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Implication of heat shock proteins in rotavirus entry into Reh cells
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Summary. – The mechanisms of rotavirus entry into the target cell are described as a multi-step event 
in which the virions are bound to sialic acid (SA), followed by interaction with heat shock cognate pro-
tein 70 (Hsc70), some integrins and protein disulfide isomerase (PDI). However, the cell surface receptor 
molecules facilitating the entry of tumor cell-adapted rotavirus are not completely characterized. Using 
infection blocking assays with antibodies to some heat shock proteins (HSPs) and also some inhibitors 
of these cellular proteins, we were able to identify the cell surface Hsp90, Hsp70, Hsc70, Hsp60, Hsp40, 
PDI and integrin β3 as receptors of tumor cell-adapted rotavirus in Reh cells. Furthermore, the results 
also indicated that these rotavirus receptors are associated with lipid microdomains (rafts). Our findings 
provide evidence that rotavirus tropism for these human acute lymphocytic leukemia cells is explained by 
the relatively high expression of some HSPs in rafts. The results shown here encourage further research 
aim at evaluating the potential use of rotaviruses as an oncolytic agent for the treatment of some cancers.  
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Introduction

Rotaviruses, as members of the family Reoviridae, 
infect children under five years, producing severe and 
dehydrating diarrhea that causes annually more than 200 
000 deaths worldwide, mostly in developing countries 
(Crawford et al., 2017). Virus tropism refers to the types of 
organism, tissues, and cells that a virus can infect (Fields 
et al., 2007). Replication of animal viruses begins with the 
attachment of virions to some cellular molecules which 
are critical for maintaining the tropism of the virus. 
However, enveloped and non-enveloped viruses differ in 
the way they deliver their genome into the target cell. In 
the case of rotavirus, a non-enveloped virus, the mecha-

nisms involved in the attachment to MA104 cells are not 
completely understood. A multi-step event for attachment 
has been suggested in which virions are first bound to cell 
surface N-acetyl neuraminic (sialic) acid (SA), followed 
by the binding to heat shock cognate protein 70 (Hsc70) 
(Lopez and Arias, 2006; Arias et al., 2015), some integrins 
(Guerrero et al., 2000; Zárate et al., 2000, 2004; Graham et 
al., 2003), and protein disulfide isomerase (PDI) (Calde-
ron et al., 2012). These sequential interactions between 
the virions and cell surface molecules are mediated by 
the rotavirus structural proteins VP4 and VP7 and the 
entrance into the cell involves different types of endocy-
tosis and release into the cytosolic space, depending on 
the viral strain (Arias et al., 2015; Guerrero and Acosta, 
2016). Rotaviruses have been found to interact with the 
SA-containing ganglioside GM1, integrin subunits α2 and 
β3, and the heat shock cognate protein 70 (Hsc70), which 
are associated in cholesterol-enriched lipid microdomains 
(rafts) from MA104 cells (Isa et al., 2004).

Heat shock proteins (HSPs) are a family of chaperones 
involved in the response to several environmental and 
physiologically stressful conditions. HSPs play a critical 
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role in re-establishing the native conformation of proteins 
to maintain their functional state in both physiological 
and stress conditions. According to their molecular sizes, 
HSPs have been classified into six families: small HSPs 
(Hsp27), Hsp40 family, chaperonin family (Hsp60), Hsp70 
family, Hsp90 family, and large family of HSPs (Hsp110 
and glucose-regulated protein 170, GRP170) (wang et al., 
2014; wu et al., 2017). Normal cells respond to stress by 
increasing the expression of HSPs. However, the dysregu-
lated expression of HSPs is a contributor to the develop-
ment of some diseases, including cancer (Chatterjee and 
Burns, 2017). Most of the crucial proteins involved in the 
tumoral phenotype require increased expression of the 
HSPs for their re-folding, stabilization, and activation 
(Chatterjee and Burns, 2017). Inhibition of HSPs has 
been highlighted as a tool for targeting several proteins 
involved in maintaining the tumor progression (wang et 
al., 2014; Chatterjee and Burns, 2017).

Some small molecule inhibitors have been used to 
inhibit HSPs such as quercetin, RP10, and protein aptam-
ers for Hsp27 (Gibert et al., 2011; Heinrich et al., 2011; Chen 
et al., 2012). Myrtucommulone (wiechmann et al., 2017), 
bortezomib (Chang et al., 2012), and sinularin (Su et al., 
2012) have been shown to inhibit Hsp60 in malignant 
cells. Inhibition of Hsp70 has been obtained using small 
molecule inhibitors (pifithrin-µ, 15-deoxyspergualin, 
MAL3-101, VER-155008, MKT-077, and quercetin) (Nadeau 
et al., 1994; Britten et al., 2000; Rodina et al., 2007; Massey 
et al., 2010; Kaiser et al., 2011; Yang and Tohda, 2018), pro-
tein aptamers (A17) (Seigneuric et al., 2011), and antibody 
treatment (cmHsp70.1) (Stangl et al., 2011). Hsp90 has 
been inhibited with geldanamycin (Houry, 2014), radicicol 
(Soga et al., 2003), 17-AAG (Banerji et al., 2005), 17-DMAG 
(Lancet et al., 2010), IPI-504 (Hanson and Vesole, 2009), 
NVP-AUY922 (Ueno et al., 2012), and AT13387 (Graham et 
al., 2012). Other Hsp90 inhibitors include ganetespib (STA-
9090), CNF-2024/BIIB021, Debio 0932, PU-H71, SNX-5422 
and TAS-116 (Chatterjee and Burns 2017). HSF1, a member 
of the large HSP family, has been shown to be inhibited by 
quercetin (Nagai et al., 1995), KNK437 (Ohnishi et al., 2004), 
triptolide (Zhang et al., 2018), KRIBB11 (Yoon et al., 2011) 
and rocaglates (Santagata et al., 2013). The DNA binding 
ability of HSF1 has been reported to be inhibited by an 
RNA aptamer (Salamanca et al., 2014). 

The protein disulfide isomerase family encompasses 
many multifunctional endoplasmic reticulum enzymes 
that are implicated in the catalysis of thiol-disulfide 
exchange reactions and some of them are also present in 
the cell surface (Calderon et al., 2012). It has been recently 
shown that some PDI members participate in several hu-
man disorders, including cancer (Lee and Lee, 2017). PDI 
members are implicated in a variety of cancers in terms 
of promoting proliferation, survival, and metastasis 

of tumor cells (Zong et al., 2012; Ramos et al., 2015; Lee 
and Lee, 2017). Overexpression of PDI proteins, such as 
ERp57, ERp72, and P5  has been found in breast, thyroid, 
rectal, gastric and liver cancers (Xu et al., 2011; Ramos et 
al., 2015; Uyy et al., 2016). Integrins are transmembrane 
glycoproteins consisting of an α subunit and a β subunit. 
β1 and β3 integrins are implicated in the progression 
of different processes associated with cancer, such as 
the initiation, proliferation, survival, migration, and 
invasion (Pan et al.,, 2018). Since the expression of the β1 
and β3 integrins is involved in tumor progression, these 
proteins have been addressed as potential therapeutic 
targets for inhibiting tumor growth (Pan et al., 2018). In 
this context, antagonists of β1 or β3 integrin have been 
effectively used for inhibiting tumor growth (Robinson 
and Hodivala-Dilke, 2011; Besse et al., 2012). In clinical tri-
als, cilengitide, an inhibitor of αvβ3 integrin, was shown 
to lengthen the survival time of patients affected with 
some cancers (Vansteenkiste et al., 2015). In addition, 
monoclonal antibodies that block αvβ3 integrin func-
tion have demonstrated anti-angiogenic activity, tumor 
growth inhibition and reduction of metastasis rates in 
preclinical trials (Mulgrew et al., 2006). Monoclonal an-
tibodies to α5β1 integrin function have also proved to be 
a promising therapeutic strategy for treating malignant 
tumors in preclinical trials (Besse et al., 2012). 

Since oncolytic viruses have emerged as a therapeutic 
approach to effectively target and destroy cancer cells (Lin 
et al., 2018), and a variety of tumor cells exhibit an overex-
pression of HSPs, PDI and β3 integrin we took advantage 
of these two facts and analyzed the infection of Reh cells, 
derived from human acute lymphocytic leukemia, with tu-
mor cell-adapted rotavirus isolates. The specific tropism 
of oncolytic viruses for malignant cells has made them a 
promising tool in cancer treatment without significant 
adverse effects (Sivanandam et al., 2019). In contrast to 
conventional chemotherapy and radiotherapy, the onco-
lytic viruses can offer additional benefits in terms of the 
induction of effector anti-tumor immune response (Raja 
et al., 2018). In the present work, we show that tumor cell-
adapted rotavirus isolates were able to successfully infect 
Reh cells using the cell surface Hsp90, Hsp70, Hsc70, 
Hsp60, Hsp40, PDI and integrin β3 as receptors, which 
were found to be associated in lipid rafts. 

Materials and Methods

Cells and viruses. Reh cells (ATCC® CRL-8286™) derived from 
human acute lymphocytic leukemia (non-T; non-B) were kindly 
provided by Dr. J. P. Vernot (Faculty of Medicine, Universidad 
Nacional de Colombia) and grown in RPMI 1640 media (Sigma-
Aldrich, USA). Tumor cell-adapted rotavirus strains TRUYO, 
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wwM, wTEw, wt1-5, and ECwt-o were obtained as described 
previously (Guerrero et al., 2016). 

Virus purification. Viruses were purified from tumor cells 
(Guerrero et al., 2016) by two cycles of freezing and thawing 
in tris-buffered saline (TBS) followed by emulsification with 
Freon 113 and ultracentrifugation in sucrose-CsCl gradients as 
described previously (Gualtero et al., 2007). The triple-layered 
and double-layered particles (TLPs and DLPs) were sepa-
rately collected and further subjected to an additional cycle of 
sucrose-CsCl gradient centrifugation. Finally, virus particles 
were concentrated by ultracentrifugation and resuspended in 
TNC buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM MgCl2, 
and 5 mM CaCl2).

Cell infection. Cells (5 × 104) in 50 μl of RPMI 1640 without 
fetal bovine serum (FBS) were separately inoculated with rota-
virus isolates (MOI 0.8) and activated with trypsin at 10 mg/ml  
for 30 min at 37°C (Arias et al., 1996). The inoculated cells were 
incubated for 12 h at 37°C in a chamber with a humidified at-
mosphere containing 5% CO2. Cells were harvested and lysed 
by freezing and thawing. The infectious titer for each rotavirus 
yield was determined by immunochemistry assay.  

Immunochemistry assay. Cells infected with rotavirus iso-
lates in 96-well culture plates were fixed with 4% paraformal-
dehyde (PFA) for 30 min at room temperature (RT) followed by 
treatment with ice-cold methanol. Rabbit hyperimmune serum 
against rotavirus particles (1:2,000; prepared in our facilities) 
were added to PBS-washed cells and incubated for 1 h at 37°C. 
After washing with PBS, cells were incubated with secondary 
HRP-conjugated goat anti-rabbit antibodies (0.133 μg/ml, Santa 
Cruz, USA) for 1 h at 37°C. Cells positive for rotavirus structural 
antigens were visualized with 3-amino-9-ethylcarbazole (AEC; 
Sigma-Aldrich, USA) substrate (0.25 mg/ml) in 50 mM sodium ac-
etate buffer (pH 5.0), containing 0.04% H2O2. The mean percent-
age of infected cells was determined using a conventional light 
microscope by taking at least 10 representative photographs. 

Cell viability. Cell viability of Reh cell suspensions was de-
termined using the trypan blue exclusion test (Strober, 2001). 
The cell viability test was used to determine the maximum 
concentrations of antibodies to HSPs and HSP inhibitors toler-
ated by cells without affecting viability. Cell viability was also 
determined with resazurin (O'Brien et al., 2000) by treating the 
cells (6.6 x 104) in a 96-well culture plate with 100 ml of culture 
medium containing 0.4 mM resazurin (Amresco, USA). After 
incubation at 37°C for 4 h, the fluorescence of the product (re-
sorufin) was measured using a Cytation 3 Cell imaging multi-
mode reader (Bio-Tek, USA) at excitation wavelength of 535 nm 
and emission wavelength of 595 nm.

Isolation of cell membrane-enriched fractions. The isolation 
of the cell membrane enriched fractions was conducted es-
sentially as previously described (Lin et al., 1987). PBS-washed 
cells (1 x 108) were treated with hypotonic buffer (5 mM Hepes, 
pH 7.4, 50 mM sucrose) and lysed using a manual glass ho-
mogenizer for 5 min. To final concertation of 10 mM CaCl2 was 

added to the homogenates and centrifuged at 3,500 x g for 5 
min at 4°C. The supernatant was recovered and submitted to 
further centrifugation at 59,800 x g for 30 min at 4°C. The su-
pernatant was discarded, and the pellet resuspended in sterile 
PBS containing 0.02% sodium azide and kept at 4°C until use 
for maximum of 24 h. 

ELISA. Commercial antibodies and guinea pig or rabbit 
antibodies obtained in our facilities were previously tested 
in ELISA for the absence of cross-reactivity among them and 
the absence of cross-reactivity with rotavirus or the cellular 
proteins studied. To detect HSPs forming complexes with 
integrin β3, PDI and Hsc70, cell membrane-enriched fractions 
were solubilized with RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% 
DOC, 0.1% SDS, 50 mM Tris-HCl, pH 8.0) and applied into ELISA 
plates previously coated with rabbit antibodies against integrin 
β3, PDI or Hsc70 (Santa Cruz) and blocked with 1% casein. After 
wash with PBS - 0.05% Tween 20 (PBS-T), goat antibodies against 
Hsp90, Hsp70, Hsp60, Hsp40, integrin β3, PDI and Hsc70 (0.2 
µg/ml each, Santa Cruz) were separately added and incubated 
at 37°C for 1 h. Following three washes with PBS-T, secondary 
HRP-conjugated donkey anti-goat IgG (0.133 µg/ml) was added 
and maintained for 1h at 37°C. The reaction was visualized with 
OPD (Pierce, Thermo Scientific, USA) in 100 mM citrate buffer 
(pH 5) and detected at 492 nm. Incubation with all antibodies 
without solubilized cell membrane-enriched fractions was used 
as a control and data were presented as delta OD. In parallel, 
cell membrane-enriched fractions were separately incubated 
with the five rotavirus isolates for 1 h at 37°C. The cells were 
solubilized in RIPA buffer for 30 min at 37°C and incubated in 
ELISA plates coated with guinea pig capture antibodies against 
rotavirus structural proteins (SP). Goat antibodies against 
Hsp90, Hsp70, Hsp60, Hsp40, Hsc70, PDI or integrin β3, were 
separately added as primary antibodies, while HRP-conjugated 
anti-goat IgG was used as secondary antibody. Visualization of 
the reaction with OPD was done as described above.  

Isolation of lipid microdomains-rafts. Cells (1 x 108) in RPMI 
1640 were treated or left un-treated with 10 mM methyl-β-
cyclodextrin (Sigma, USA) for 1 h at 37°C and then washed with 
PBS. Cells were resuspended in lysis buffer (250 ml) consisting 
of 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 2 mM DTT, 
1% Triton X-100 and 2 mM PMSF and kept at 4°C for 20 min. The 
cell lysates were applied to 40% sucrose by adding an equal 
volume of 80% sucrose in lysis buffer and then overlaid with a 
5–30% continuous sucrose gradient and centrifuged at 120 000 x 
g for 4 h at 4°C. Fractions were collected from the top of the gra-
dient and then treated with 1% Triton X-100 for 30 min at 37°C. 
Solubilized fractions were placed into ELISA plates coated with 
anti-integrin β3 antibodies and blocked with 1% casein. The PBS-
T-washed plates were incubated separately with primary goat 
antibodies to Hsp90, Hsp70, Hsp60 or Hsp40, Hsc70 or integrin 
β3 for 1 h at 37°C and then washed three times with PBS-T. HRP-
conjugated anti-goat IgG was used as a secondary antibody. 
The reaction was visualized and analyzed as described above. 
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Inhibition of virus binding. Reh cells (1 x 107) in RPMI 1640 
without FBS were incubated with rabbit F(ab')2 fragments 
against synthetic peptides derived from Hsp90, Hsp70, 
Hsp60 or Hsp40. The peptide sequences used to induce the 
antibodies were as follows: Hsp90 (620-RDNSTMGYMAAK 
KHLEINPDHS-641); three peptides of Hsp70 (705-QIQQYM 
KIISSFKNKEDQYDHLD-727); (646-NSFTLKLEDTENwLY 
EDGDQPKQ-668); (741-AMEwMNNKLNLQNKQSLTMDP-761); 
Hsp60 (393-RLAKLSDGVAVLKVGGTSDVEVN-415); Hsp40 
(251-GSDVIYPARISLREALCGCTVNV-273). F(ab')2 fragments were 
added at serial dilutions (1:40, 1:80, 1:160, 1:320; 1:640 and 1:1,280) 
and incubated for 1 h at 37°C. Unbound F(ab')2 fragments were 
removed by washing with cold PBS and collected by centrifuga-
tion at 600 x g. The cells were separately inoculated with 1 ml 
of PBS at 4°C containing the respective rotavirus isolate at MOI 
2 and incubated for 45 min at 4°C. Cells were washed and lysed 
with RIPA buffer with 5 mM PMSF for 1 h at 37°C. In parallel, cell 
lysates were separately added into ELISA plates coated with anti-
SP rabbit capture antibodies and blocked with 1% casein. After 
incubation for 1 h at 37°C and washing with PBS, goat primary 
antibody to rotavirus SP was added for 1 h at 37°C. Following PBS 
washing, secondary HRP-conjugated anti-goat antibody (0.133 
µg/ml) was added and incubated for 1 h at 37°C. The reaction was 
developed with OPD substrate and analyzed as indicated above.

Immuno-dot blot assay. Suspensions of trypsin-activated 
rotavirus isolate wt1-5 (20 μl, MOI 3) were separately added 
onto PVDF membrane discs and incubated for 1 h at 37°C. 
Discs were blocked with 5% skimmed milk in PBS for 1 h at 
37°C under continuous agitation. In parallel, dot blots were 
separately incubated with rHsp90 or rHsp70 (30, 15, 7.5 and 
3.75 µg/ml) in 96-well culture plates at 4°C overnight. Dot blots 
were washed three times with PBS under continuous agitation 
and then incubated with rabbit serum against Hsp90 or Hsp70 
diluted 1:2,000 in PBS containing 0.5% BSA for 1 h at 37°C. After 
washing three times with PBS, secondary HRP-conjugated 
goat anti-rabbit antibody (0.4 g/ml, Santa Cruz) was added for 
1 h at 37°C. The reaction was detected using AEC substrate as 
indicated above. Conversely, 20 μl of rHsp90 or rHsp70 at 150 µg/
ml concentration were applied on dot blots and blocked with 5% 
skimmed milk for 1 h at 37°C under continuous agitation. The 
dot blots were separately incubated with rotavirus suspensions 
(50 μl, MOI 3) in 96-well culture plates at 4°C overnight. After 
PBS washing, the dot blots were incubated with anti-SP rabbit 
antibodies at 4°C overnight. Secondary HRP-conjugated goat 
anti-rabbit antibody was added and incubated for 1 h at 37°C. 
The reaction was visualized with AEC substrate as indicated 
above in the immunochemistry assay.  

Immunoprecipitation assay. Cell membrane-enriched frac-
tions were washed with PBS and separately incubated with 
the trypsin-activated rotavirus isolates in PBS and incubated 
for 45 min at 37°C. The preparations were treated with RIPA 
buffer with 5 mM PMSF for 30 min at 37°C. The solubilized 
membranes (100 μl) were incubated with Protein A-agarose 

beads (5 μl, 90–180 μm; Bio-Rad, USA) that had been coated with 
anti-SP antibodies blocked with 0.5% casein. The mixture was 
continuously agitated for 30 min at RT and afterwards the beads 
were collected by centrifugation and washed three times with 
PBS. The beads were boiled in Laemmli buffer and subjected 
SDS-PAGE followed by western blot analysis using a mixture 
of goat primary antibodies to Hsp90, Hsp70, Hsp60 and Hsp40 
(0.2 μg/ml, Santa Cruz) or, alternatively, goat primary anti-SP 
antibodies. Secondary HRP-conjugated donkey anti-goat IgG 
was added and incubated for 1h at 37°C. The reaction was 
developed with western blotting luminol reagent (Invitrogen, 
USA). Parallel analysis was conducted simultaneously with 
beads without antibodies as a negative control. As an alterna-
tive to previous immunoprecipitation approach, cells (1 x 107) 
were washed with PBS, resuspended in 1 ml of NHS-SS-Biotin: 
succinimidyl-2-(biotinamido)-ethyl-1,3'-dithiopropionate (1 mg/
ml; Pierce, USA) and incubated for 30 min at 4°C. The cells were 
washed in PBS containing 100 mM glycine for 30 min at 4°C 
before inoculation with each of five trypsin-activated rotavirus 
isolates at MOI 4 and incubated for 30 min at 4°C. Unbound 
virus was removed by washing the cells with MEM. The cells 
were washed with PBS and lysed with RIPA buffer before the 
addition of Protein A-agarose beads coated with rabbit anti-SP 
antibodies. The mixture was continuously agitated for 30 min 
at RT and processed as in SDS-PAGE/western blot analysis. The 
PVDF membrane was blocked with 5% casein and incubated 
with HRP-streptavidin conjugate for 1 h at 37°C. The reaction 
was developed as indicated above. 

Virus overlay protein binding assay (VOPBA). Cells (1 x 108) 
were lysed by vortexing in Laemmli buffer without reducing 
agent at RT. After centrifugation at 13,000 x g for 10 min, the 
proteins in the resultant supernatant were analyzed by SDS-
PAGE/western blot. One casein-blocked PVDF membrane strip 
was incubated with trypsin-activated rotavirus isolate wt1-5 at 
4°C overnight and washed once with PBS before fixation with 
glutaraldehyde (2.5% final concentration) for 30 min at 37°C. 
After washing with PBS, the membrane strip was incubated 
with rabbit primary anti-SP antibodies for 1 h at 37°C. After 
washing with PBS, secondary HRP-conjugated goat anti-rabbit 
antibody was added and incubated for 1 h at 37°C (0.2 μg/ml). 
The reaction was visualized using western blotting luminol kit 
(Invitrogen). A parallel membrane strip containing the same 
sample was probed with a mixture of goat antibodies to Hsp90, 
Hsp70, Hsp60 and Hsp40 and treated in the same way as the 
previous membrane strip, except that HRP-conjugated donkey 
anti-goat secondary antibody was used. 

Infection blocking assay with HSP antibodies. Rabbit sera 
directed to synthetic peptides derived from Hsp90, Hsp70, 
Hsp60, and Hsp40 were serially diluted in MEM without FBS 
and added to cells in 96-well culture plates for 1 h at 37°C. The 
cells were washed with MEM (Sigma-Aldrich, USA) without 
FBS and placed on ice for 15 min before inoculation with each 
rotavirus isolate at MOI 0.8 and incubated for 45 min at 4°C. 
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Unbound virus was removed by washing with PBS and the cells 
were incubated for 12 h at 37°C before the immunochemistry 
analysis to determine the percentage of infected cells. Alter-
natively, cells (2 x 105) in 48-well culture plates were incubated 
with goat antibodies (4 or 0.4 µg/ml) to Hsp90, Hsp70, Hsp60, 
Hsp40, Hsc70, integrin β3 or PDI or with a mixture of these an-
tibodies (0.4 µg/ml each) in PBS with 1% BSA. After incubation 
for 1 h at 37°C, the cells were washed twice with PBS and then 
inoculated with the rotavirus isolate wt1-5. The cells were col-
lected after incubation for 24 h at 37°C and fixed in 4% PFA in 
PBS for 30 min at RT. The PBS-washed cells were permeabilized 
with 0.5% Triton X-100 for 5 min at RT and washed twice with 
PBS before treatment with 50 mM ammonium chloride and 100 
mM glycine in PBS for 30 min at RT. Following PBS washing, 
rabbit serum against rotavirus SP was added and incubated 
for 1 h at 37°C followed by incubation with FITC-conjugated 
goat anti-rabbit secondary antibody (Santa Cruz) for 30 min 
at 37°C in the dark. The fluorescence was detected with a flow 
cytometer FACSCanto II (Becton Dickinson, USA). The analysis 
was performed using FlowJo vX.0.7 (tree Star) or BD FACSDiva 
software. Non-reactive isotype antibodies were used as a nega-
tive control to set the quadrant gates. Fluorescence data were 
expressed as median fluorescence intensity (MFI). Non-infected 
cells were also used as controls.

Inhibition of HSP activity. Cells were incubated with Hsp90 
inhibitors 17AAG (80, 40, 20 and 10 nM) (Kao, 2016), NVP-AUY922 
(16, 8, 4 and 2 nM) (Rui, 2015), radicicol (100, 50, 25 and 7.5 nM) 
(Gadelle, 2005), Hsp70 inhibitors VER-155008 (80, 40, 20 and 
10 nM) (Schlecht, 2013), quercetin (600, 300, 150 and 75 µM) 
(Rong, 2000) for 1 h at 37°C. Cells were inoculated with rotavirus 
isolates at MOI 0.8 and incubated for 45 min at 4ºC. The cells 
were immediately brought to 37°C for 12 h and then fixed with 
4% PFA before the immunocytochemistry analysis to determine 
the percentage of infected cells. Quercetin (300 µM) was also 
applied to cells after being subjected to 43°C for 30 min before 
inoculation with rotavirus isolates wTEw or wt1-5. Cells with-
out heat shock were used as controls.

Flow cytometry. Cells (7 x 106) in logarithmic growth phase 
were fixed with 4% PFA and washed twice with PBS before treat-
ment with 50 mM ammonium chloride and 100 mM glycine for 
30 min at RT. The cells were incubated with goat antibodies 
directed to Hsp90, Hsp70, Hsp60, Hsp40, Hsc70, integrin β3 or 
PDI in PBS with 1% BSA for 1 h a 37°C. The PBS-washed cells were 
incubated with FITC-conjugated rabbit anti-goat secondary an-
tibodies (Santa Cruz, USA) for 1 h at 37°C and then washed with 
PBS before being analyzed by flow cytometer BD FACSCanto II 
as indicated above. 

Pre-treatment of rotavirus isolates with recombinant HSPs. 
TLPs from rotavirus isolates TRUYO, wwM, wTEw, wt1-5 or 
ECwt-o infected at MOI 0.8 were treated with serial concentra-
tions (3.125–100 ng/ml) of rHsp90 or rHsp70 in PBS for 12 h at 
4°C. The resultant complex was added to cells, incubated for 
12 h at 37°C and then subjected to two cycles of freezing and 

thawing. The lysates were lysed with an equal volume of RIPA 
buffer (pH 7.5) and incubated for 1 h at 37°C. The solubilized 
samples were applied into ELISA plates coated with guinea pig 
anti-SP antibodies. Goat primary antibodies against rotavirus 
SP and HRP-conjugated rabbit anti-goat secondary antibodies 
were used and the reaction was developed with OPD substrate 
as indicated above. TLPs treated with BSA or left un-treated 
and cell lysates from non-infected cells were used as a controls. 

Statistical analysis. Data analysis was performed with the 
GraphPad Prism v5.0 software program. A two-way ANOVA 
was used to determine the significance of the differences be-
tween treatments. P-value <0.05 was considered as statistically 
significant. 

Results

Expression of HSPs, PDI and integrin β3 on cell 
surface

To examine the presence of Hsp90, Hsp70, Hsc70, 
Hsp60, Hsp40, PDI and integrin β3 on the Reh cell surface, 
we performed a flow cytometry analysis after treatment 
of cells with specific antibodies directed to these cellular 
proteins. The analysis showed a differential expression 
of these proteins in the cell population examined. De-
pending on the protein examined, the expression on cell 
surface ranged from 3.2 to 92.3% with Hsp90-positive cells 
showing the highest percentage of expression in the cell 
population (Fig. 1a). Quantification of expression for each 
protein is shown as MFI (Fig. 1b). 

Interaction of HSPs with PDI and integrin β3 on cell 
surface

To determine whether the Hsp90, Hsp70, Hsc70, Hsp60, 
Hsp40, PDI and integrin β3 are able to interact on the cell 
surface, RIPA solubilized cell membrane enriched frac-
tions were examined by ELISA using capture antibodies 
to PDI, Hsc70 or integrin β3. Detection of the proteins 
binding to the captured proteins showed that a positive 
binding was observed for Hsp90 when integrin β3 capture 
antibody was used. Similar delta OD values were obtained 
for Hsp70, Hsp60, Hsp40, Hsc70 and PDI (Fig. 1c). In the 
case of Hsc70 capture antibody, significant delta OD val-
ues were obtained for Hsp70 and Hsp40 binding (Fig. 1d). 
when PDI capture antibody was used, significant delta OD 
values were observed for both Hsp40 and Hsp70 (Fig. 1e). 
These results suggest that integrin β3 is forming a com-
plex in which are present all the examined proteins, while 
PDI appears to form a complex with Hsp70 and Hsc70 
only. However, the participation of other proteins in this 
complex cannot be excluded. 
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Fig. 1

Localization of Hsp90, Hsp70, Hsp60, Hsp40, Hsc70, PDI and integrin β3 in the cell membrane 
Immunofluorescence analysis by flow cytometry of cells stained with Alexa Fluor 488-conjugated IgG for the indicated cellular proteins (a). 
Fluorescence data were expressed as MFI and isotype antibodies were used as a negative control (b). ELISA analysis of RIPA buffer-solubilized 
cell membrane-enriched fractions captured by antibodies to integrin β3. Detection was performed by primary antibodies to Hsp90, Hsp70, 
Hs60, Hsp40, Hsc70, β3, or PDI and secondary HRP-conjugated antibody. Plates were read at 492 nm and the results expressed as delta OD 
values (c). Reactions were as indicated in “(c)” except that ELISA plates were coated with capture antibodies to Hsc70 (d). Reactions were 
as indicated in “(c)” except that ELISA plates were coated with capture antibodies to PDI (e). Sucrose gradient centrifugation of lysates 
from cells treated with methyl- β-cyclodextrin for isolation of rafts. Gradient fractions were analyzed by ELISA using capture antibodies 
to integrin β3. Detection was performed using antibodies to Hsp90, Hsp70, Hsp60, Hsp40, Hsc70 or integrin β3 and HRP-conjugated IgG 
as secondary antibody. The reaction was visualized using OPD and reading at 492 nm (f). Procedures were as described in “(f)” except that 
cells were non-treated with methyl-β-cyclodextrin. Data are shown as mean ±SD of three independent experiments performed in duplicate 
(g). Statistical significance is indicated by p-values (***p £0.01, **p £0.05, and *p £0.1).

(a) (b)

(c) (d) (e)

(f)
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Presence of HSPs in lipid rafts

To examine whether the HSPs expressed on the cell 
surface are associated in lipid microdomains – rafts, cells 
treated or un-treated with methyl-β-cyclodextrin were ly-
sed and analyzed in a sucrose gradient. The ELISA analysis 
of the Triton X-100-solubilized sucrose gradient fractions 
from un-treated cells showed that the integrin β3 antibody-
captured proteins reacted with antibodies to Hsp90, Hsp70, 
Hsp60, Hsp40, and Hsc70 in samples taken from the frac-
tion 1 (Fig. 1f), while methyl-β-cyclodextrin-treated cells 
showed that the protein bound by the integrin β3 capture 
antibody reacted with antibodies to Hsp90, Hsp70, Hsp60, 
Hsp40, and Hsc70 in samples taken from the fractions 4 to 8 
(Fig. 1g). These results suggest that integrin β3 can interact, 
whether directly or indirectly, with Hsp90, Hsp70, Hsp60, 
Hsp40, Hsc70, and PDI to form complexes in lipid rafts. 

Fig. 2

Binding of rotavirus isolates to Hsp90, Hsp70, Hsp60, Hsp40, Hsc70, PDI and integrin β3 
Incubation of Reh cells (a–e) or their cell membrane enriched fractions (f–j) with the indicated rotavirus isolates. RIPA-solubilized 
preparations were applied into ELISA plates coated with capture antibodies to rotavirus structural proteins. Detection was carried out 
with primary antibodies to HSPs, PDI, Hsc70, integrin β3 or rotavirus particles and HRP-conjugated IgG as secondary antibody. Data are 
shown as mean ±SD of three independent experiments performed in duplicate. Statistical significance is indicated by p-values (***p £0.01, 
**p £0.05, and *p £0.1).

Binding of rotavirus isolates to HSPs, PDI, and 
integrin β3

Since Hsp90, Hsp70, Hsp60, and Hsp40 were found to 
be forming complexes with Hsc70, PDI, and integrin β3 
as described above, we wanted to investigate whether 
the viral particles of rotavirus isolates were able to bind 
to these complexes. To gain insight into the occurrence 
of these probable interactions, cells or cell membrane-
enriched fractions were incubated with rotavirus isolates 
wTEw, TRUYO, wwM, wt1-5 or ECwt-o and then the RIPA 
cell lysates or RIPA solubilized cell membrane-enriched 
fractions were analyzed by ELISA using anti-rotavirus 
capture antibodies. In the case of both cells (Fig. 2a–e) and 
cell membrane-enriched fractions (Fig. 2f–j), the detection 
with antibodies to Hsp90, Hsp70, Hsp60, Hsp40, PDI, 
integrin β3, and Hsc70 showed positive and significant 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j)
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reactions for these cellular proteins in case of all the 
rotavirus isolates tested (Fig. 2a–j). These results suggest 
that rotavirus particles are forming direct or indirect 
complexes with the cellular proteins assayed. 

Inhibition of rotavirus binding by F(ab')2 fragments 
against HSPs

To confirm the binding of rotavirus particles to cell 
surface Hsp90, Hsp70, Hsp60, and Hsp40, cells pre-

treated with increasing concentrations of F(ab')2 frag-
ments to these cellular proteins were inoculated with 
the indicated rotavirus isolates. The ELISA analysis using 
anti-rotavirus capture antibodies showed a decreasing 
amount of rotavirus particles bound to cells that corre-
lated with the increasing amounts of F(ab')2 fragments 
to HSPs (Fig. 3a–e). These data suggest that cell Hsp90, 
Hsp70, Hsp60, and Hsp40 are being used by all the rota-
virus isolates tested.

Fig. 3

Blocking of rotavirus binding to the cell surface by antibodies against Hsp90, Hsp70, Hsp60, Hsp40, and Hsc70 
Pretreatment of Reh cells with F(ab')2 antibody fragments against to Hsp90, Hsp70, Hsc70, Hsp60 or Hsp40 before incubation with 
the rotavirus isolates indicated in panels. Cells were solubilized with RIPA buffer before addition to ELISA wells coated with capture 
antibodies to rotavirus particles. Detection was carried out with antibodies to rotavirus particles and the reaction was measured using 
HRP-conjugated IgG and OPD substrate (a–e). Data are shown as mean ±SD of three independent experiments performed in duplicate. 
Statistical significance is indicated by p-values (***p £0.01, **p £0.05, and *p £0.1).

(a) (b)

(c) (d)

(e)
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Binding of rotavirus particles to rHSPs in dot blot 
assay

To further investigate the binding of Hsp90 and Hsp70, 
with rotavirus particles, TLPs from rotavirus isolate wt1-
5 were bound to PVDF membrane in a dot blot assay and 
then incubated with rHsp90 or rHsp70. The detection 
with antibodies to Hsp90 and Hsp70-derived synthetic 
peptides showed positive reactions for these cellular 
proteins (Fig. 4a). In a reciprocal experiment, in which 
serial increasing dilutions of rHsp90 or rHsp70 were 
bound to the membrane, the reaction area for TLP anti-

gens was continuously decreasing as the concentration 
of the recombinant proteins decreased (data not shown). 
These data suggest that wt1-5 TLPs and the HSPs tested 
are directly interacting. 

Co-immunoprecipitation of HSPs with rotavirus 
particles 

we next assessed the occurrence of the interaction of 
Hsp90, Hsp70, Hsp60, and Hsp40 with rotavirus isolates 
wTEw, TRUYO, wwM, wt1-5, and ECwt-o by incubating 
these trypsin-activated isolates with cell membrane-

Fig. 4

Binging of rotavirus particles to Hsp90, Hsp70, Hsp60 and Hsp40, and inhibition of rotavirus infection by competition  
for binding to these HSPs 

Dot blot analysis of a suspension from wTEw isolate bound to PVDF membrane and incubated with rHsp90 or rHsp70. HSPs were de-
tected with their respective antibodies and the reaction detected with HRP-conjugated antibody and AEC substrate (a). Incubation of cell 
membrane-enriched fractions with the indicated rotavirus isolates. RIPA-solubilized cell membrane fractions were immunoprecipitated 
with agarose bead-coupled antibodies against rotavirus particles. The immunoprecipitated proteins were analyzed by SDS-PAGE/western 
blotting using antibodies against the indicated HSPs and luminol-based detection (b). Biotinylation of cell surface proteins with NHS-
SS-Biotin (succinimidyl-2-(biotinamido)-ethyl-1,3'-dithiopropionate before incubation with the indicated trypsin-activated rotavirus. 
RIPA-lysed cells were immunoprecipitated with Protein A-agarose beads coated with antibodies to rotavirus structural proteins (SP). The 
precipitated protein was analyzed by SDS-PAGE/western blotting and the biotinylated proteins detected with HRP-streptavidin conjugate. 
The positions of the HSPs are indicated (c). VOBPA assay of RIPA-lysed cells followed by non-denaturing and non-reducing PAGE/western 
blotting analysis. The membrane was incubated with wt1-5 and treated with a mix of antibodies to the HSPs (lane 1) indicated above or 
antibodies to rotavirus TLPs (lane 2) (d). Treatment of rotavirus isolates with the indicated concentrations of rHsp90 before incubation 
with cells. BSA or Hsc70-treated rotavirus isolates were used as a control. RIPA-lysed cells were analyzed by ELISA using capture antibodies 
to rotavirus particles. Detection was performed with antibodies to rotavirus particles. The reaction was revealed with HRP-conjugated 
IgG and OPD (e). Reactions were as indicated in “(e)” except that rHsp70 was used instead of rHsp90 (f). Data are shown as mean ±SD of 
three independent experiments performed in duplicate. Statistical significance is indicated by p-values (***p £0.01, **p £0.05, and *p £0.1). 

(a) (b) (c) (d)

(e) (f)
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enriched fractions. The immunoprecipitation assay 
with agarose beads coated with antibodies to rotavirus 
structural proteins, followed by an SDS-PAGE/western 
blot analysis, showed protein bands reacting with anti-
bodies to Hsp90, Hsp70, Hsp60, and Hsp40. The molecu-
lar masses of these protein bands were compatible with 
the expected molecular sizes for these cellular proteins 
(Fig.  4b). These results further confirm that rotavirus 
particles are able to interact with the HSPs tested. 

In an additional assay, the cell surface proteins were 
biotinylated before incubation with the rotavirus iso-
lates. The subsequent SDS-PAGE/western blot analysis 
of the immunoprecipitated proteins with antibodies to 
rotavirus particles showed that the protein bands had 
molecular masses corresponding to the expected sizes of 
Hsp90, Hsp70, Hsp60, and Hsp40 (Fig. 4c).

Binding of rotavirus particles to HSPs detected by 
VOPBA

To further confirm the interaction of the rotavirus 
particles with Hsp90, Hsp70, Hsp60, and Hsp40, a VOPBA 
analysis was conducted by subjecting cell lysates to SDS-
PAGE in non-reducing conditions. After incubation of 
the wt1-5 isolate with the PVDF membrane containing 

the transferred cellular proteins, protein bands with 
molecular mass values close to those expected for Hsp90, 
Hsp70, Hsp60, and Hsp40 were observed following the 
visualization with antibodies to rotavirus structural 
proteins (Fig. 4d). A parallel membrane without treatment 
with rotavirus particles showed similar pattern (Fig. 4d). 
These results further confirm that rotavirus particles are 
able to bind the HSPs assayed. 

Inhibition of infection by pre-treatment of rotavirus 
particles with rHsp90 and rHsp70

To determine whether the binding of HSPs to rotavi-
rus particles affects viral infection, the rotavirus isolates 
TRUYO, wwM, wTEw, wt1-5, and ECwt-o were pre-treated 
with decreasing concentrations of rHsp90 or rHsp70 
before inoculation into Reh cells. After incubation for 
12 h at 37°C, the ELISA analysis for the total rotavirus 
structural antigens accumulated in cell lysates showed 
that pre-treatment with recombinant HSP decreased the 
percentage of the accumulated viral antigen in cells that 
was dose-dependent for all the rotavirus isolates tested 
(Fig. 4e, f). The corresponding rotavirus isolate without 
HSP pretreatment was used as the 100% infection con-
trol. In the case of cells infected with the corresponding 

Fig. 5

Inhibition of rotavirus infection by antibodies to Hsp90, Hsp70, Hsp60 or Hsp40 
Treatment of cells with a serial dilution of antibodies to the indicated HSPs before incubation with the rotavirus isolates indicated in 
panels. Structural rotavirus antigens were detected by immunocytochemistry assay. Virus-inoculated cells without antibody pre-treatment 
were used as a control. Data are expressed as the percentage of infected cells (a–e). Cell viability of cells treated with an antibody against 
to Hsp90, Hsp70, Hsp60 or Hsp40. The percentages of viable cells at the indicated dilution are shown (f). Data are shown as mean ±SD of 
three independent experiments performed in duplicate. Statistical significance is indicated by p-values (***p £0.01, **p £0.05, and *p £0.1). 

(a) (b) (c)

(d) (e) (f)
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Fig. 6

Inhibition of Wt1-5 infection by commercial antibodies to Hsp90, 
Hsp70, Hsp60, Hsp40, Hsc70, PDI, and β3

Treatment of cells in logarithmic phase of growth with the indicated 
concentrations of antibodies to Hsp90, Hsp70, Hsp60, Hsp40, Hsc70, 
PDI, or β3 before infection with trypsin-activated wt1-5. The cells were 
examined by flow cytometry for the expression of rotavirus structural 
antigens (a). Isotype antibodies against potato virus Y (PVY) were used 
as a negative control (b). Cells treated and infected as indicated in “(a)” 
were analyzed for the presence of rotavirus antigens. The percentages 
of cells being positive to rotavirus antigens are shown. The fluorescence 
intensity of cells analyzed in “(a)” by flow cytometry is shown as MFI (c). 
Cell viability examined with resazurin of cells previously treated with 
antibodies to Hsp90, 70, 60, 40, Hsc70, PDI, and β3. Non-infected cells and cells infected with wt1-5 without antibody pre-treatment were 
used as a control. Percentages of cell viability are shown (d). Data are shown as mean ±SD of three independent experiments performed 
in duplicate. Statistical significance is indicated by p-values (***p £0.01, **p £0.05, and *p £0.1).

Hsp90-pretreated rotavirus, the highest decrease in the 
percentage of infected cells ranged between 78 and 84.7%, 
while this range was slightly lower for rHsp70 (64.9–75.1%) 
(Fig. 4e, f). The positive control represented by the Hsc70-
pretreated rotavirus using the highest comparable Hsc70 
concentration caused inhibition of wTEw or wt1-5 infec-
tion by 92.2% and 96.2%, respectively (Fig. 4e). The cell 
viability in the presence of the highest concentration 
used for pretreatment of viral particles was 97 and 96% 
for Hsp90 and Hsp70, respectively (data not shown). The 
results obtained after pretreatment of rotaviruses with 
the recombinant HSPs suggest that the recombinant 
proteins used in the pretreatment, competed with their 
cell surface counterparts. 

Inhibition of viral infection by antibody blocking of 
HSPs

To further investigate the particular function of Hsp90, 
Hsp70, Hsp60, and Hsp40 in the virus infection, rabbit 
polyclonal antibodies directed to synthetic peptides 
derived from these proteins were used to pretreat cells 
before infection with the indicated rotavirus isolates. 
Pretreatment of cells with HSP antibodies differentially 
inhibited rotavirus infection depending on the rotavirus 
isolate and the particular HSP tested. The maximum in-
hibition values produced by the antibody pretreatment 
of cells are shown as the proportion of infected cells com-
pared to the cells that did not have antibody pretreatment 

(a) (b)

(c)

(d)
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(Fig. 5a). At the lowest antibody dilution used, the high-
est infectivity inhibition was observed with the Hsp90 
antibody cell pretreatment for wTEw (72%), wt1-5 (75%), 
ECwt-o (62%), and wMw (70%), while TRUYO showed 
its highest inhibition (75%) after cell pretreatment with 
antibodies to several Hsp70 domains (Fig. 5a–e). Reduc-
tion of infectivity by cell pretreatment with antibodies 
to Hsp70, Hsp60, and Hsp40 was not higher than 52% for 
all the rotavirus isolates assayed (Fig. 5a–e) at the lowest 
antibody dilution used. To evaluate the effect of the anti-
bodies to HSPs on cell viability, we tested the antibodies 
at increasing concentrations. By the trypan blue assay, it 
was found that the percentages of cell viability for Reh 
cells were 94%, 98%, 93%, and 96% after treatment with 
antibodies to Hsp90, Hsp70, Hsp60, and Hsp40, respec-
tively, at the highest concentrations used (Fig. 5f). Overall, 
these results suggest that the rotavirus particles use the 
tested cell surface HSPs as receptors to infect Reh cells. 

In order to further analyze the implication of HSPs and 
other cell surface proteins during the rotavirus infection 
of Reh cells, cell surface Hsp90, Hsp70, Hsp60, Hsp40, 
Hsc70, PDI and integrin β3 were blocked with commer-
cial goat antibodies (4 and 0.4 µg/ml) or with a mixture 
of these antibodies (0.4 µg/ml each). After infection with 
the rotavirus isolate wt1-5, the dot plot flow cytometry 
analysis of the cells stained for rotavirus antigens (Fig. 
6a) showed that the percentage of cells positive for viral 
antigens was differentially decreased depending on the 
blocked cell surface protein. The antibodies to Hsp90 re-
duced the proportion of infected cells by 67.3% (at 4 µg/ml) 
and 47.8% (at (at 0.4 µg/ml) while Hsp70 antibody pretreat-
ment of cells reduced the infectivity by 85.3% and 58.6%, 
respectively (Fig. 6b). Similar reductions in viral infectiv-
ity were caused by pretreatment of cells with antibodies to 
the remaining HSPs tested: Hsp60 (68.4 and 64.5%), Hsp40 
(73.4 and 51%), and Hsc70 (65.8 and 42.1%) (Fig. 6b). Slightly 
lower reduction in viral infectivity occurred when cells 
were pretreated with antibodies to PDI (55.7 and 42.4%) 
or integrin β3 (64.3 and 53.2%) (Fig. 6b). Interestingly, the 
effect of antibody treatment on viral infectivity was not 
additive as the pretreatment of cells with a mixture of all 
antibodies (0.4 µg/ml each) produced a viral infectivity 
reduction of only 70% (Fig. 6b). 

when the reduction of infectivity determined by 
reduction of the viral antigen accumulated in cells was 
shown as MFI on the dot plots, it was found that high-
est inhibitory effect on viral antigen accumulation was 
caused by Hsp90 and Hsc70 antibody pretreatment of 
cells, followed by the Hsp70 and integrin β3 antibody pre-
treatment (Fig. 6c). A significant reduction of the median 
fluorescence intensity (MFI) for the cells pretreated with 
the antibody mixture was also observed (Fig. 6c). MFI was 
not reduced in the case of the remaining antibodies used 

in the pretreatment of cells when compared to the MFI 
corresponding to the cells without antibody pretreatment 
(Fig. 6c). Cytotoxic effects produced by the antibodies were 
discarded as mitochondrial metabolic activity and cell vi-
ability were similar for antibody-pretreated or untreated 
cells (Fig. 6d). These results indicate that the cell surface 
proteins examined are participating at least in the entry 
process of the wt1-5 strain particles.

Effects of Hsp90 and Hsp70 inhibitors on viral infec-
tion

To determine whether the HSPs studied are only virus-
binding proteins or whether their ATPase activity is also 
required for rotavirus infection, the cells were preincu-
bated with the Hsp90 inhibitors 17AAG, NVP-AUY922, 
and radicicol or the Hsp70 inhibitors VER-155 008, and 
quercetin at different concentrations. After 12 hpi, the 
percentage of infected cells was decreased by the inhibitor 
pretreatment of cells. The inhibition was dependent on 
both the inhibitor and the rotavirus isolate (Fig. 7a–f). At 
the highest inhibitor concentrations, Hsp90 inhibitors re-
duced the proportion of infected cells by 37% to 87%, while 
Hsp70 inhibitors by 62% to 87% depending on the inhibi-
tor and the rotavirus isolate (Fig. 7a–f). The less sensitive 
rotavirus isolate was TRUYO (37%) after pretreatment 
with the Hsp90 inhibitor NVP-AUY (Fig. 7b) while the 
most sensitive rotavirus isolate was wt1-5 when the cells 
were pretreated with radicicol (87%) (Fig. 7d). In the case 
of cell pretreatment with quercetin (300 µM) at 43°C for 
30 min, the inhibition reached 100% and 82% for isolates 
wTEw and wt1-5, respectively (Fig. 7f). The percentage 
of inhibition using the same inhibitor was 64 and 70% at 
37°C for isolates wTEw and wt1-5, respectively (Fig. 7f). 
Cell viability after inhibitor application, as determined 
with the trypan blue exclusion test, ranged from 90 to 
99.5% (Fig. 7g). These percentages suggest that the used 
inhibitors did not significantly affect the cell viability. 
The effect of the HSP inhibitors on the virus infection 
suggests that the inhibition of one HSP is not enough to 
completely inhibit the virus infection. It sounds plausible 
that rotaviruses can use alternative cell surface receptors 
for binding and entry into the host cell.

Discussion

Entry of rotavirus particles into the target cell is a 
multistep process depending on cell surface molecules, 
including Hsc70 (Guerrero et al., 2002). Some viruses have 
been reported to use HSPs for binding to the host cells (Xu 
et al., 2019; Reyes-del Valle et al., 2005; Lin et al., 2007). In 
our experimental approach, Hsp90, Hsp70, Hsp60, Hsp40, 
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Fig. 7

Effect of inhibition of Hsp90 and Hsp70 on rotavirus infection
Treatment of cells with different concentrations of Hsp90 inhibitors (17AAG, NVP-AUY or radicicol) or Hsp70 inhibitors (quercetin (QC) or 
VER155008) before inoculation with the rotavirus isolates indicated in panels. Viral structural antigens were detected by immunochemistry 
assay and infection was expressed as the percentage of infected cells (a–e). Incubation of cells with QC at 43 or 37 °C before infection with 
wTEw or wt1-5. Percentages of infected cells determined by immunocytochemistry assay are shown (f). Cell viability of the cells treated 
with 600 mM of the indicated HSP inhibitors (g). Data are shown as mean ±SD of three independent experiments performed in duplicate. 
Statistical significance is indicated by p-values (***p £0.01, **p £0.05, and *p £0.1).

(a) (b)

(c) (d)

(e) (f)

(g)
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Hsc70, PDI, and integrin β3 were found exposed on the 
cell surface, although their presence was variable in the 
population of Reh cells. Moreover, the rotavirus isolates 
were susceptible to competitive inhibition by virion 
pretreatment with the soluble recombinant Hsp90 and 
Hsp70, suggesting that the binding of the recombinant 
proteins to the virions compete with the cell surface 
receptor binding. Blocking with antibodies directed to 
these cellular proteins present on the cell surface was 
able to substantially reduce rotavirus infection. However, 
antibody pretreatment of cells with a mixture containing 
all the antibodies against these cellular proteins was un-
able to cause 100% inhibition of viral infection. In conse-
quence, it cannot be excluded that rotavirus binding and 
infection are mediated by still unknown receptors. Lack 
of additive effects by antibody blocking of cell receptors 
used by some rotavirus strains in MA104 cells has also 
been reported (Guerrero et al., 2002). Rotaviruses appear 
to use alternative entry pathways, some of them leading 
to unsuccessful entry and infection (Guerrero and Acosta, 
2016). It is possible that other cell surface proteins are in-
volved in facilitating rotavirus entry rather than function-
ing as a virus-binding protein. In addition, the implication 
of Hsp90 and Hsp70 in the rotavirus infection was further 
confirmed by the use of inhibitors of these HSPs since 
these inhibitors caused a significant inhibition of the 
infection by the different rotavirus isolates. These find-
ings suggest that the ATPase activity of HSPs is needed 
during the entry process of rotavirus into the Reh cells. 
Since Hsp90 and Hsp70 are molecular chaperones, further 
research is needed to elucidate the eventual participation 
of the chaperone activity during rotavirus entry.

The interaction of Hsp90, Hsp70, Hsc70, Hsp60, Hsp40, 
PDI and integrin β3 in lipid rafts, regardless of whether 
direct or indirect, strongly suggests that the physical 
proximity of these cellular proteins plays a role in the 
entry of rotavirus particles. Association of heat shock 
proteins with lipid rafts has already been demonstrated 
to be required for infection with some viruses (Reyes-
del Valle et al., 2005; Zhu et al., 2012). To characterize the 
interaction between rotavirus and some HSPs, direct 
binding of rotavirus isolate wt1-5 to rHsp90 and rHsp70 
was demonstrated by a dot blot analysis. However, the 
detailed mechanism implicated in the binding and entry 
of the rotavirus isolates in the present work remains to 
be elucidated.  

Despite the recent advances in the understanding of 
the mechanisms explaining the rotavirus infection, many 
events of rotavirus binding and penetration into the target 
cell remains to be elucidated. Rotaviruses appear to use 
alternative pathways for entry since the inhibition of 
the proposed cell surface receptors is unable to produce 
complete inhibition of the infection (Guerrero and Acosta, 

2016). In addition, rotaviruses are internalized into the 
host cells using different types of endocytosis, and in a 
strain-dependent manner travel to different endosomal 
compartments before entering the cytosolic space (Arias 
et al., 2015). It has been proposed that rotaviruses use es-
sentially three types of cellular molecules for entry into 
the host cells: 1) molecules for attachment such as SA and 
some integrins; 2)  chaperone molecules, including Hsc70 
and other HSP; and 3) redox molecules such as PDI, Erp57, 
and other thioredoxins (Guerrero and Acosta, 2016). 

Although a wide array of cell surface molecules be-
longing to three non-related molecular families serve as 
rotavirus receptors, we show here that tumor cell-adapted 
rotaviruses require some cell surface-expressed HSPs as 
entry receptors. Our findings further extend the reper-
toire of molecules used by rotaviruses for entry into the 
host cell. Interestingly, these additional rotavirus recep-
tor molecules identified here are abundantly expressed 
on the cell surface of many tumor cells, making them 
particularly sensitive to be targeted by rotaviruses. HSPs 
are commonly over-expressed in many solid tumors due 
to the well-known stress conditions characterizing the 
tumor cell challenging environment. In contrast, the 
HSPs identified in the present work are barely expressed 
in normal cells. Another striking feature of the HSPs 
functioning as rotavirus receptors is illustrated by their 
presence in lipid microdomains (rafts) forming a com-
plex with other cell surface proteins already identified 
as rotavirus receptors such as Hsc70, PDI, and integrin 
β3. The location of rotavirus receptors as a complex in 
rafts suggests temporospatial coordination of rotavirus 
entry events.  

The results of the present study allows us to suggest 
that rotaviruses seem to share a general mechanism of 
entry but the specific molecules within the general three 
molecular categories proposed can differ partially and to-
tally depending on the type of cell and the virus strain. The 
pathways used for rotavirus entry appear to depend on the 
relative abundance of the cell surface molecules involved 
and on their physical proximity, mainly in lipid microdo-
mains (rafts). The penetration of rotavirus into the host 
cells is supposed to involve conformational changes in 
the rotavirus structural proteins produced by some of cell 
surface molecules. In this context, we postulate that the 
rotavirus isolates used in this study show some changes 
in their structural proteins which might have occurred 
during their selection through the repeated passages in 
tumor cells (Guerrero et al., 2016). These changes would 
explain the preferred tropism of these rotavirus isolates 
for tumor cells exhibiting high cell surface expression of 
Hsp90, Hsp70, Hsp60, and Hsp40, besides Hsc70. 

The results of the present work further confirm that 
HSPs expressed on the cell surface of cells derived from 
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human acute lymphocytic leukemia are used by tumor 
cell-adapted rotaviruses to cause infection. The results 
shown here encourage further research aim at evaluating 
the potential use of rotaviruses as an oncolytic agent for 
the treatment of some cancers. 
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