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Abstract

Herpes simplex virus-2 (HSV-2) can productively infect many different cell types of human and
non-human origin. Here we demonstrate interconnected roles for two host enzymes, heparanase
(HPSE) and cathepsin L in HSV-2 release from cells. In vaginal epithelial cells and other cell lines
tested, HSV-2 causes heparan sulfate shedding and upregulation in HPSE levels during the
productive phase of infection. We also noted increased levels of cathepsin L and show that
regulation of HPSE by cathepsin L via cleavage of HPSE proenzyme is important for infection.
Furthermore, inhibition of HPSE by a specific inhibitor, OGT 2115, dramatically reduces HSV-2
release from vaginal epithelial cells. Likewise, we show evidence that the inhibition of cathepsin
L is detrimental to the infection. The HPSE increase after infection is mediated by an increased
NF-kB nuclear localization and a resultant activation of HPSE transcription. Together these
mechanisms contribute to the removal of heparan sulfate from the cell surface, and thus facilitate

virus release from cells.

Importance

Genital infections by HSV-2 represent one of the most common sexually transmitted viral
infections. The virus causes painful lesions, and sores around the genitals or rectum. Intermittent
release of the virus from infected tissues during sexual activities is the most common cause of
transmission. At the molecular level, cell surface heparan sulfate (HS) is known to provide
attachment sites for HSV-2. While the removal of HS during HSV-1 release has been shown, not
much is known about the host factors and their regulators that contribute to HSV-2 release from
natural target cell types. Here we suggest a role for the host enzyme heparanase in HSV-2 release.

Our work reveals that in addition to the regulation of transcription by NF-kB, HPSE is also
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regulated post-translationally by cathepsin L and that inhibition of heparanase activity directly
affects HSV-2 release. We provide unique insights into the host mechanisms controlling HSV-2

egress and spread.

Introduction

Genital herpes is one of the most common, persistent and highly infectious sexually transmitted
disease caused by herpes simplex virus type-2 (HSV-2) and in many emerging first-time cases, by
herpes simplex virus type-1 (HSV-1)(1-4). Primarily, the sites of infection include the vulva and
the vagina, with some cases involving the cervix and perianal region in women and typically on
the glans or the shaft of the penis in heterosexual men, whereas anal infection has also been
reported with homosexual men (5-7). Primary and recurrent genital herpes infections result in
lesions and inflammation around the genital area which are painful and cause distress (4). While
there is no vaccination or cure against HSV-2, resistance against current therapies, such as
Acyclovir, have been reported (8). Furthermore, these therapies are more than a decade old and
work on a single aspect of the viral life cycle, viral DNA replication. Novel therapeutic
interventions that target different stages of viral infection including viral entry, viral protein
translation and viral egress need to be addressed to successfully curb this distressing disease. One
method to generate novel antiviral drugs that target these viral pathways is to understand host
factors that help facilitate viral lifecycle. In this manuscript we focus on the host enzyme

heparanase (HPSE) and its regulators that help facilitate egress of the HSV-2 virions.

Human HPSE is an endoglycosidase with the unique distinction of being the only enzyme capable
of degrading heparan sulfate (HS)(9-11), an evolutionarily conserved glycosaminoglycan that is
present ubiquitously at the cell surface. HPSE is initially translated as a pre-proenzyme. Cleavage

of a signal sequence by a signal peptidase leaves an inactive 65 kDa proHPSE, which undergoes
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further processing in the lysosomal compartment (10, 12). Proteolytic removal of an N-terminal 8
kDa linker by a lysosomal cysteine endopeptidase, cathepsin L, cleaves the C-terminal 50 kDa
subunit, which remain associated as a non-covalent heterodimer in active HPSE(13, 14). Active
HPSE is responsible for the degradation of cell surface HS, that is found covalently attached to a
small set of extracellular matrix and plasma membrane proteins forming heparan sulfate
proteoglycans (HSPG) (15, 16). Clearance of HS via HPSE modulates cell division and
differentiation, tissue morphogenesis and architecture, and organismal physiology (16). HSV-2
encodes for two envelop glycoproteins, gB and gC, which bind HS at the cell surface and initiate
viral entry (17-19). We first reported that host-encoded HPSE is upregulated and required for the
release of viral progeny from parent cells after HSV-1 infection and subsequently similar findings

were reported for porcine reproductive and respiratory syndrome virus (PRRSV) infection(20, 21).

The premise of this manuscript is to understand the role of HPSE in the egress of HSV-2 virus
from its natural target cells. In this study, we show that HPSE is upregulated by the virus upon
infection and serves to aid in viral egress by preventing the newly released viral progeny from
reattaching to cell surface HS. We also study transcriptional and post-translational regulators of
HPSE and for the first time implicate cathepsin L in HSV release. We demonstrate that inhibition

of HPSE and cathepsin L via commercially available inhibitors negatively impacts viral egress.

Results

Loss of cell surface HS during infection

To understand how HSV-2 infection modulates cell surface HS levels, we infected a natural target
cell type, human vaginal epithelial cells (VK2), with HSV-2 with a multiplicity of infection (MOI)

of 1 for a period of 48 hours. We observed that while mock infected cells consistently showed high
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82 amounts of cell surface HS, most HS was cleared in HSV-2 infected cells by 24 hours post
83 infection (hpi) (Figure 1A, 1B). We also observed that there was a progressive loss of HS on the

84  cell surface with time during infection using flow cytometric analysis (Figure 1C, 1D).

85

86  HPSE is upregulated after HSV-2 infection

87  Given that clearance of HS correlated with duration of HSV-2 infection, we hypothesized an
88  upregulation of HPSE expression. HPSE is the only mammalian enzyme known to cleave HS. In
89  order to test our hypothesis, we analyzed HPSE promoter activity at 12, 24, 36, and 48 hpi using
90 aluciferase reporter assay. As expected, we observed a significant increase in the HPSE promoter
91  activity during the duration of infection (Figure 2A). To understand this further we then looked at
92  HPSE mRNA transcript levels after HSV-2 infection. We observed by quantitative real time-PCR
93  (gRT-PCR) analysis that HPSE mRNA was significantly elevated at 12, 24 and 36 hpi (Figure
94  2B). Since HPSE expression was clearly upregulated inside the cells, we decided to look at HPSE
95 translocation to the surface, which is the primary site for HS removal (16). Complementary to our
96 HPSE mRNA results, after infection at an MOI of 1 there was a significant increase in cell surface
97  HPSE protein levels that was observed first by immunofluorescence microscopy that showed a
98 large and significant increase at 24 hpi (Figure 2C, 2D). This increase in cell surface levels of
99  HPSE was subsequently verified by flow cytometry (Fig. 2E, 2F). Taken together, our results

100  confirmed an upregulation in HPSE levels upon infection.
101

102 Mechanism of HPSE upregulation and activation upon infection
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103  To understand the mechanism of HPSE regulation during HSV-2 infection, we studied
104  transcriptional and post-translational regulators of HPSE. It is reported that during HSV-1
105 infection nuclear factor NF-kB (p65) activation and translocation to the nucleus could
106  transcriptionally increase HPSE expression (22, 23). To understand if HSV-2 used a similar mode
107  of action, we analyzed p65 activity during HSV-2 infection. As expected, there was a consistent
108 increase in p65 MRNA expression in HSV-2 infected cells through 36 hpi (Figure 3A). We also
109  observed the nuclear translocation of p65 (Figure 3B) at 24 hpi using immunofluorescence
110  microscopy. These results corroborated our western blot data, which showed significantly
111 increased p65 in the nuclear fraction with concurrent decrease in the cytoplasmic fraction after
112 HSV-2infection (Figure 3D). Next we wanted to understand if the inhibition of p65 activation and
113 nuclear localization would affect HPSE promoter activity. In this regard, we overexpressed a
114  plasmid encoding mutant 1kBa (S32A/S36A) in VK2 cells. This mutant 1kBa is incapable of being
115  phosphorylated and degraded and as a result, it acts as a dominant-negative protein that inhibits
116  NF-kB activation and nuclear translocation (24). We did observe that expression of the IkBa mutant
117  leadto a decrease in HPSE promoter activity (Figure 3C). Taken together our findings suggest that

118  virus-induced activation of NF-kB regulates HPSE expression.

119

120  As described by others in the field, cathepsin L is the only known post-translational activator of
121 HPSE in mammalian cells(13, 25). Given that HPSE is upregulated upon HSV-2 infection, we
122 wanted to assess whether its lysosomal activator, cathepsin L, also increased with HSV-2 infection.
123 As hypothesized, cathepsin L mRNA levels were upregulated at 12 hpi when compared to mock
124  and continued to increase at 24 and 36 hpi (Figure 4A). We observed a similar trend in cathepsin

125 L protein levels where the maximum protein expression was seen at 48 hpi by western blot analysis
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126 (Figure 4B, 4C). These important findings were confirmed using immunofluorescence microscopy
127  (figure 4D, 4E) and flow cytometry analysis (Figure 4F, 4G). Collectively, our data suggests a

128  connection between HSV-2 infection and HPSE/cathepsin L upregulation.

129

130  Effect of inhibition of cathepsin L and HPSE on infection

131  Having established the mechanism through which HPSE is upregulated and activated, we wanted
132 to assess whether the inhibition of HPSE and cathepsin L would affect HSV-2 viral lifecycle. To
133 ascertain the role of HPSE we used a well characterized and commercially available small
134  molecule HPSE activity inhibitor, OGT 2115. This compound functionally blocks HPSE activity,
135 and does not significantly affect its expression (26). To verify the inhibition of HPSE activity
136  during infection we analyzed the cell surface HS expression. While cell surface HS expression
137  during HSV-2 infection usually decreases, our results after pharmacological inhibition of HPSE
138  showed (Figure 5A) a drastic increase in HS expression in both HSV-2 and mock infected cells
139  (Figure 5B). Furthermore, we also observed a decrease in HSV-2 infection as measured by GFP
140  reporter activity in the presence of OGT 2115 at 10 uM concentration. (Figure 5C, 5D).
141 Immunofluorescence microscopy data were in accordance with these results when we used the
142 same HSV-2 GFP reporter virus and the same OGT 2115 concentration. (Figure 5E). We also
143  observed a significant decrease in virus production and release using cell culture supernatant
144  plaque assays through 48 hpi (Figure 5F). These results suggest that pharmacological inhibition of
145  HPSE using OGT 2115 significantly increases HS expression on the cell surface while reducing

146  the overall viral egress and spread.

147
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148  Next we wanted to understand if the inhibition of cathepsin L, the lysosomal activator of HPSE,
149  would affect HSV-2 viral egress and spread. We used a well characterized and commercially
150  available small molecule inhibitor of cathepsin L, cathepsin L inhibitor IV (27). Given that active
151  HPSE remains in the lysosomal compartment for a period of 48 hours before it is degraded (28),
152  we hypothesized that cathepsin L would need to be inhibited for a period up to 48 hours prior to
153  and during infection to make sure no active HPSE is present throughout. As hypothesized, we saw
154  aloss of infection in cathepsin L inhibitor IV treated cells compared to mock DMSO control. These
155  results were consistent when analyzed through immunofluorescence microscopy (Figure 6A) and
156  flow cytometry (Figure 6C, 6D). We also observed through plaque assay that the amount of
157  egressed virus, found in the infected cell supernatant, also decreased in cathepsin L inhibitor IV
158  treated cells compared to mock DMSO treated samples, reaching significance at 48 hpi (Figure

159  6B).

160

161  Effect of overexpression of HPSE during HSV-2 infection

162  Through the experiments in previous sections, we were able to establish that HPSE is important
163  for HSV-2 release. Lastly, we wanted to understand if the overexpression of HPSE during a HSV-
164 2 infection would be beneficial during viral proliferation. To study this, we overexpressed HPSE
165  in VK2 cells for a period of 24 hours followed by infection with HSV-2 (333) GFP virus at a MOI
166  of 1. The cells were plated without any methylcellulose to allow release and spread of the
167  extracellular virions. We observed via immunofluorescence microscopy a clear increase in virally
168 infected cell clusters in the HPSE transfected cells when compared to empty vector control (Figure
169  7A). It is important to note that although we saw less infection than expected, we normally find

170  less infection in samples that have been previously transfected. Our results were in accordance
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171 with flow cytometry results (Figure 7C), which showed that overexpression of HPSE lead to a
172 faster spread of infection, reaching significance at 36 and 48 hpi (Figure 7D). We also observed
173 an increase in released virus after HPSE overexpression (Figure 7B) at 36 hpi and 48 hpi. Taken
174  together our results suggest a direct connection between higher levels of HPSE and HSV-2 release

175 in the culture supernatant.

176

177  Discussion

178  Active HPSE is responsible for the degradation of cell surface HS. HS is found covalently

179  attached to a small set of extracellular matrix and plasma membrane proteins forming heparan
180  sulfate proteoglycans (HSPG) (15, 16). Clearance of HS via HPSE modulates cell division and
181  differentiation, tissue morphogenesis and architecture, and organismal physiology (16). HSV-2
182  encodes for two envelope glycoproteins, gB and gC, which bind HS at the cell surface and

183 initiate viral entry (17-19). However, the new virions released can face a significant challenge if
184  they bind with HS during viral egress. This phenomenon is commonly seen with other viruses
185 including influenza where the viral hemagglutinin binds to host sialic acid chains and restricts
186  viral release (32, 33). To eliminate the possibility of new virions binding upon release, the

187  surface sugars are cleaved by a viral endoglycosidase (34, 35). In this regard, HSV-2 does not
188  have any known viral proteins that can cleave cell surface HS. HSV-2 may have found the ability
189  to cleave HS nevertheless from a host enzyme (20, 21). Given that HPSE is the only known

190  mammalian enzyme capable of cleaving HS chains (9), we hypothesized and then demonstrated

191 that its upregulation during infection may be beneficial for HSV-2 release from host cells.
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192  Our evidence of HPSE upregulation during infection may suggest an additional role for HPSE in
193  the exacerbation of the genital disease caused by HSV-2. During genital infection, distressing,
194  painful lesions, and sores around the genitals or rectum can result from a productive HSV-2
195 infection. These lesions are accompanied by inflammation and localized loss to tissue architecture
196  (6). Recent studies have implicated HPSE overexpression in multiple pathologic processes,
197 including inflammation (36), angiogenesis (37), tumor metastasis (38), and atherosclerosis (39). It
198  has been shown how heparanase contributes to HS cleavage and how this specifically results in
199  rearrangement of the extracellular matrix as well as in controlling the release of many cell surface
200  HS-linked molecules such as growth factors, cytokines and enzymes in larger tissue wide changes

201 (9, 40).

202  To understand potential contributions of HPSE during HSV-2 infection, we first looked at HS
203  chain expression on the cell surface during HSV-2 infection. It became very clear to us that HS
204  expression decreases over time during infection. This information also strengthened our goal to
205 see how HPSE is modulated during infection. As suspected, HPSE was upregulated both
206 transcriptionally and translationally showing higher protein levels on the cell surface at 24, 36 and
207 48 hpi. Together, these results suggest that HSV-2 infected cells upregulate HPSE, which is then

208 translocated to the cell surface, decreasing HS on the cell surface after infection.

209  Next we wanted to understand the mechanism behind the upregulation and activation of HPSE
210 during infection. It was reported that nuclear factor NF-kB, is upregulated upon HSV infection
211 and that NF-kB upregulation has been linked to the transcriptional regulation of HPSE (20). Also,
212 itis well known that cathepsin L, a lysosomal endopeptidase, is the only known activator of HPSE
213 in mammalian cells. Hence we looked at the transcriptional and protein levels of these two factors

214 and how they change with infection. Through this study, we were able to show that HSV-2


https://doi.org/10.1101/364562

bioRxiv preprint doi: https://doi.org/10.1101/364562; this version posted July 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

11

215 infection of VK2 cells upregulated NF-kB and cathepsin L which in turn orchestrated the

216  expression and activation of HPSE.

217  Finally, we asked whether the inhibition of HPSE and cathepsin L would downregulate viral egress
218  and spread. To study this, we used two well-known inhibitors, OGT 2115 and cathepsin L inhibitor
219 1V, on VK2 cells during HSV-2 infection. We saw a significant loss of infection using both these
220 inhibitors compared to vehicle controls suggesting an alternate therapeutic modality against HSV-
221 2 infections. Additionally, when we upregulated HPSE expression using a HPSE expression

222 plasmid, we saw a significant increase in viral progeny and spread.

223 For our model we propose that during the productive phase of HSV-2 infection of VK2 cells HSV-
224 2 causes an upregulation in HPSE levels that is mediated by an increased NF-kB p65 nuclear
225 localization and a resultant activation of HPSE transcription. In parallel, increased levels of
226  cathepsin L contribute to HPSE proenzyme cleavage and activation. Together they contribute to
227  the removal of heparan sulfate from cell surface and thus, facilitate virus release from cells. Higher
228  levels of HPSE may also be a trigger for the breakdown of extracellular matrix and eventually a
229  trigger for local inflammation. While the latter part is yet to be demonstrated, our studies discussed

230  here directly implicate HPSE and cathepsin L in HSV-2 release.

231  Materials and Methods

232 Cells and viruses.

233 Human vaginal epithelial (VK2/EGE7) cells obtained from ATCC. VK2/EGET7 cells were passaged
234 in Karatinocyte serum free medium (KSFM) (Gibco/BRL, Carlsbad, CA, USA) supplemented
235  with epidermal growth factor (EGF), bovine pituitary extract (BPE) and 1%

236 penicillin/streptomycin. For convenience this cell line is referred to as VK2 cells throughout. All
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237  infections were done with HSV-2 333 at MOI of 0.1 or 1 on VK2 cells unless mentioned otherwise.
238  The Vero cell line cell line (African green monkey kidney) was generously given by Dr. Patricia
239  G. Spear (Northwestern University, Chicago, IL) and cultured in DMEM (Gibco) with 10% FBS
240 and 1% penicillin/streptomycin. Cathepsin L inhibitor IV (Santa Cruz Biotechnology) was used as
241  acathepsin L activity inhibitor (27). Cathepsin L inhibitor was used at a concentration of 10 pg/mL
242  in DMSO unless otherwise specified. OGT 2115 (Tocris Biosciences) was used for heparanase
243  activity inhibition and has been previously described as a HPSE inhibitor (41). OGT 2115 was
244  used at 10 uM unless otherwise specified. Viruses used were wild type HSV-2 (333), and HSV-2

245  (333) GFP (42). Virus stocks were grown and tittered on Vero cells, and stored at —80°C.

246 Antibodies and plasmids.

247  HPSE antibody H-80 (Santa Cruz Biotechnology) was used for imaging (1:100) and flow

248  cytometry studies (1:100). Cathepsin L antibody ab58991 (Abcam, Cambridge MA) was used for
249  western blot analysis (1:2,000), imaging (1:100) and flow cytometry studies (1:200). Histone H3
250 antibody (Cell Signaling Technology, Danvers, MA) was used at a dilution of 1:500 for western
251  blot analysis. Anti-human HS monoclonal antibody 10E4 (US Biological, Salem, MA) was used
252 for flow cytometry (1:100) and cell imaging (1:100). NF-kB p65 antibody C-20 (Santa Cruz

253  Biotechnology) was used for imaging (1:500) and western blot analysis (1:2,000). GAPDH

254  (Santa Cruz Biotechnology) was used for western blot analysis at dilution 1:2,000. The IkBa

255  (S32/36A) plasmid was provided by Dr Michael Karin (University of California, San Diego, La

256  Jolla, CA). All transfections were performed using Lipofectamine-2000 (Life Technologies).

257  Western blot analysis.
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258  Proteins from samples in this study were collected using radio immunoprecipitation assay

259  (RIPA) buffer (Sigma-Aldrich, St Louis, MO) according to the manufacturer’s protocol. After
260  gel electrophoresis, membranes were blocked in 5% BSA for 1 h followed by incubation with
261  primary antibody for 1 h, then incubation with respective secondary antibodies (anti-mouse
262 1:10,000, anti-rabbit 1:10,000) for 1 h. Protein bands were visualized using the SuperSignal
263  West Femto maximum sensitivity substrate (Thermo Scientific, Waltham, MA) with Image-
264  Quant LAS 4000 biomolecular imager (GE Healthcare Life Sciences, Pittsburgh, PA). The

265  densities of the bands were quantified using ImageJ 1.52a image analysis software (NIH, USA).

266 PCR.

267  Trizol (Life Technologies) was used to obtain RNA following the protocol from the

268  manufacturer then a cDNA Reverse Transcription Kit from (Applied Biosystems) was used to
269  transcribe to DNA following the protocol from the manufacturer. Fast SYBR Green Master Mix
270  (Applied Biosystems) was used to perform real-time quantitative PCR, using QuantStudio 7 Flex
271 (Applied Biosystems). The primers used in this study are as follows: HPSE forward primer 5’-
272  CTCGAAGAAAGACGGCTA-3’ and reverse primer 5’-GTAGCAGTCCGTCCATTC-3’; NF-
273 kB p65 forward primer 5’-TGGGGACTACGACCTGAATG-3’ and reverse primer 5’-

274  GGGGGCACGATTGTCAAAGA-3’; GAPDH forward primer 5’-

275 TCCACTGGCGTCTTCACC-3’ and reverse primer 5’-GGCAGAGATGATGACCCTTTT-3’;
276  cathepsin L forward primer 5°- ATCTGGGCATGAACCACCTG-3’ and reverse primer 5’-

277 CAGCAAGCACCACAAGAACC-3'.

278  Luciferase assay.
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An empty vector, pGL3-Basic (Promega, Madison, WI), was used to control for transfection
efficiency. The pHep1(0.7 kb)-luc plasmid that expresses firefly luciferase that is driven by the
0.7-kb upstream promoter for transcription of human HPSE was provided by Dr Xiulong Xu
(Rush University). Luciferase activity was measured using Berthold detection systems

Luminometer.

Flow cytometry.

Measurement of HS and HPSE cell surface expression was performed after HSV-2 333-WT
infection. Monolayers of VK2 cells were infected at MOI 0.1 or 1 then harvested at different
times post infection (12 hpi, 24 hpi, 36 hpi, and 48 hpi). Cells were harvested and fixed with 4%
PFA for 10 min, then incubated with 5% BSA for 1 h followed by incubation with FITC-
conjugated anti-HS diluted 1:100 in PBS with 1% BSA for 1 h. Cells were then suspended in
FACS buffer (PBS, 5% FBS, 0.1% sodium azide). For detection of HPSE on the cell surface,
cells were harvested then fixed with 4% PFA for 4 min, then incubated with 5% BSA for 1 h,
then incubated with primary antibody diluted in PBS with 5% BSA for 1 h, followed by
incubation with FITC-conjugated secondary antibody. Cells were then resuspended in FACS
buffer. Cells stained with respective FITC-conjugated secondaries only were used as background

controls. Entire cell populations were used for the mean fluorescence intensity calculations.

Immunofluorescence microscopy.

VK2 cells were cultured in glass bottom dishes (MatTek Corporation, Ashland, MA). Cells were
fixed in 4% PFA for 10 min and permeabilized with 0.1% Triton-X for intracellular labelling,
then incubated with 5% BSA for 1 hour then primary antibody diluted in PBS with 5% BSA for

1 hour then with FITC-conjugated secondary. Then imaging was done with a Zeiss Confocal
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301 710, Germany. Pinhole was set to 1 Airy Unit. Fluorescence intensity of images was calculated

302  using Zen software.

303 Plaque assay.

304  Viral egress titers were measured using a plaque assay. Monolayers of VK2 cells were plated in
305  twelve-well plates and infected with HSV-2 333 virus at MOI 0.1 or 1. Media were collected at
306 different time points post infection and titered on Vero cells. Primary incubation of collected
307 media was performed with DPBS+/+ (Life Technologies) with 1% glucose and 1% heat-

308 inactivated serum for 2 h. Vero cells were then incubated with growth media containing 5%

309  methylcellulose for 72 h followed by fixing with 100% methanol and staining with crystal violet

310  solution.

311  Statistics.

312 Error bars of all figures represent standard error of three independent experiments, unless
313  otherwise specified. Asterisks denote a significant difference as determined by Student’s t-test;

314  *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, not significant.
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452  Figure Legends

453  Figure 1. Loss of cell surface HS during infection

454  A. Representative immunofluorescent images of HS stain. HSV-2 333 was used to infect cells at
455  1MOI for 24h. Upper left is HS stain only in uninfected sample, upper right is hoescht and HS
456  stain merged for uninfected, lower left is HS stain only for infected sample at 24hpi, lower right
457 is hoescht and HS stain merged for infected sample at 24hpi. B. Quantification of HS cell surface
458  expression. C. Representative flow cytometry histogram showing change in cell surface HS

459  expression with red representing infected samples and black showing uninfected control. D.

460  Quantification of cell surface HS flow cytometry experiments. Asterisks denote a significant

461  difference as determined by Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

462  Figure 2. HPSE is upregulated after HSV-2 infection

463  A. Increase in promoter activity of HPSE gene upon infection in HCE cells. HSV-2 333 was

464  used to infect cells at a MOI of 1 for 12, 24, 36 and 48h. Shown is the average fold increase over
465 uninfected control. Experimental values are normalized to those obtained with pGL3 as a control
466  for transfection efficiency. B. Increase in HPSE mRNA levels, shown is the average fold

467  increase over uninfected control. C. Representative immunofluorescence microscopy images of
468  cell surface HPSE stain. HSV-2 333 was used to infect cells at a MOI of 1 for 24h. Upper left is
469  HPSE stain only in uninfected sample, upper right is hoescht and HPSE stain merged for

470  uninfected, lower left is HPSE stain only for infected sample at 24hpi, lower right is hoescht and
471  HPSE stain merged for infected sample at 24hpi. D. Quantification of HPSE cell surface

472 expression from multiple immunofluorescent images. E. Representative flow cytometry

473 histogram showing change in cell surface HPSE expression with red representing infected
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474  samples and black showing uninfected control. F. Quantification of cell surface HPSE flow
475  cytometry experiments. Asterisks denote a significant difference as determined by Student’s t-

476  test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

477  Figure 3. Nf-kB as mechanism for HPSE upregulation

478  A. Increase in Nf-kB P65 mRNA levels, shown is the average fold increase over uninfected

479  control. B. Representative immunofluorescence microscopy images of nuclear translocation of
480 P65 upon HSV-2 infection with HSV-2 333 GFP. With Nf-kB P65 labeled red, HSV-2 green,
481  and the nucleus blue. C. Inhibition of NF-kB activation results in decreased HPSE promoter

482  activity. VK2 cells were transfected with mutant IkBa incapable of degradation (S32A/S36A),
483  thereby specifically inhibiting NF-kB activation and nuclear translocation. 24h after transfection
484  cells were infected with HSV-2 333 for 24 hrs at a MOI of 1. Cell lysates were isolated, and

485 luciferase assay was performed. Results shown are normalized to empty pGL3 vector as a

486  control for transfection efficiency. D. Representative western blot of nuclear translocation of P65
487  upon HSV-2 infection with HSV-2 333. Asterisks denote a significant difference as determined

488 by Student’s t-test; *P<0.05, **P<0.01.

489  Figure 4. Cathepsin L as mechanism of HPSE activation

490 A. Increase in Cathepsin L mRNA levels, shown is the average fold increase over uninfected

491  control. B. Representative western blot showing increase of Cathepsin L over time after infection
492  with HSV-2 333 after a MOI of 1 infection. C. Representative immunofluorescence microscopy
493  images of Cathepsin L stain. HSV-2 333 was used to infect cells at an MOI of 1 for 24h. Upper
494  left is Cathepsin L stain only in uninfected sample, upper right is hoescht and Cathepsin L stain

495  merged for uninfected, lower left is Cathepsin L stain only for infected sample at 24hpi, lower
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496  right is hoescht and Cathepsin L stain merged for infected sample at 48hpi. D. Quantification of
497  total cathepsin L expression from multiple immunofluorescent images. E. Representative flow
498  cytometry histogram showing change in Cathepsin L expression with red representing infected
499  samples and black showing uninfected control. F. Quantification of Cathepsin L flow cytometry
500 experiments. Asterisks denote a significant difference as determined by Student’s t-test;

501  *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

502  Figure 5. Inhibition of HPSE on HSV-2 infection

503  A. Representative flow cytometry histogram showing change in Cell surface HS expression with
504  red denoting OGT 2115 treatment and Black representing DMSO treatment. Both samples were
505 infected with HSV-2 333 at a MOI of 1. B. Quantification of cell surface HS OGT flow

506  cytometry experiments. C. Representative flow cytometry histogram showing change in

507 infection following OGT treatment, with red denoting OGT 2115 treatment and Black

508  representing DMSO treatment. Both samples were infected with HSV-2 333 GFP. D.

509  Quantification of infection after treatment with OGT flow cytometry experiments. E.

510 Representative immunofluorescence microscopy images taken 24hpi after infection with HSV-2
511 333 GFP after treatment with OGT or DMSO with green representing infected cells. F. Average
512  change in virus released from cells with and without OGT treatment every 12h up till 48h.

513  Asterisks denote a significant difference as determined by Student’s t-test; *P<0.05, **P<0.01,

514  ***P<0.001, ****P<0.0001.

515  Figure 6. Inhibition of Cathepsin L on HSV-2 infection

516  A. Representative immunofluorescence microscopy images taken 24hpi after infection with

517 HSV-2 333 GFP after treatment with Cathepsin L inhibitor IV or DMSO with green representing
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518 infected cells. B. Average change in virus released from cells with and without Cathepsin L

519 inhibitor IV treatment every 12h up till 48h. C. Representative flow cytometry histogram

520  showing change in infection after Cathepsin L inhibitor IV treatment, with red denoting

521  Cathepsin L inhibitor IV treatment and Black representing DMSO treatment. Both samples were
522 infected with HSV-2 333 GFP. D. Quantification of infection after treatment with Cathepsin L
523 inhibitor IV flow cytometry experiments. Asterisks denote a significant difference as determined

524 by Student’s t-test; *P<0.05, **P<0.01, ***P<0.001.

525 Figure 7. Effect of overexpression of HPSE during HSV-2 infection

526  A. Representative immunofluorescence microscopy images taken 24hpi after infection with

527  HSV-2 333 GFP after overexpression of HPSE with green representing infected cells. B.

528  Average change in virus released from cells overexpressing HPSE then infected with HSV-2 333
529  every 12h up till 48h. C. Representative flow cytometry histogram showing change in newly

530 infected cells after overexpression of HPSE, with red denoting HPSE overexpression and black
531  representing EV. Both samples were infected with HSV-2 333 GFP. D. Quantification of

532 infection after overexpression of HPSE flow cytometry experiments. Asterisks denote a

533  significant difference as determined by Student’s t-test; *P<0.05, **P<0.01.

534
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