5% antibi-
otic-antimycotic (Sigma Aldrich) and 1% insulin-transferrin-
sodium selenite (Sigma Aldrich). Prior to infection, cornea
were scarred via a 23G1 needle with three vertical and three
horizontal lines in order to facilitate viral entry into epithe-
lium. Corneas were excised in a variety of ways to determine
maximum efficacy of infection as well as assayed in a variety
of ways to confirm infection on a mRNA and protein level.

Viral entry assay: The entry assay was performed as outlined
[18]. The ex vivo cornea epithelium and HCE cells were
plated on six-well plates (one cornea per well, 1 x 10° HCE
cells per well) and then infected.

Entry was qualitatively confirmed in pig corneal
epithelia and HCE cells via B-galactosidase assay interaction
with 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
(X-gal, Life Technologies) resulting in blue color. Tissue
and cells were infected with HSV-1 KOS-tk12 strain mixed
in Opti-MEM (Life Technologies) and then incubated at 37
°C. Two hours post infection (hpi), they were then washed
with PBS and incubated in growth media (cornea media-
corneas, MEM media-HCE cells) for 48-72 h (corneas) or
18-24 h (HCE cells) at 37 °C. Fixation, permeabilization and
staining were adapted from [10] as follows. Tissue and cells
were incubated in fixing solution (2% formaldehyde, 2%
glutaraldehyde) overnight (corneas) or 20 min (HCE cells).
Tissues and cells were incubated in permeabilization solution
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(2 mM MgCl,, 0.01% deoxycholate, 0.02% NP-40) overnight
(corneas) or 20 min (HCE cells). Tissues and cells were incu-
bated in staining solution (PBS, K3Fe(CN)6, K4Fe(CN)6,
Img/ml X-gal substrate) overnight to twenty-four hours
(corneas) or one hour to overnight (HCE cells). Between each
step, tissue and cells were washed with PBS. Visualization
of blue color was confirmed by imaging the corneal tissue
under the SteREO Discovery V20 microscope (Carl Zeiss,
Germany, Jena, Germany). For HCE cells, the blue color was
visualized under Axiovert 200 microscope (Carl Zeiss). The
amount and intensity of the blue color were quantified via
Metamorph Microscopy Automation and Image Analysis
Software (Sunnyvale, CA).

Zinc oxide development and viability as antiviral on infected
ex vivo pig corneal epithelium: Zinc oxide tetrapod—shaped
nano- and microstructures were developed by the flame
transport synthesis method [19]. This method requires mixing
of zinc metal micropowder with sacrificial polymer powder
and burning mixture in a muffle box furnace at 900 °C
for around 30 min. This resulted in tetrapod structures
with arm diameters from 200 nm to 1 pm and arm lengths
from 5 pm to 30 pm, as confirmed with scanning electron
microscopy (SEM). Additional details about the growth of
tetrapod-shaped structures from zinc oxide have already been
described in previous work. The zinc oxide tetrapods (ZnOTs)
used here were consistent throughout the experimentation as
an antiviral to HSV-1. All zinc oxide tetrapods used in the
experiments were not treated with ultraviolet (NUV) [11].

NUYV ZnOTs were used to assess antiviral ability against
the HSV-1(KOS)tk12 virus on the ex vivo pig corneal epithe-
lium (and the in vitro HCE cells). The neutralization protocol
was as follows. ZnOTs at a concentration of 1 mg/ml (0.1 mg/
ml, HCE cells) were mixed in solution with the HSV-1(KOS)
tk12 virus at a titer of 10° (0.1 MOI, HCE cells) and Opti-
MEM. The solution was then mixed via brief vortex spins
and pipetting and incubated at room temperature for 20 min.
One milliliter of the neutralization solution was pipetted on
six-well plates, with each well containing a single excised pig
cornea (1 x 10° HCE cells). The infection solution remained
on the corneas or HCE cells for approximately 2 h, and then
the corneas were washed with 1X PBS and incubated with
2 ml of corneal solution (MEM solution, HCE cells) for 48—72
h post infection (18—24 hpi, HCE cells). Western blot, quan-
titative PCR (qPCR), and B-galactosidase assay were used
to assess the efficacy of the neutralization treatment on the
infection ability of the HSV-1(KOS)tk12 strain.

Quantitative polymerase chain reaction: To detect real-time
viral transcript levels, qPCR was performed. Briefly, pig
corneas were washed with PBS before the epithelial cells
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were gently scraped off into TRIzol (Life Technologies)
using a sterile surgical scalpel. For the HCE cells, the cells
were washed with PBS before TRIzol was added. RNA
extraction was followed according to the TRIzol protocol,
and cDNA was made using the protocol and conditions
from the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA). Using primers for the
cytokines interleukin-6 (IL-6), interleukin-8 (IL-8), tumor
necrosis factor-alpha (TNF-a), interferon-alpha (IFN-a), and
interferon-beta (IFN-fB), a qPCR was performed as per the
Fast SYBR Green protocol (Applied Biosystems). The qPCR
conditions were as follows: Enzyme Activation: 95 °C, 20 s
(cycles - hold), Denature: 95 °C, 1 s (40 cycles) and Anneal:
60 °C, 20 s (40 cycles).

Immunoblotting: To assess the viral infectivity of the HSV-1
strain on HCE cells and corneal epithelial tissue, samples
were prepared for western blot analysis. At the indicated
times post infection, epithelial cells from pig corneas were
gently scraped into radioimmunoprecipitation buffer (RIPA,
Sigma Aldrich) containing a protease-phosphatase inhibitor
cocktail (Halt, Thermo Fisher, Waltham, MA) using a sterile
surgical scalpel, incubated on ice for 30 min, and centrifuged
at 16,000 xg for 15 min at 4 °C to pellet out any cell debris.
The supernatants were denatured and electrophoresed on a
4—12% Bis-Tris NuPAGE Gel (Thermo Fisher). Using a dry
blotting system (iBlot, Life Technologies), proteins from
the gel were transferred onto a polyvinylidene difluoride
(PVDF) membrane. The membrane was blocked for 60
min in 5% non-fat milk in Tris buffered saline containing
0.1% Tween-20 (TBS-T) followed by overnight incubation
with primary antibodies against HSV-1 gD and gB (Abcam,
Cambridge, MA) and GAPDH (Santa Cruz Biotechnology,
Santa Cruz, CA) at 4 °C. The following day, the membranes
were washed with TBS-T before they were incubated with
horseradish peroxidase conjugated secondary antibodies for
60 min at room temperature. The membrane was developed
by the addition of Femto-Sensitivity ECL substrate (Thermo
Fisher). Chemiluminescence was detected and imaged on
ImageQuant LAS4000 (GE Life Sciences, Pittsburg, PA). The
HCE cells from the dishes were washed with PBS, scraped
using cell scrapers (Thermo Fisher), pelleted by centrifuga-
tion, and resuspended in RIPA buffer containing protease-
phosphatase inhibitor cocktail. Proteins from these samples
were detected as mentioned above.

Statistical analysis: All corneal culture experiments were
performed in triplicates to confirm consistency of results.
The Student T-test statistical analysis was conducted via the
use of GraphPad Prism software (La Jolla, CA). A p value of
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less than 0.05 was considered statistically significant between
the control and treatment groups.

RESULTS

HSV-1(KOS)tk12 infection of human corneal epithelial cells:
To test the effectiveness of the HSV-1(KOS)tk12 strain (pfu
109) to infect cells of the corneal epithelia, human corneal
epithelial cells were used [20]. Viral entry was verified via
the presence of blue coloring in the cells due to activation
of the X-gal substrate by -galactosidase, 24 hpi. Confir-
mation of infection via B-galactosidase has the benefit of
staining only cells that are actively producing the reporter
enzyme expressed via the incoming viral genome (i.e.,
B-galactosidase) or in other words, productively infected by
HSV-1. This decreases false positives seen with other reporter
virus assays, such as those that use fluorescent viruses that
may not well distinguish between membranes bound and
entered viruses. As shown in Figure 1A (blue cells, right
panel), nearly 100% of the HCE cells were infected by the
recombinant virus.

Next, to confirm the productive infection of the HCE
cells by the recombinant virus, we probed for HSV glyco-
proteins gB and gD, which are HSV late gene products. As
shown in Figure 1B, gB and gD were not present in the unin-
fected HCE wells, whereas statistically significant quantities
of gB and gD were seen in the wells infected with the virus,
indicating that the recombinant virus causes a productive
infection in HCE cells. Quantification of the protein was
performed via western blot analysis, and the results were
normalized against corresponding GAPDH bands (Figure
1C). These results demonstrate that more gD than gB was
produced by the infected HCE cells. Taken together, the
results from the B-galactosidase assay and the presence of
quantifiable amounts of viral glycoproteins (gB, gD) confirm
that HSV-1(KOS)tk12 is effective in entering and prolifer-
ating in HCE cells.

HSV-1(KOS)tk12 infection of ex vivo corneal epithelium.: To
determine the efficacy of HSV-1(KOS)tk12 in tissue cultures,
ex vivo corneal epithelial tissue, extracted pig corneas were
used [12,17,21,22]. As outlined in Figure 2A, the most novel
part of our approach was the use of X-Gal recombinant virus
to infect the cultured corneas and ensure that blue plaques can
be seen on the infected corneas. In multiple experiments, we
consistently observed infection by the recombinant virus and
the spread of infection in a dendritic fashion, which is consid-
ered a hallmark of HSV infection of the cornea. As shown in
Figure 2B, the central portion of the infected section (boxed)
did not have many blue cells. Looking at the morphology of
that area, it was clear that the loss of the blue cells originated
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from dead cells or scarred tissue in that area. To confirm
the infection, the presence of the viral glycoprotein gB was
examined and quantified via western blot analysis of the
cornea cell lysates, which verified the infection and presence
of HSV proteins in the infected corneas (Figure 2C).

Zinc oxide tetrapods block HSV infection: NU V-treated zinc
oxide tetrapods were produced using the flame synthesis
method. This method creates tetrapods with a wide range of
applicability, allowing them to be used with high accuracy
and no substrate limitation [19]. NUV zinc oxide tetrapods
were used to test antiviral properties against the HSV-1(KOS)
tk12 strain virus. Neutralization treatment, in which virus
and the ZnOTs were incubated before infection, statistically
significantly reduced the amount of f-galactosidase expres-
sion, as evidenced by the decreased presence of blue staining
in the pig cornea epithelium and the HCE cells. Samples
infected with the zinc oxide/ HSV-1(KOS)tk12 virus showed
statistically significantly less blue coloring in the in vitro and
ex vivo samples compared with the samples infected with
HSV-1(KOS)tk12 alone (Figure 3B, Figure 4A). Quantifica-
tion of X-gal via the amount of blue present in these samples
was completed by using MetaMorph software to compare the
infection visualized infected versus the infected plus ZnOT-
treated samples. This represented a more objective method
for determining the ability of zinc oxide to combat HSV-1
insult than simple visual assessment (Figure 3C, Figure 4B).
To assess the antiviral effect of the NUV zinc oxide tetrapods
on proteins necessary for the spread of HSV-1, quantification
of viral glycoproteins, gB (HCE cells) and gD (corneas), was
undertaken. The infected samples were compared with the
infected plus zinc oxide tetrapod—treated samples to assess
the levels relative to GAPDH. Consistent with the decrease
seen in B-galactosidase expression, these glycoproteins were
statistically significantly reduced in the in vitro (HCE cells)
and ex vivo (cornea tissue) neutralization treatment samples
(Figure 3D, Figure 4C).

Cytokine profile of infected ex vivo corneal epithelial tissue:
To assess the immune response initiated by the corneal
epithelial tissue, the mRNA levels of cytokines known to
play a role in this response was analyzed via qPCR analysis.
In particular, the levels of the cytokines IL-6, IL-8, TNF-a,
IFN-a, and IFN- were examined for uninfected versus
infected and zinc oxide versus zinc oxide plus infected
samples to compare the baseline level of the cytokines in the
control samples with that in the infected samples. Results
showed a statistically significant change in the cytokine
levels in the infected samples (Figure 5). However, not all
results were consistent with the expected outcome based on
previous literature analysis, namely, that of I[L-6 [23].
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Figure 1. Infection of HCE cells with the HSV-1(KOS)tk12 virus. A: Viral entry assay using the 5-bromo-4-chloro-3-indolyl-B-D-galactoside
(X-gal) substrate to confirm entry. Viral entry is confirmed by the prevalent blue observed in the infected human corneal epithelail (HCE)
cells (blue, right panel). B: A representative immunoblot of the cell lysates for HSV-1 glycoproteins, gB and gD in uninfected and infected
HCE cells. C: Quantification of gD and gB viral protein levels of representative immunoblot.
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Figure 2. Development of ex vivo pig corneal model for HSV-1(KOS)tk12 infection. A: General schematic of major steps undertaken to
develop pig cornea cultures harvested from pigs aged 180-200 days. B: Representative images taken via a modular stereo microscope of
uninfected and infected cornea treated with the 5-bromo-4-chloro-3-indolyl-p-D-galactoside (X-gal) substrate. C: Representative HSV-1 gB
immunoblot (left panel) and intensity quantification (right panel) present in uninfected and infected corneal epithelial cell lysates.
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Figure 3. Analysis of the antiviral, zinc oxide tetrapods in mitigating HSV-1(KOS)tk12 infection in HCE cells. A: Scanning electron
microscope image of zinc oxide tetrapod nanoparticles. B: Representative bright-field microscopic images of infected and zinc oxide-treated
infected HCE cells to assess viral entry via the 5-bromo-4-chloro-3-indolyl-p-D-galactoside (X-gal) substrate. C: Quantification of viral entry
and spread assessed by amount of blue present via Metamorph software. Significance was determined by t-test: p<0.0001. D: Representative
immunoblot image (left panel) and its quantification (right panel) for HSV-1 gB from cell lysates of untereated and zinc oxide-treated infected
HCE cells. Note: data used for the immunoblot analysis and quantification of cell lysates in panel D were taken from HCE cells infected
with the wild strain herpes simplex virus type-1 (HSV-1)KOS virus.
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Figure 4. Analysis of zinc oxide tetrapods in mitigating HSV-1(KOS)tk12 infections in pig corneas. A: Representative modular stereo
microscope imaging of infected and zinc oxide-treated infected pig corneas to assess viral entry and spread via 5-bromo-4-chloro-3-indolyl-
B-D-galactoside (X-gal) substrate. B: Quantification of viral entry and spread assessed by amount of blue present via Metamorph software.
Significance was determined by t-test: p<0.001. C: Representative immunoblot image (left panel) and quantification (right panel) of HSV-1
gD from untreated and zinc oxide-treated infected pig corneal epithelial cell lysates.
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Figure 5. Analysis of innate immune response evidenced in pig corneas as depicted by cytokine and interferon profile of known innate
response mediators. Comparison in cytokine profile of uninfected, zinc oxide-treated uninfected, infected and zinc oxide-treated infected
cornea samples was undertaken to control for major variables tested, namely, antiviral, zinc oxide tetrapods treated and virus, herpes simplex
virus type-1 (KOS)tk12. Significance was determined by t-test: p<0.01.
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Characterizing herpes simplex virus and its ability to infect
cornea tissue is an important concern, as HSV-1 is known
to cause keratitis, which results in loss of vision. Although
usually treatable, corneal epithelial keratitis can become
devastating causing dendritic ulceration, corneal neovascu-
larization, scarring, and eventual blindness. This is due to
the ability of HSV-1 to cause recurrent infection, a benefit of
the virus’s life cycle in which primary infection can occur at
the corneal epithelium during the lytic phase and secondary
infection can occur at the trigeminal ganglia of the host
during the latent viral phase. Catalysts can then cause reac-
tivation of HSV-1 lytic infection at latently infected cell host
sites [3,24,25]. Thus, there is a need to develop a model that
not only facilitates testing of novel drugs in a timely manner
but also accurately replicates the human host environment to
study both viral cycles.

The purpose of this study was to further develop an ex
vivo model that can be used to visualize the spread of HSV-1
infection. The ability to use the B-galactosidase reporter
virus represents a novel step in ex vivo corneal tissue studies.
B-galactosidase interaction with the X-gal substrate represents
a highly specific and rapid method for confirming the active
infection of corneal tissue with HSV-1 by visual inspection
[14,26]. Additionally, B-galactosidase is not expressed during
the latent viral phase but is reexpressed during viral reacti-
vation in secondary infected cells, providing an avenue for
studying the latency establishment and reactivation mecha-
nisms of HSV-1[27-29]. This is an important development in
studying the ability of HSV-1 to penetrate corneal tissue, as
use of reliable ex vivo tissue models is often more efficient
and ethical in comparison to in vivo models. Given this, ex
vivo models have been shown to be promising for developing
next-generation methods of drug delivery to combat lytic and
latent HSV-1 infection [30].

Assessment of HSV-1(KOS)tk12 to infect corneal
epithelial cells was first undertaken in cell cultures in vitro.
Infection was assessed by the blue present in infected cells
and immunoblotting analysis of viral glycoproteins, gB and
gD. Both assays were consistent with active viral infection
of HCE cells, as more blue and increased gB and gD glyco-
protein levels were observed in the infected lanes. These
results are consistent with previous studies that have defined
the cornea as the gateway to HSV-1 infection of other eye
parts, noting that HCE cells express the three major entry
receptors (nectin-1, herpesvirus entry mediator, and paired
immunoglobulin-like type 2 receptor o) needed to maximize
viral entry [20,31].
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After verifying the ability of HSV-1(KOS)tk12 to infect
corneal cells in vitro, developing a competent model using
this virus in ex vivo corneal tissue samples was undertaken.
This undertaking required investigating the optimal combina-
tion of such variables as the methodology for excising the
cornea from the eye, the viral incubation period, the scar-
ring methodology, and the X-gal concentration used. It was
determined that by keeping a scleral border around cornea
epithelial tissue, a more robust infection occurred. This could
be because not cutting into the cornea preserves the epithelial
tissue to a higher degree, keeping cells alive during the course
of infection. The incubation period for the excised corneas in
the cornea media was varied to determine the time needed to
adjust to the new environment. It was determined that over-
night incubation led to the highest rate of successful infec-
tions. When the corneal epithelium was scarred to allow the
virus to enter, light pressure applied to the needle with a still
visible scarring pattern resulted in the optimal infection. This
may be due to maintenance of the integrity of the epithelial
cells below the first layer. HSV-1 has been shown to infect
deeper layers of the corneal epithelium [3]. To assess the viral
incubation time, multiple time points were employed, at 12
h intervals from 24 hpi to 72 hpi. Robust infection was seen
between 48 and 72 hpi, as this allowed more time for HSV-1
to spread from the scarred epithelium. Finally, assessment of
the X-gal concentration needed to optimize interaction with
the B-galactosidase enzyme produced by HSV-1 infection of
the corneal cells was assessed. Following the X-gal staining
protocol used for cell cultures, a concentration of 1 mg/ml
was sufficient to visualize blue staining in the ex vivo corneal
tissue samples [28].

Next, the model was used to test the efficacy of a
promising antiviral candidate, zinc oxide tetrapods. The
tetrapods have been shown to block HSV-2 entry into human
vaginal epithelial cells [11]. The negatively charged tetrapods
compete for the binding of HSV to its negatively charged
attachment receptor, heparan sulfate [32]. To determine
whether zinc oxide tetrapods would exhibit similar antiviral
properties against the HSV-1(KOS)tk12 strain, infectivity
was first tested in human corneal epithelial cells. It was
determined with the B-galactosidase reporter assay that zinc
oxide effectively decreased viral infection when the virus was
incubated with zinc oxide in a neutralization reaction (Figure
3B). Next, quantification of viral protein concentrations,
namely, the glycoproteins gB and gD, which are necessary
for viral entry was undertaken [18]. It was noted that these
viral glycoproteins were statistically significantly reduced in
the HCE cells treated with the neutralized HSV-1(KOS)tk12
virus. Thus, qualitative and quantitative assays have shown
that zinc oxide tetrapods exhibit antiviral properties by
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reducing the spread of infection and decreasing the produc-
tion of the viral proteins necessary for secondary infection to
occur. Finally, given that the in vitro corneal epithelial cells
respond favorably to zinc oxide tetrapods, it was necessary
to test the ability of the zinc oxide tetrapods against the ex
vivo tissue model developed. The B-galactosidase reporter
assay with X-gal and western blot analysis was undertaken
to qualitatively and quantitatively determine the effect of zinc
oxide tetrapods on viral infection and spread. Results were
consistent with those seen in the HCE cells, with viral gB and
gD levels statistically significantly lower in the pig corneas
treated with the neutralized HSV-1(KOS)tk12 virus, as well
as a notable reduction in the blue visualized in these samples
(Figure 4).

To assess the innate immune response undertaken by ex
vivo corneal epithelial tissue, qPCR was used to determine
the cytokine profile at the mRNA level of the uninfected,
infected, zinc oxide—treated, and neutralization-treated tissue
samples. It was observed that the cytokines TNF-a and IL-8
and the type I interferons IFN-a and IFN-f were significantly
increased in comparison with the uninfected ex vivo samples.
It has been noted that transcriptional expression of IL-6, IL-8,
and TNF-a is rapidly induced by activation of nuclear factor-
kappa beta (NF-«kB) in response to HSV-1 infection in in
vitro cornea cell cultures [33]. These cytokines are known to
facilitate acute immune response with chemotaxis of neutro-
phils and triggering of inflammatory and antigen-presenting
cells in infected corneal tissue [23,34,35]. Furthermore, it
has been noted that the corneal epithelial layer is the biggest
producer of IL-6 in HSV-1-infected corneas [36]. However,
this is in contrast with the qPCR data observed, in which
the infected corneas showed a decrease in IL-6 levels and
the neutralization-treated corneas corresponded to the higher
IL-6 level. The neutralization result is particularly unique
given the antiviral properties of the zinc oxide tetrapods,
which would imply IL-6 levels closer to those of the unin-
fected samples. Given the ex vivo nature of the model and
the timespan in which the mRNA levels were assessed (48
hpi), perhaps the lack of a robust IL-6 mRNA level is due to
an insufficient incubation period to adequately characterize
HSV-1 infection in the corneal epithelial tissue samples.
Interestingly, HSV-1 has been shown to inhibit IL-6 produc-
tion in HSV-1 infected leukocytes (macrophages) and HCE
cells [37,38]. This occurs via various ways by silencing key
players in the signal transduction pathways responsible for
inducing IL-6 production [38-40]. In particular, micro-RNA
miR-H6 inhibits ICP4 protein, an upregulator of early and late
genes of active HSV-1 lytic infection in HCE cells. This has
the side effect of also inhibiting IL-6 production [37].
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Infection was also shown to increase the mRNA levels
of the type I interferons (IFN-a and IFN-B). Activation of
these interferons is noted as a primary defense mechanism to
combat HSV-1 infection [41]. In vitro studies of HSV-1 infec-
tion on corneal epithelial cells have implied that this is due
to a sequence of events initiated by toll like receptor (TLR) 3
activation due to the recognition of a specific viral signature
pattern, which indirectly induces expression of IFN-f [42].
Furthermore, it has been noted that IFN-f can induce expres-
sion of IFN-a [43]. However, increased expression of IFN-a
may not solely be explained by the induction in IFN-. In
vitro studies have noted that HSV-1 infection causes TLR7
induction, a known inducer of IFN-a [33]. The culmination
of this evidence is important because it shows that ex vivo
corneal epithelial tissue maintains a similar innate immune
response pattern as seen in the in vitro models of HSV-1
infection.

A working ex vivo model of corneal epithelial tissue
infection by the recombinant -galactosidase expressing
HSV-1 strain represents a useful tool for characterizing the
virus and assessing the ability of new antivirals or drugs to
combat HSV insult in corneal tissue [30]. The strength of
this ex vivo model lies in its ability to mimic the in vivo
tissue environment, and the fact that human and pig corneas
demonstrate a high degree of similarity in tissue organization
and cellular composition, including the highly homologous
cells of the corneal epithelium [44]. Additionally, the inclu-
sion of the B-galactosidase reporter assay using the (KOS)
tk12 strain in cornea cultures is novel because of its ability to
quickly and accurately evaluate the spread of infection. Most
notably, this model represents a unique way to understand
lytic infection of HSV-1, which can lead to viral latency in
the sensory and autonomic ganglia, which in turn is respon-
sible for the most devastating effects of the infection [31,45].
Future studies on HSV-1 insult using our model will be highly
relevant on a global scale as HSV-1 infects 60% to 90% of the
world's population [46].

APPENDIX 1. STR ANALYSIS.

To access the data, click or select the words “Appendix 1.”

ACKNOWLEDGMENTS

This work was supported by a grant from the National Eye
Institute (RO1 EY024710) to D.S.


http://www.molvis.org/molvis/v23/26
http://www.molvis.org/molvis/v23/appendices/mv-v23-26-app-1.docx

Molecular Vision 2017; 23:26-38 <http://www.molvis.org/molvis/v23/26>

1.

10.

11.

12.

13.

14.

REFERENCES

Mettenleiter TC, Klupp BG, Granzow H. Herpesvirus
assembly: a tale of two membranes. Curr Opin Microbiol
2006; 9:423-9. [PMID: 16814597].

Heldwein EE, Krummenacher C. Entry of herpesviruses into
mammalian cells. Cell Mol Life Sci 2008; 65:1653-68.
[PMID: 18351291].

Liesegang TJ. Herpes simplex virus epidemiology and ocular
importance. Cornea 2001; 20:1-13. [PMID: 11188989].

Reske A, Pollara G, Krummenacher C, Chain BM, Katz DR.
Understanding HSV-1 entry glycoproteins. Rev Med Virol
2007; 17:205-15. [PMID: 17295428].

Agelidis AM, Shukla D. Cell entry mechanisms of HSV: what
we have learned in recent years. Future Virol 2015; 10:1145-
54. [PMID: 27066105].

Marozin S, Prank U, Sodeik B. Herpes simplex virus type 1
infection of polarized epithelial cells requires microtubules
and access to receptors present at cell-cell contact sites. J
Gen Virol 2004; 85:775-86. [PMID: 15039520].

Tiwari V, Tarbutton MS, Shukla D. Diversity of heparan sulfate
and HSV entry: basic understanding and treatment strategies.
Molecules 2015; 20:2707-27. [PMID: 25665065].

Carfi A, Willis SH, Whitbeck JC, Krummenacher C, Cohen
GH, Eisenberg RJ, Wiley DC. Herpes simplex virus glyco-
protein D bound to the human receptor HveA. Mol Cell
2001; 8:169-79. [PMID: 11511370].

Mishra YK, Adelung R, Rohl C, Shukla D, Spors F, Tiwari V.
Virostatic potential of micro-nano filopodia-like ZnO struc-
tures against herpes simplex virus-1. Antiviral Res 2011;
92:305-12. [PMID: 21893101].

Antoine TE, Hadigal SR, Yakoub AM, Mishra YK, Bhat-
tacharya P, Haddad C, Valyi-Nagy T, Adelung R, Prabhakar
BS, Shukla D. Intravaginal Zinc Oxide Tetrapod Nanopar-
ticles as Novel Immunoprotective Agents against Genital
Herpes. J Immunol 2016; 196:4566-75. [PMID: 27183601].

Antoine TE, Mishra YK, Trigilio J, Tiwari V, Adelung R,
Shukla D. Prophylactic, therapeutic and neutralizing effects
of zinc oxide tetrapod structures against herpes simplex virus
type-2 infection. Antiviral Res 2012; 96:363-75. [PMID:
23047013].

Park PJ, Antoine TE, Farooq AV, Valyi-Nagy T, Shukla D. An
investigative peptide-acyclovir combination to control herpes
simplex virus type 1 ocular infection. Invest Ophthalmol Vis
Sci 2013; 54:6373-81. [PMID: 23989188].

Warner MS, Geraghty RJ, Martinez WM, Montgomery RI,
Whitbeck JC, Xu R, Eisenberg RJ, Cohen GH, Spear PG. A
cell surface protein with herpesvirus entry activity (HveB)
confers susceptibility to infection by mutants of herpes
simplex virus type 1, herpes simplex virus type 2, and
pseudorabies virus. Virology 1998; 246:179-89. [PMID:
9657005].

Mockli N, Auerbach D. Quantitative beta-galactosidase
assay suitable for high-throughput applications in the yeast

37

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

© 2017 Molecular Vision

two-hybrid system. Biotechniques 2004; 36:872-6. [PMID:
15152608].

Araki-Sasaki K, Ohashi Y, Sasabe T, Hayashi K, Watanabe
H, Tano Y, Handa H. An SV40-immortalized human
corneal epithelial cell line and its characterization. Invest
Ophthalmol Vis Sci 1995; 36:614-21. [PMID: 7534282].

Hadigal SR, Agelidis AM, Karasneh GA, Antoine TE, Yakoub
AM, Ramani VC, Djalilian AR, Sanderson RD, Shukla D.
Heparanase is a host enzyme required for herpes simplex
virus-1 release from cells. Nat Commun 2015; 6:6985-
[PMID: 25912399].

Alekseev O, Tran AH, Azizkhan-Clifford J. Ex vivo organo-
typic corneal model of acute epithelial herpes simplex
virus type I infection. J Vis Exp 2012; 69e3631-[PMID:
23149439].

Shukla D, Liu J, Blaiklock P, Shworak NW, Bai X, Esko JD,
Cohen GH, Eisenberg RJ, Rosenberg RD, Spear PG. A novel
role for 3-O-sulfated heparan sulfate in herpes simplex virus
1 entry. Cell 1999; 99:13-22. [PMID: 10520990].

Mishra YK, Modi G, Cretu V, Postica V, Lupan O, Reimer
T, Paulowicz I, Hrkac V, Benecke W, Kienle L, Adelung R.
Direct Growth of Freestanding ZnO Tetrapod Networks for
Multifunctional Applications in Photocatalysis, UV Photode-
tection, and Gas Sensing. ACS Appl Mater Interfaces 2015;
7:14303-16. [PMID: 26050666].

Shah A, Farooq AV, Tiwari V, Kim MJ, Shukla D. HSV-1
infection of human corneal epithelial cells: receptor-mediated
entry and trends of re-infection. Mol Vis 2010; 16:2476-86.
[PMID: 21139972].

Drevets P, Chucair-Elliott A, Shrestha P, Jinkins J, Karamichos
D, Carr DJ. The use of human cornea organotypic cultures
to study herpes simplex virus type 1 (HSV-1)-induced
inflammation. Graefes Arch Clin Exp Ophthalmol 2015;
253:1721-8. [PMID: 26047535].

Jaishankar D, Buhrman JS, Valyi-Nagy T, Gemeinhart RA,
Shukla D. Extended Release of an Anti-Heparan Sulfate
Peptide From a Contact Lens Suppresses Corneal Herpes
Simplex Virus-1 Infection. Invest Ophthalmol Vis Sci 2016;
57:169-80. [PMID: 26780322].

Fenton RR, Kenyon-Molesworth S, Oakes JE, Lausch RN.
Linkage of IL-6 with neutrophil chemoattractant expression
in virus-induced ocular inflammation. Invest Ophthalmol
Vis Sci 2002; 43:737-43. [PMID: 11867592].

Farooq AV, Shukla D. Herpes simplex epithelial and stromal
keratitis: an epidemiologic update. Surv Ophthalmol 2012;
57:448-62. [PMID: 22542912].

Toma HS, Murina AT, Areaux RG Jr, Neumann DM, Bhat-
tacharjee PS, Foster TP, Kaufman HE, Hill JM. Ocular
HSV-1 latency, reactivation and recurrent disease. Semin
Ophthalmol 2008; 23:249-73. [PMID: 18584563].

Li W, Zhao X, Zou S, Ma Y, Zhang K, Zhang M. Scanning
assay of beta-galactosidase activity. Prikl Biokhim Mikro-
biol 2012; 48:668-72. [PMID: 23330395].


http://www.molvis.org/molvis/v23/26
http://www.ncbi.nlm.nih.gov/pubmed/16814597
http://www.ncbi.nlm.nih.gov/pubmed/18351291
http://www.ncbi.nlm.nih.gov/pubmed/11188989
http://www.ncbi.nlm.nih.gov/pubmed/17295428
http://www.ncbi.nlm.nih.gov/pubmed/27066105
http://www.ncbi.nlm.nih.gov/pubmed/15039520
http://www.ncbi.nlm.nih.gov/pubmed/25665065
http://www.ncbi.nlm.nih.gov/pubmed/11511370
http://www.ncbi.nlm.nih.gov/pubmed/21893101
http://www.ncbi.nlm.nih.gov/pubmed/27183601
http://www.ncbi.nlm.nih.gov/pubmed/23047013
http://www.ncbi.nlm.nih.gov/pubmed/23047013
http://www.ncbi.nlm.nih.gov/pubmed/23989188
http://www.ncbi.nlm.nih.gov/pubmed/9657005
http://www.ncbi.nlm.nih.gov/pubmed/9657005
http://www.ncbi.nlm.nih.gov/pubmed/15152608
http://www.ncbi.nlm.nih.gov/pubmed/15152608
http://www.ncbi.nlm.nih.gov/pubmed/7534282
http://www.ncbi.nlm.nih.gov/pubmed/25912399
http://www.ncbi.nlm.nih.gov/pubmed/23149439
http://www.ncbi.nlm.nih.gov/pubmed/23149439
http://www.ncbi.nlm.nih.gov/pubmed/10520990
http://www.ncbi.nlm.nih.gov/pubmed/26050666
http://www.ncbi.nlm.nih.gov/pubmed/21139972
http://www.ncbi.nlm.nih.gov/pubmed/26047535
http://www.ncbi.nlm.nih.gov/pubmed/26780322
http://www.ncbi.nlm.nih.gov/pubmed/11867592
http://www.ncbi.nlm.nih.gov/pubmed/22542912
http://www.ncbi.nlm.nih.gov/pubmed/18584563
http://www.ncbi.nlm.nih.gov/pubmed/23330395

Molecular Vision 2017; 23:26-38 <http://www.molvis.org/molvis/v23/26>

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lachmann RH, Sadarangani M, Atkinson HR, Efstathiou S.
An analysis of herpes simplex virus gene expression during
latency establishment and reactivation. J Gen Virol 1999;
80:1271-82. [PMID: 10355774].

Shimeld C, Efstathiou S, Hill T. Tracking the spread of a lacZ-
tagged herpes simplex virus type 1 between the eye and
the nervous system of the mouse: comparison of primary
and recurrent infection. J Virol 2001; 75:5252-62. [PMID:
11333907].

Summers BC, Margolis TP, Leib DA. Herpes simplex virus
type 1 corneal infection results in periocular disease by
zosteriform spread. J Virol 2001; 75:5069-75. [PMID:
11333887].

Agarwal P, Rupenthal ID. In vitro and ex vivo corneal penetra-
tion and absorption models. Drug Deliv Transl Res 2016;
6:634-47. [PMID: 26762419].

Taylor JM, Lin E, Susmarski N, Yoon M, Zago A, Ware CF,
Pfeffer K, Miyoshi J, Takai Y, Spear PG. Alternative entry
receptors for herpes simplex virus and their roles in disease.
Cell Host Microbe 2007; 2:19-28. [PMID: 18005714].

Hadigal S, Shukla D. Exploiting herpes simplex virus entry
for novel therapeutics. Viruses 2013; 5:1447-65. [PMID:
23752649].

Li H, Zhang J, Kumar A, Zheng M, Atherton SS, Yu FS.
Herpes simplex virus 1 infection induces the expression of
proinflammatory cytokines, interferons and TLR7 in human
corneal epithelial cells. Immunology 2006; 117:167-76.
[PMID: 16423052].

Bryant-Hudson KM, Gurung HR, Zheng M, Carr DJ. Tumor
necrosis factor alpha and interleukin-6 facilitate corneal
lymphangiogenesis in response to herpes simplex virus 1
infection. J Virol 2014; 88:14451-7. [PMID: 25297992].

Sekine-Okano M, Lucas R, Rungger D, De Kesel T, Grau GE,
Leuenberger PM, Rungger-Brandle E. Expression and release
of tumor necrosis factor-alpha by explants of mouse cornea.
Invest Ophthalmol Vis Sci 1996; 37:1302-10. [PMID:
8641833].

Lausch RN, Chen SH, Tumpey TM, Su YH, Oakes JE. Early
cytokine synthesis in the excised mouse cornea. J Interferon
Cytokine Res 1996; 16:35-40. [PMID: 8640449].

Duan F, Liao J, Huang Q, Nie Y, Wu K. HSV-1 miR-H6 inhibits
HSV-1 replication and IL-6 expression in human corneal

38.

39.

40.

41.

42.

43.

44.

45.

46.

© 2017 Molecular Vision

epithelial cells in vitro. Clin Dev Immunol, 2012. 2012: p.
192791.

Paludan SR. Requirements for the induction of interleukin-6
by herpes simplex virus-infected leukocytes. J Virol 2001;
75:8008-15. [PMID: 11483745].

Chou J, Chen JJ, Gross M, Roizman B. Association of a M(r)
90,000 phosphoprotein with protein kinase PKR in cells
exhibiting enhanced phosphorylation of translation initiation
factor elF-2 alpha and premature shutoff of protein synthesis
after infection with gamma 134.5- mutants of herpes simplex
virus 1. Proc Natl Acad Sci USA 1995; 92:10516-20. [PMID:
7479831].

Poppers J, Mulvey M, Khoo D, Mohr I. Inhibition of PKR
activation by the proline-rich RNA binding domain of the
herpes simplex virus type 1 Usll protein. J Virol 2000;
74:11215-21. [PMID: 11070019].

Taniguchi T, Takaoka A. The interferon-alpha/beta system in
antiviral responses: a multimodal machinery of gene regula-
tion by the IRF family of transcription factors. Curr Opin
Immunol 2002; 14:111-6. [PMID: 11790540].

Oshiumi H, Matsumoto M, Funami K, Akazawa T, Seya T.
TICAM-1, an adaptor molecule that participates in Toll-like
receptor 3-mediated interferon-beta induction. Nat Immunol
2003; 4:161-7. [PMID: 12539043].

Asano M, Hayashi M, Yoshida E, Kawade Y, Iwakura Y.
Induction of interferon-alpha by interferon-beta, but not of
interferon-beta by interferon-alpha, in the mouse. Virology
1990; 176:30-8. [PMID: 2330678].

Lee W, Miyagawa Y, Long C, Ekser B, Waiters E, Ramsoondar
J, Ayares D, Tector AJ, Cooper DK, Hara H. Expression of
NeuGe on Pig Corneas and Its Potential Significance in Pig
Corneal Xenotransplantation. Cornea 2016; 35:105-13.
[PMID: 26418433].

Shukla ND, Tiwari V, Valyi-Nagy T. Nectin-1-specific entry of
herpes simplex virus 1 is sufficient for infection of the cornea
and viral spread to the trigeminal ganglia. Mol Vis 2012;
18:2711-6. [PMID: 23213272].

Xu F, Sternberg MR, Kottiri BJ, McQuillan GM, Lee FK,
Nahmias AJ, Berman SM, Markowitz LE. Trends in herpes
simplex virus type 1 and type 2 seroprevalence in the United
States. JAMA 2006; 296:964-73. [PMID: 16926356].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 26 February 2017. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.


http://www.molvis.org/molvis/v23/26
http://www.ncbi.nlm.nih.gov/pubmed/10355774
http://www.ncbi.nlm.nih.gov/pubmed/11333907
http://www.ncbi.nlm.nih.gov/pubmed/11333907
http://www.ncbi.nlm.nih.gov/pubmed/11333887
http://www.ncbi.nlm.nih.gov/pubmed/11333887
http://www.ncbi.nlm.nih.gov/pubmed/26762419
http://www.ncbi.nlm.nih.gov/pubmed/18005714
http://www.ncbi.nlm.nih.gov/pubmed/23752649
http://www.ncbi.nlm.nih.gov/pubmed/23752649
http://www.ncbi.nlm.nih.gov/pubmed/16423052
http://www.ncbi.nlm.nih.gov/pubmed/25297992
http://www.ncbi.nlm.nih.gov/pubmed/8641833
http://www.ncbi.nlm.nih.gov/pubmed/8641833
http://www.ncbi.nlm.nih.gov/pubmed/8640449
http://www.ncbi.nlm.nih.gov/pubmed/11483745
http://www.ncbi.nlm.nih.gov/pubmed/7479831
http://www.ncbi.nlm.nih.gov/pubmed/7479831
http://www.ncbi.nlm.nih.gov/pubmed/11070019
http://www.ncbi.nlm.nih.gov/pubmed/11790540
http://www.ncbi.nlm.nih.gov/pubmed/12539043
http://www.ncbi.nlm.nih.gov/pubmed/2330678
http://www.ncbi.nlm.nih.gov/pubmed/26418433
http://www.ncbi.nlm.nih.gov/pubmed/23213272
http://www.ncbi.nlm.nih.gov/pubmed/16926356

	Reference r46
	Reference r45
	Reference r44
	Reference r43
	Reference r42
	Reference r41
	Reference r40
	Reference r39
	Reference r38
	Reference r37
	Reference r36
	Reference r35
	Reference r34
	Reference r33
	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1

