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Abstract

Zika virus (ZIKV) is a historically neglected flavivirus that has recently caused epidemics
in the western hemisphere. ZIKV has been associated with severe symptoms including
infant microcephaly and Guillain Barré syndrome, stimulating interest in understanding
factors governing ZIKV infection. Heat shock protein 70 (Hsp70) has been shown to be
an infection factor for multiple viruses. We investigated the role of Hsp70 in the ZIKV
infection process. We localized Hsp70 protein to the Vero cell membrane surface by
confocal microscopy and demonstrated that, inside the cell, there is significant co-
localization between Hsp70 and ZIKV E protein. Inducing and suppressing Hsp70
expression increased and decreased ZIKV production, respectively. Antibody blocking
cell surface-localized Hsp70 decreased ZIKV cell infection rates and production of
infectious virus particles, as did competition with recombinant Hsp70 protein. Our data
suggest that Hsp70 is an important factor in the ZIKV infection process. Understanding
the interactions between Hsp70 and ZIKV may lead to novel therapeutics for ZIKV

infection, particularly for pregnant women and fetuses.
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INTRODUCTION

Zika virus (ZIKV) is a historically neglected tropical flavivirus first isolated in 1947 that
typically resulted in a handful of documented cases with mild clinical phenotypes.
Beginning in 2007, larger outbreaks of the virus were first recorded, culminating in a
large ongoing epidemic in the western hemisphere beginning in late 2015.%* ZIKV has
been declared an infection of global health concern by the World Health Organization
(WHO), which is anticipating up to 4 million cases by the end of 2016.° For the first time,
ZIKV infection has been associated with severe symptoms including microcephaly in
infants infected as fetuses, and Guillaine Barré syndrome in adults.®’ The occurrence of
severe clinical outcomes for fetuses and pregnant women in this outbreak has

stimulated interest in determining the factors governing ZIKV infection.?®

The binding of a virus to specific cell surface receptor(s) is a critical step for cellular
tropism and an important determinant of pathogenesis.’® In general, flavivirus cell
infection is mediated by an array of cell surface molecules and attachment cofactors.*
Heat shock protein 70 (Hsp70) has been shown to be one such factor for multiple
viruses including dengue virus (DV), Japanese encephalitis virus (JEV), Hazara virus,
and rotavirus, where it may act directly as a receptor or indirectly to help attach and
gather viruses on the cell surface to facilitate interactions with specific high-affinity
receptors.’**®> Recently the role of Axl, Tyro3, and TIM1 in the pathogenesis and entry
of ZIKV to the neuronal and placental cell population has been described.'®*® However
the understanding of the ZIKV cellular infection process is still in its initial stages and

needs further investigation. Here we demonstrate that cell surface-bound Hsp70 is an
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important factor in the ZIKV cell infection process. Understanding the interactions
between Hsp70 and ZIKV may lead to novel therapeutics for ZIKV infection, particularly

for pregnant women and fetuses.

RESULTS

ZIKV binds to Hsp70 expressed on the Vero cell surface membrane

Although heat shock proteins are generally thought to be cytoplasmic, Hsp70 has been
localized to the surface of the cell membranes in multiple cell types.?’ We localized
Hsp70 by IFA on the cell membrane surface of non-permeabilized Vero cells ?* (Figure
1). Co-staining for both Hsp70 and ZIKV at 4 hours post-infection (1 MOI) demonstrated
binding of ZIKV to Hsp70 on the cell surface (Figure 1). Positive and negative staining

controls are included as Figure S1.

Intracellular localization of HSP70 and ZIKV E protein

The E glycoproteins are projected out of the ZIKV virion surface, making them potential
targets for interaction with Hsp70. We used imaging flow cytometry and confocal
microscopy to investigate this interaction. Images showed qualitatively similar
distribution patterns of Hsp70 and ZIKV E protein intracellularly in infected cells by both
confocal microscopy and imaging FACS analysis (Figure 2). Confocal imaging and co-

localization analysis of intracellularly stained cells demonstrated a high degree of
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83 correlation between ZIKV E protein and Hsp70 (correlation coefficient = 0.91 + 0.04,

84 compared to 0.38 + 0.09 for randomly selected areas of the images) (Figure 2C).

85

86 Hsp70 protein expression modulates ZIKV infection

87 To investigate the role of Hsp70 in ZIKV infection, we induced Hsp70 in Vero cells by
88 both elevated temperature and chemical induction, infected cells with ZIKV, and
89 measured the production of infectious ZIKV in the culture supernatant by plague assay.
90 Upon heat treatment, Hsp70 protein levels were induced approximately 2-fold at 8 hours
91 post heat treatment compared with non-heat treated cells (Figure 3A). For chemical
92 induction, we treated cells with geldanamycin (which inhibits Hsp90 and stabilizes
93 Hsp70 mRNA leading to increased expression of Hsp70 protein).? Hsp70 protein
94  expression was induced approximately 7-fold in a dose-dependent manner 24 hours
95 post geldanamycin treatment compared with untreated cells (Figure 3B). In both heat-
96 treated and chemically induced cells, infectious ZIKV was increased in the supernatant
97 compared to non-induced cells (Figure 3C-D). We then inhibited Hsp70 by treating cells
98  with the inhibitor rhodocyanine MKT-077, which is an allosteric inhibitor of Hsp70 that
99 preferentially binds and inhibits the ADP-bound forms of Hsp70.? Production of
100 infectious ZIKV was reduced in treated cells compared to controls (Figure 3E). Minimal
101  dose-dependent geldanamycin and MKT-077 cell toxicity were observed in cells at the
102  concentration ranges used in these experiments (Figure S2) and is similar to that seen

103 in other studies.?*?®

104
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105 Antibody blocking of cell surface Hsp70 reduces ZIKV infection

106 Based on these results, we hypothesized that surface-localized Hsp70 might be
107 involved in the ZIKV entry process. Vero cells were blocked with antibodies to Hsp70, B-
108  actin (negative control) or Axl (which has been previously demonstrated to act as a cell
109  receptor for ZIKV " and which served as a positive control for the assay). Blocking with
110  anti-Hsp70 antibody reduced the number of ZIKV infected cells (Figure 4A) and reduced
111 the number of plagues by plaque reduction neutralization assay to a similar extent as

112 blocking Axl (Figure 4B).
113

114 Competition for ZIKV attachment with recombinant Hsp70 protein reduces ZIKV

115 infection

116  We treated cells with recombinant human Hsp70 (rhHsp70) as competitor for the
117  putative cell attachment protein(s) present on the ZIKV infectious particle. ZIKV was
118  incubated with rhHsp70 and used to infect Vero cells, after which ZIKV production was
119 assayed by plague assay and by quantifying the number of infected cells by
120  immunofluorescence microscopy. Incubating ZIKV with rhHsp70 reduced the number of
121 infected cells post-infection (Figure 4C) and reduced the amount of infectious virus in

122  the supernatant compared to BSA-treated controls (Figure 4D).

123

124  DISCUSSION
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125  Viruses, as obligate intra-cellular parasites, entirely depend on host cellular factors for
126  cell entry, genome replication, protein synthesis, and virion assembly, and have evolved
127  strategies to counter cellular defense mechanisms to initiate and establish infection.
128  Hsps have been found to be critical factors for the pathogenesis of many viruses.?’ For
129 example, HIV, rotavirus, and influenza virus replication are negatively regulated by
130 Hsp70, whereas dengue, Japanese encephalitis, hepatitis C and Hazara viruses utilize

131 Hsp70 for replication.'* > 263

132

133  Until recently, ZIKV was not considered a serious public health threat, and thus its
134  biology has not been studied in great detail. Previous work identified Axl, Tyro3, and
135  TIM1 as major cellular players in the ZIKV cell entry process. However, Cas9-mediated
136  deletion of Axl-1 in human neuronal progenitor cells and cerebral organoids did not
137 protect these cells from ZIKV infection.?* This suggests that ZIKV uses multiple classes
138  of cell surface molecules as receptors in different cell types. As an initial event in the
139 infection process, virus particles attach and aggregate on the cell surface, providing a
140  window of opportunity for the virus to bind to a specific receptor(s) on the dynamic cell
141 membrane. Other molecules (including Hsp70) have been implicated for the attachment
142 and aggregation of other viruses.'* * ** Although Hsp70 chaperones do not contain
143  export signal peptide sequences, they are found on the cell surface in clathrin coated
144  pits and within endosome/lysosome-related vesicles.*® They translocate spontaneously
145 from the cytosol into the plasma membrane after oligomerization and binding to

146  phosphatidylserine.

147
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148  We detected the presence of Hsp70 on the cell surface of Vero cells and observed co-
149  localization between ZIKV and Hsp70 on the surface of the cell membrane (Figure 1). In
150 the cases of JEV and DV infection, surface-localized Hsp70 interacts with the viral E
151  protein and acts as a putative receptor.™ ** In the early stage of JEV infection, the E
152  protein interacts with lipid rafts and also activates the phosphoinositide 3-kinase/Akt
153  signaling pathway to promote the cell entry event.*’ In addition, cytoplasmic Hsp70 has
154  been shown to modulate the replication cycle of a related Flavivirus (HCV) at the
155  translation and virion assembly stages®. Our observations of an interaction between
156  Hsp70 and ZIKV E protein (Figure 2) are indicative of similar processes during ZIKV

157 infection.
158

159  Hsp70 expression increases after ZIKV infection (Figure 3A) similar to JEV, West Nile
160  virus (WNV) and DV. Since a large number of viral proteins are synthesized in a
161  relatively short period of time, the virus may need chaperone molecules to assist and
162  facilitate the protein folding process. In this study we found that inducing Hsp70 either
163 physically or chemically resulted in increased production of ZIKV in infected cells, while
164  chemical inhibition of Hsp70 with MKTO77 showed the opposite effect (Figure 3). A
165 possible explanation of the decrease in virus titer with suppression of Hsp70 could be
166  the decrease in the stability of the ZIKV proteins in the absence of the chaperone
167  molecule (Hsp70) that results in activation of proteasomal degradation, similar to results

168  seen with Hepatitis C virus (HCV) and JEV infections.”

169
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170 Based on these results, we designed a receptor blocking experiment to ascertain the
171 role of Hsp70 in the cellular entry process of ZIKV. Antibody blocking of cell surface-
172 localized Hsp70 or pre-incubation of ZIKV with recombinant Hsp70 significantly reduced
173 ZIKV infection (Figure 4). Specifically, reduction in the number of infected cells and
174  reduction in viral plaque forming units suggests that initial viral infection was inhibited,
175  consistent with the hypothesis that Hsp70 is acting as a cell surface receptor for ZIKV

176  attachment and invasion.
177

178  Due to the involvement of Hsp70 in the infection processes of multiple viruses, it has
179  been suggested that this protein may be a potential molecular target for anti-viral
180 therapies.***! In particular, the association between Hsp70 and ZIKV suggests a critical
181  role for this interaction during the viral infection and/or replication process. Our data
182  suggest that Hsp70 is one of several critical factors mediating the initial entry of ZIKV
183  into host cells. As there is currently no effective therapy or vaccine for ZIKV infection,
184 novel therapies to reduce infection and severe clinical outcomes, particularly for
185  pregnant women and developing fetuses, are of extreme importance. The results of this
186  work validate Hsp70 as a potential target for future anti-ZIKV therapies, if detrimental

187  host effects of Hsp70 blockage can be overcome.
188
189 MATERIALS AND METHODS

190 Cells and virus: Vero cells were obtained from ATCC and were grown in complete

191  Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
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192  serum (FBS; Invitrogen), 1X penicillin and streptomycin (Invitrogen) and 2 mM L-
193  glutamine (Invitrogen). The MR766 ZIKV strain was obtained from BEI resources,

194 propagated in Vero cells, and titers determined by standard plaque assays.
195

196  Antibodies and chemical reagents: The E glycoprotein of ZIKV was detected using anti-
197  flavivirus group antigen antibody, clone D1-4G2-4-15 (4G2, Millipore). Rabbit polyclonal
198 Hsp70 antibody was purchased from Abcam (ab79852). Rabbit Hsp60 antibody
199 (SAB4501464) was purchased from Sigma. Alexa 488-conjugated anti-mouse and anti-
200 rabbit antibodies (A11001 and A11034) were purchased from Life Technologies. Goat
201  B-actin antibody (ab8229) was purchased from Abcam. Rabbit Axl antibody (C89E7)
202 was purchased from Cell Signaling. MKT-077 and Geldanamycin were purchased from

203  Sigma.
204

205  Immuno-localization of Hsp70 on and in Vero cells: To analyze co-expression of Hsp70
206 and ZIKV E glycoprotein by flow cytometry, 6x10° Vero cells were plated and cultured
207  overnight on 6-well plates. After being washed twice with culture medium without fetal
208  bovine serum (FBS), cell monolayers were infected with 0.1 ml of medium containing 5
209 MOI of ZIKV. Mock infection controls were performed without the virus. After 90
210 minutes of adsorption, unabsorbed virus particles were removed and 2 ml of
211 maintenance medium added. Virus and mock-infected cells were harvested (using
212 0.25% trypsin) at 24h and 48h post-infection for flow cytometry analysis. The staining

213 process was performed at 4°C using ice-cold reagents. Cells were washed twice (500 x

10
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214 g, 5 minutes) with medium containing 10% FBS to neutralize trypsin, then with flow
215  buffer (PBS with 0.1% BSA). Cells were fixed (4% freshly prepared paraformaldehyde
216 in PBS), suspended in permeabilization buffer (0.5% saponin in flow buffer), for 10
217  minutes, and incubated with Hsp70 and Zika virus E protein primary antibodies diluted
218  1:100 in permeabilization buffer for 60 minutes. Cells were then washed twice with
219  permeabilization buffer and incubated for 30 minutes with anti-rabbit-Alexa Fluor 488
220 and anti-mouse-Alexa Fluor 633 conjugated secondary antibodies diluted 1:200 in
221 permeabilization buffer. Cells were washed twice with flow buffer, and resuspended in
222 2% paraformaldehyde and stored at 4°C until analysis. Cells were analyzed using an
223 Amnis FlowSight (EMD Millipore, USA) with 488 nm, 633 nm, and 785 nm laser
224  excitation. 20,000 images of non-debris objects were collected for each sample using
225 INSPIRE® software. In-focus cells from data files were analyzed using IDEAS® version

226 6.2 (Amnis Corporation, USA) by gating on non-autofluorescent single cells.
227

228 Immunofluorescence microscopy was performed on Vero cells to elucidate the
229  distribution of Hsp70. Cells were seeded at a density of 2 x 10° cells/well in a 2 well
230 chamber slide at 37 °C. After 24 h, cells were fixed with 4% paraformaldehyde at room
231 temperature. Cells were permeabilized to investigate Hsp70/ZIKV co-localization inside
232 the cell or not permeabilized to investigate Hsp70 distribution on the cell surface. Hsp70

233 was stained using anti-Hsp70 antibody and examined by confocal microscopy.

234

11
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235 Plaque assays: Vero cells (5x10° cells/well) were grown to a confluent monolayer in 6
236 well plates and infected with serial dilutions of ZIKV-infected culture supernatant.
237  Incubation was carried out for 2 hours at 37 °C, after which monolayers were rinsed with
238 sterile PBS. Monolayers were overlaid with maintenance medium containing 0.6%
239 molten agarose and incubated at 37 °C for 3 days. At the end of incubation period,
240 secondary overlay media (primary overlay media along with 1% neutral red) was poured

241  and incubated at 37 °C overnight. The next day plaques were counted.
242

243  Plaque reduction neutralization assays: Confluent cell monolayers were grown in 6 well
244  plates and incubated with 1:50 dilution of polyclonal B-actin, Axl or Hsp70 antibodies at
245  4°C for 1h, rinsed with sterile PBS, and incubated with 10° pfu ZIKV particles, and

246  processed as described above for plaque assays.
247

248  Western blots: Cells were washed twice with PBS and lysed in RIPA buffer (Sigma).
249 The lysate was cleared by centrifugation at 14,000 Irpm for 20 Jmin at 4(1°C and
250 subjected to 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis
251 (SDS/PAGE), after which proteins were transferred to nitrocellulose membranes
252 (BioRad) that were blocked for 60CJmin at room temperature in 1XJTBST buffer
253  (500ImM Tris-HCI pH7.4, 2501 ImM NacCl, 0.1% Tween-20) containing 5% non-fat milk
254 powder. Membranes were incubated overnight at 4(1°C with anti-Hsp60 or anti-Hsp70
255 primary antibodies (1:1000). The next day, blots were washed 5 times with

256 1X ITBST, and incubated with the corresponding detection antibody (1:2000) in

12
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257 1XITBST containing 1% milk solution at room temperature for 1(1h. Signals were
258 detected with the enhanced chemiluminescence method (GE healthcare) or AP-based

259  colorimetric kit (BioRad).
260

261  For quantitation, blots were scanned and band intensities quantified using ImageJ
262  software (NIH, Bethesda, MD, USA). The background was first subtracted from the gel
263 image, the intensity of the Hsp70 band and Hsp60 control band quantified for each
264  sample by measuring the area under the intensity curve, and the value of Hsp70 divided
265 by the value for Hsp60. Quotients for each sample were normalized to hour O (for heat
266  treatment) or untreated (for geldanamycin) values to calculate protein induction.

267  Uncropped blots are included as Figure S3.
268

269  Cell heat shock assay: Confluent cell monolayers were grown in 12 well plates and
270  incubated at 44°C for 20 min or at 37°C (negative control). After heat shock, cells were
271 allowed to recover for 30 min at 37°C. Cells were harvested 2h, 4h and 8h post heat
272 treatment to check the expression level of Hsp70. At 8h post heat shock cells were
273 infected with ZIKV at an MOI of 0.1. Culture supernatants were harvested 48h post

274  infection and titrated for infectious ZIKV by plague assay.
275

276  MTT assay: To determine cell cytotoxicity, the colorimetric MTT assay (Biovision Inc,
277  USA) was used. Metabolically active, viable cells convert MTT into formazan, a water

278 insoluble product; however, dead cells lose this ability. Vero cells (1 x 10* cells/well)

13
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279  were cultured in a 96-well plate at 37 °C, and exposed to varying concentrations of
280 geldanamycin and MKT-077 for 24 h. Cells treated with medium only served as the
281  control group. After removing the supernatant of each well and washing twice by PBS,
282 20 pl of MTT reagent (5 mg/ml) and 100 pl of medium were introduced. Following
283 incubation for another 3.5 h, the resultant formazan crystals were dissolved in MTT
284  solvent (100 pl) and the absorbance intensity measured by a microplate reader at 600
285 nm. All experiments were performed in triplicates, and relative cell viability (%) was

286  expressed as a percentage relative to the untreated control cells.

287

288  Chemical Hsp70 induction assay: Cells were grown in 96 well plates and treated with
289  100nM, 200nM, or 500nM geldanamycin in DMEM for 1 hour at 37 1°C. Cells treated
290 with DMEM lacking geldanamycin served as a negative control. After treatment, cells
291  were washed twice with 1X PBS and infected with ZIKV at an MOI of 0.1. After 1 hour at
292 37 1°C in 5% CO., the virus inoculum was removed and replaced with 100 pl of growth
293 medium. Culture supernatants were harvested 48h post infection and titrated by plaque

294  assay.

295

296 MKTO77 Hsp70 inhibition assay: Cells were grown in 96 well plates and treated with
297  5uM or 10uM MKTO77in DMEM for 1 hour at 37°C. Cells treated with DMEM with no
298 MKT700 served as a negative control. After treatment, virus infection and quantitation

299 were carried out as described above.

300

14
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301  Antibody blocking Hsp70 on the cell surface and ZIKV infection assays: Vero cells were
302  cultured in Permanox two-well chamber slides (Thermo Fisher Scientific) at a density of
303  2x10° and incubated with a 1:50 dilution of Hsp70 polyclonal antibody at 4°C for 2 h. B-
304 actin antibody (1:50) was used as a negative control, and untreated cells were included
305 as an additional negative control. After 2 hours, cells were washed with phosphate
306 buffered saline (PBS) and infected with ZIKV at an MOI of 2.5 and incubated at 37°C in
307 5% CO,. After 24 h, cells were fixed with 4% formaldehyde in PBS and permeabilized
308  with 0.1% triton X-100 in PBS for 10 min at room temperature. Prior to staining, cells
309 were blocked with 5% BSA to prevent non-specific binding of antibodies and conjugate.
310 Cells were incubated with primary antibody targeting the flavivirus E protein at 1:100
311 dilution for 2 h at room temperature, followed by washing with PBS and incubation with
312  Alexa Fluor- 488 conjugated antibodies at a 1:500 dilution for 1 h at room temperature.
313 Cells were incubated with 0.5 pg/ml of 4',6-diamidino-2-phenylindole (DAPI; Life
314 Technologies) at 37°C for 10 min to stain cell nuclei. Slides were washed once with
315 PBS, once with deionized water, and then were air-dried and mounted using ProLong
316 Gold Antifade Reagent (Life Technologies) prior to examination on a fluorescence
317  microscope (Olympus BX41). For each slide, 5-10 random fields were chosen and for
318 each field the number of infected cells (counted by DAPI-stained nuclei) were counted,
319 as well as the number of cells infected with ZIKV to get the percentage of infected cells

320 per field.
321

322 In a separate experiment, cells were blocked with B-actin antibody (negative control) or

323 with Axl antibody (positive control), or Hsp70 polyclonal antibody and cells infected and

15
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324 incubated as described above. The culture supernatant was removed from cells and
325 infectious ZIKV particles in each treatment quantified by plague reduction neutralization

326  assays as described above.
327

328 Competition assay: To block virus surface ligands, 10° PFU of ZIKV was incubated with
329 1000 ng recombinant human Hsp70 (rhHsp70) protein (Enzo Life Science) or BSA
330 (control) for 90 minutes on ice. Vero cells were infected with ZIKV preparations at an
331 MOI of 1 at 37°C for 1 h, after which cells were washed three times with culture
332 medium. Fresh medium was added to infected cells which were then incubated at 48 h
333 at 37°C. The percentage of infected cells was determined by immuno-fluorescent
334  microscopy, and infectious ZIKV patrticles in the culture supernatant were determined by

335 plaque assays as described above.
336

337  Statistical analysis: Experiments with paired treatments were analyzed by t-tests.
338  Experiments with 3 treatments were analyzed by analysis of variance with Bonferroni’s

339  correction for multiple tests. Experiments were replicated two to three times.
340
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476 FIGURE LEGENDS

477  Figure 1. Localization of Hsp70 and ZIKV on the surface of Vero cells. A) Hsp70
478  (green), and B) ZIKV (purple) visualized on the surface of unpermeabilized Vero cells by

479  confocal microscopy. (C) Merge.

480

481  Figure 2. ZIKV-E protein interacts with Hsp70. A) Single-cell imaging flow cytometry
482 images of permeabilized cells demonstrating intracellular colocalization of Hsp70
483  (green; Alexa Fluor 488) and ZIKV E protein (red; Alexa Fluor 633). B) Flow cytometry
484  analysis of permeabilized cells stained for Hsp70 (green) and ZIKV-E protein (red). C)
485  Confocal microscopy images of permeabilized cells demonstrating co-localization of

486 intracellular Hsp70 (green) and ZIKV E protein (red).

487

488 Figure 3. Heat shock 70 (Hsp70) protein facilitates ZIKV infection. Heat (A) and
489  geldanamycin (B) induction of Hsp70 protein in Vero cells. Induction fold-change was
490 calculated by quantitating normalized band intensities using ImageJ software. ZIKV is
491 induced by heat (C) and geldanamycin treatment (D) in Vero cells. (E) Treatment of
492  Vero cells with the Hsp70 inhibitor MKTO77 suppresses ZIKV. Treatments with different
493 |owercase letters are significantly different at P < 0.0001. Error bars denote 95%
494  confidence intervals. Uncropped Western blots scanned from notebook are available as

495  Figure S3. MKT = MKTO77.

496
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Figure 4. Blocking ZIKV cellular attachment to Hsp70 reduces cell infection rates
and infectious particle production. Blocking Vero cells with Hsp70 antibody reduces
percentage of ZIKV-infected cells (A) and numbers of plagues by plaque reduction
neutralization assay (B). Competitive blocking with recombinant human Hsp70 protein
(rhHsp70) reduces both the percentage of infected cells (C) and production of infectious
ZIKV particles by plaque assay (D). Error bars denote 95% confidence intervals.

Treatments with different lowercase letters are statistically different at P < 0.01.
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