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In this work, we have identified the heat shock cognate protein (hsc70) as a receptor candidate for
rotaviruses. hsc70 was shown to be present on the surface of MA104 cells, and antibodies to this protein
blocked rotavirus infectivity, while not affecting the infectivity of reovirus and poliovirus. Preincubation of the
hsc70 protein with the viruses also inhibited their infectivity. Triple-layered particles (mature virions), but not
double-layered particles, bound hsc70 in a solid-phase assay, and this interaction was blocked by monoclonal
antibodies to the virus surface proteins VP4 and VP7. Rotaviruses were shown to interact with hsc70 at a
postattachment step, since antibodies to hsc70 and the protein itself did not inhibit the virus attachment to
cells. We propose that the functional rotavirus receptor is a complex of several cell surface molecules that

include, among others, hsc70.

Rotaviruses are formed by a triple-layered protein capsid
(12). In the surface of the virus there are two proteins, VP4 and
VP7, which are responsible for the initial interactions of the
virus with the host cell. VP4, the viral attachment polypeptide,
is cleaved by trypsin into subunits VP5 and VPS8, and this
cleavage is associated with the penetration of the virion into
the cell (12).

Rotavirus strains can be divided, with regard to their re-
quirements to attach to the host cell, into neuraminidase
(NA)-sensitive (those requiring sialic acid) and NA-resistant
strains (those that either do not require sialic acid or bind to
sialic acid molecules resistant to the NA treatment). Many of
the strains isolated from animals, including the rhesus rotavi-
rus RRV, are NA sensitive (9, 16, 28, 33), while a number of
animal rotaviruses and most, if not all, human rotavirus strains,
including the human rotavirus Wa, are resistant to NA (9, 16,
34). Some NA-sensitive rotavirus strains have been suggested
to bind ganglioside GM3 containing N-glycolyl neuraminic
acid as the sialic acid moiety, which is sensitive to NA treat-
ment (11, 47), while some human rotaviruses have been pro-
posed to use GM1, an NA-resistant ganglioside, to attach to
cells (21). In addition, it has recently been shown that rotavirus
nar3, a variant of RRV that, unlike the parental virus, does not
require sialic acid to bind to cells, uses integrin a2B1 as its
docking molecule on the cell surface (54).

Regardless of the cell molecule employed to initially attach
to the cell surface, it has been shown that both NA-sensitive
and NA-resistant rotaviruses interact with integrin avp3 at a
postattachment step (19). These findings have led to the hy-
pothesis that rotavirus cell entry is a multistep process (1, 34).

We recently showed that an octyl-B-glucoside extract of
MAT104 cells, obtained under nonlytic conditions, has the abil-
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ity to efficiently block rotavirus infectivity when preincubated
with the virus before cell infection (20). From this detergent
extract, we isolated a protein band of about 73 kDa which
showed a high blocking specific activity for rotaviruses (20).
Four tryptic peptides derived from this band were sequenced;
two of them corresponded to a-actinin, while the other two
had a 100% identity with the human heat shock cognate pro-
tein hsc70, at amino acid regions 160 to 171 and 221 to 236.

hsc70 is present on the surface of rotavirus-susceptible and
nonsusceptible cells. Even though hsc70 does not have an
export signal sequence, it has been shown that it can be ex-
posed on the surface of various cell types (see below). In this
work, the presence of this protein on the surface of MA104
cells was demonstrated by flow cytometry (Fig. 1A) and by
immunofluorescence (Fig. 1B), where nonpermeabilized cells
showed the ringlike pattern of staining that has been previously
observed for human 5838 Ewing’s sarcoma cells expressing
hsc70 on their surface (37). In addition, we analyzed by flow
cytometry the presence of this protein on the surface of various
cell lines which differ in their susceptibility to the virus. We
assayed Caco-2 cells, which are infected as efficiently as
MA104 cells by rotaviruses RRV, nar3, and Wa; Hep2 cells,
which are not infected by human rotavirus Wa and are about
10- and 1,000-fold less susceptible than MA104 for rotaviruses
nar3 and RRYV, respectively; and BHK cells, which are about
10,000-fold less susceptible to infection by all three viruses
(data not shown). Hsc70 was detected on the surface of these
three cell lines, being more abundant in Hep2 and BHK cells
than in Caco-2 cells (Fig. 1C).

Antibodies to hsc70 block rotavirus infection. Given these
findings, monoclonal antibodies (MAbs) to hsc70 were evalu-
ated for their ability to block rotavirus infectivity when prein-
cubated with MA104 cells before virus infection. An anti-a-
actinin MAb was found not to affect rotavirus infectivity, while
MADbs either specific for hsc70 or which cross-react with both
hsc70 and hsp70 blocked the infectivity of all three viruses by
about 50 to 60%, depending on the MAb and the virus strain
(Fig. 2A). On the other hand, one MAb specific for hsp70
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FIG. 1. hsc70 is present on the surface of cells. (A) Flow cytometry analysis of hsc70 surface expression in MA104 cells. MAb MA3-014, specific
for hsc70 (solid line), was used at a 1:25 dilution. The control antibody of isotype immunoglobulin M (dashed line) was used at 20 pg/ml. The assay
was performed as described previously (29). (B) Immunofluorescence of nonpermeabilized MA104 cells incubated with a MADb to hsc70. MA104
cells were fixed with paraformaldehyde and were incubated with a 1:25 dilution of MAb MA3-014 (left panel) or control immunoglobulin M (10
png/ml) (right panel) for 90 min at room temperature, followed by staining with a goat anti-mouse immunoglobulin M coupled to fluorescein
isothiocyanate, as described earlier (29). (C) Flow cytometry analysis of the presence of hsc70 on the surface of Caco-2, Hep2, and BHK cells, using
the same hsc70 and control antibody described above for MA104 cells.

(MADb MA3-009) did not show rotavirus-blocking activity. In
addition, a mixture of MADs to hsc70 inhibited the infectivity
of all three rotavirus strains by about 80%, while not affecting
the infectivity of poliovirus and reovirus, two other nonenvel-
oped viruses (Fig. 2B). The MAbs and a hyperimmune serum
to hsc70, prepared by immunization of rabbits with a recom-
binant purified human hsc70 protein (see below), did not in-
hibit rotavirus infectivity if incubated with the cells after the
viruses had been adsorbed at 37°C for 1 h (not shown). The
rabbit polyclonal antibodies to hsc70 were used to test if this
protein was involved in the infection by rotaviruses of cells
other than MA104. These antibodies inhibited the infectivity of
rotaviruses Wa, nar3, and RRV in Caco-2 cells as efficiently as
in MA104 cells (Fig. 2C) and also blocked the infectivity of
nar3 in Hep?2 cells (Fig. 2C). The inhibition of the infectivity of
rotaviruses RRV and Wa in Hep2 cells and of all three strains
in BHK cells could not be evaluated reliably since only a few
cells were infected. These findings suggest that hsc70 is in-
volved in rotavirus infection of cells other than MA104 but also
indicate that hsc70 by itself is not the protein that determines
the tropism of rotaviruses.

hsc70 binds to rotaviruses and inhibits their infectivity. A
recombinant human hsc70 protein containing a COOH-termi-
nal histidine tail was produced in bacteria and purified by
nickel column affinity. This protein, as well as a natural bovine

hsc70 protein (StressGen Biotechnologies), was able to block
rotavirus infectivity in a dose-dependent manner when prein-
cubated with the viruses before infection. At a concentration of
50 ng/ml, they inhibited the infectivity of the viruses by about
40 to 50% (Fig. 3A and B). In contrast, a-actinin (Fig. 3A),
spectrin (Fig. 3B), and bovine serum albumin (not shown) had
no effect on the infectivity of the viruses.

To confirm that rotaviruses bind directly and specifically to
hsc70, purified triple-layered particles (TLPs) of RRV or virus
particles lacking the surface proteins (double-layered particles,
DLPs) were tested for their ability to bind the recombinant
human hsc70 protein in an enzyme-linked immunosorbent as-
say. The TLPs bound to hsc70 in a dose-dependent manner,
while the DLPs failed to bind this protein at the concentrations
assayed (Fig. 4A). The binding of TLPs to hsc70 was shown to
be specific, since it was efficiently competed by MAbs 159 to
VP7 (P = 0.02) and 2G4 to VP5 (P = 0.009) but not by MADbs
7A12 to VP8 (P = 0.14) and 255/60 to VP6 (Fig. 4B).

Neither antibodies to hsc70 nor the hsc70 protein blocks the
binding of rotaviruses to cells. The hsc70 polyclonal serum
blocked the infectivity of the viruses in MA104 cells to an
extent similar to that achieved with the MAbs to this protein;
however, it did not significantly block the binding of rotavi-
ruses to cells (P = 0.29, 0.50, and 0.47 for rotaviruses Wa, nar3,
and RRYV, respectively; Fig. SA). Similarly, despite its ability to
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FIG. 2. Rotavirus infectivity is inhibited by antibodies to hsc70. MAbs to hsc70 (A) or a mixture of MAbs to hsc70 (B) was added to monolayers
of MA104 cells for 90 min at 37°C. After incubation with antibody, the cells were washed, and then RRV, nar3, or Wa viruses (or reovirus and
poliovirus in panel B) were adsorbed for 45 min at 4°C, the viral inoculum was removed, and the cultures were maintained for 14 h at 37°C. Cells
were then fixed and immunostained as described earlier (20). Data are expressed as percentage of the virus infectivity obtained when the cells were
preincubated with minimal essential medium as control. The average number of foci counted, representing 100% infectivity, was 107, 173, and 100
in panel A and 189, 129, and 112 in panel B for RRV, nar3, and Wa, respectively. The bars represent the standard error of at least three
independent experiments performed in duplicate. The antibodies used in panel A were MA3-001 (open triangles), MA3-006 (open squares),
MA3-007 (open circles), MA3-008 (open diamonds) (hsc70 + hsp70), MA3-009 (closed squares) (hsp70), and a MAD to a-actinin (closed circles).
The mixture of antibodies used in panel B contained MAbs MA3-001, MA3-006, MA3-007, MA3-008, and MA3-014. All these antibodies were
from Affinity Bioreagents Inc. (C) Rotavirus infectivity in Caco-2 and Hep2 cells is inhibited by antibodies to hsc70. Rabbit preimmune (open
symbols) or hyperimmune (closed symbols) purified polyclonal antibodies to hsc70 were added to monolayers of Caco-2 and Hep2 cells, followed
by addition of the viruses using the same incubation conditions described above. The average number of foci counted representing 100% infectivity
was 118, 113, and 99 for rotaviruses RRV, nar3, and Wa, respectively, in Caco-2 cells and 80 for nar3 in Hep2 cells. The bars represent the standard
error of at least two independent experiments performed in duplicate.

o

block the infectivity of rotaviruses, the hsc70 protein did not cells at 4°C, conditions where the virus particles attach to the

significantly affect the binding of the viruses to cells (P = 0.11, cell surface but do not enter the cell, they are still able to
0.74, and 0.50 for rotaviruses Wa, nar3, and RRYV, respectively; efficiently inhibit infectivity (Fig. 5B).

Fig. 5A). These results suggest that rotaviruses interact with hsc70 is a constitutive member of the heat shock-induced
hsc70 on the cell surface at a postattachment step. This obser- hsp70 protein family that functions in normal cellular physiol-

vation is supported by the fact that if antibodies to hsc70 or the ogy. The proteins in this family are highly conserved nucleo-
hsc70 protein is added after the viruses have been adsorbed to cytoplasmic ATPases which have been associated to a number
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FIG. 3. Rotavirus infectivity is blocked by protein hsc70. The indi-
cated concentrations of either recombinant human hsc70, bovine
hsc70, a-actinin, or spectrin were incubated with the viruses for 90 min
at 37°C. The virus-protein mixtures were added to MA104 cells for 45
min at 4°C. The cells were washed and the cultures were maintained
for 14 h at 37°C. Cells were then fixed and immunostained as described
earlier (20). Data are expressed as the percentage of the virus infec-
tivity obtained when the viruses were preincubated with minimal es-
sential medium as control. The average number of foci counted, rep-
resenting 100% infectivity, was 134, 127, and 116 in panel A and 114,
94, and 118 in panel B for RRV, nar3, and Wa, respectively. The bars
represent the standard error of at least three independent experiments
performed in duplicate.

of functions, including protein folding, translocation across
biological membranes, and assembly and disassembly of oligo-
meric complexes. In response to different stress conditions,
these proteins prevent the formation of protein aggregates by
stabilizing unfolded intermediates which are subsequently re-
folded to the native state or degraded (23, 32, 36). In partic-
ular, hsc70 has been shown to favor protein transport across
organellar membranes, bind nascent polypeptides, and disso-
ciate clathrin from clathrin coats (40).

It is well documented that infection of animal cells by viruses
often results in alterations of the cellular stress response, which
is characterized by elevation and relocalization of heat shock
proteins (26). In most cases the induced stress proteins have
been shown to be members of the hsp60, hsp70, and hsp90
families, depending on the type of virus and host cell (26). In
some cases, a direct interaction between the stress proteins and
viral polypeptides has been documented, and stress proteins
have been described to be present in the mature virions of
rabies (48) and human immunodeficiency (52) viruses. In par-
ticular, hsp70 and hsc70 have been reported to interact with
capsid proteins from poliovirus (30), vesicular stomatitis virus
(22), Sindbis virus (39), vaccinia virus (27), simian virus 40
(50), adenovirus (51), hepatitis B virus (44), reovirus (56), and
polyomavirus (10). These interactions have been shown to
facilitate different stages of the viruses’ life cycle, including the
transport into the nucleus of adenoviral DNA (51) and poly-
omavirus proteins (10); the activation of the polymerase of
hepatitis B virus (42); the enhancement of virus gene expres-
sion in measles and canine distemper viruses (41, 43); and, in
general, the packaging of the virus particles. In the case of
adenovirus, it has been shown that the induction of hsp70 and
hsp40 is essential for the replication of the virus (18).

Despite their typical nucleocytoplasmic residence and the
fact they do not contain obvious endoplasmic reticulum-Golgi
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targeting signal sequences, hsc70 and other heat shock proteins
have been reported to be present on the surface of tumor cell
lines (5, 15, 37, 38) and in cells infected with viruses (7, 8), as
well as in mammalian spermatogenic cells (6, 35), epidermal
cells (46), and monocytes and B cells (31). The type of asso-
ciation that the heat shock proteins establish with the cell
surface is not known; however, it has been recently shown that
hsc70, hsp70, and other stress proteins interact with specific
receptors in antigen-presenting cells and are internalized by
receptor-mediated endocytosis (3, 4). hsc70 is also known to
interact with lipids, and it has been shown that this protein is
able to form cation channels in acidic phospholipid membranes
(2).

With regard to the interaction of stress proteins with viral
polypeptides at the cell surface level, an hsp60-like protein
located on the surface of freshly isolated human monocytes, as
well as in established monocytic and T-cell lines, has been
shown to interact with the human immunodeficiency virus gp41
protein, and it has been suggested that this interaction might
facilitate the virus infection (52). Also, hsc70 has been de-
scribed as an enhancement factor on the surface of murine
fibroblasts and in a human T-cell line for the syncytium for-
mation induced by human T-cell lymphotropic virus type 1 (13,
49). In this work, we have shown that hsc70 seems to be in-
volved in the cell entry of rotaviruses. To our knowledge, this
is the first report to provide evidence to support the role of a
stress protein during the early steps of a viral replication cycle.

% Binding

Reciprocal of mAb

ng of virus per well
dilution (103)

FIG. 4. Binding of rotavirus RRV to hsc70. (A) The indicated
amounts of purified RRV TLPs and DLPs were added to microtiter
plates to which 500 ng of nickel column affinity-purified recombinant
human hsc70/well had been previously adsorbed. The bound virus was
detected by incubation with a rabbit hyperimmune serum to rotavirus,
followed by an alkaline phosphatase-conjugated secondary antibody,
as described earlier (55). The phosphatase activity was detected with
the Sigma 104 substrate, reading the optical density at 405 nm (OD ;).
(B) Binding of RRV to hsc70 in the presence of antirotavirus MAbs.
Purified RRV TLPs (300 ng) were preincubated for 1 h at room
temperature with the indicated dilutions of MAbs (ascites fluid). After
incubation with the MAbs, the virus-antibody mixture was added to the
hsc70-coated wells and the bound virus was detected as described
above. The bars represent the standard deviation of the mean of two
independent experiments performed in duplicate. The MAbs used
were 255 to VP6, 7A12 to VP8, 2G4 to VPS5, and 159 to VP7. By
Student’s ¢ test, the P values for antibodies 2G4 and 159 showed that
the blocking of binding for the two highest concentrations of these
antibodies was significantly different from the control MAb 255 to VP6
(P = 0.02 and 0.05 for 2G4; P = 0.009 and 0.04 for 159). In the case
of antibody 7A12, the P values were 0.14 and 0.07.
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FIG. 5. Rotaviruses interact with hsc70 at a postattachment step. (A) MA104 cells in suspension were preincubated with 80 pg of preimmune
(PI) or hyperimmune (HI) sera/ml to human hsc70 (partially purified by ammonium sulfate precipitation) during 1 h at 4°C. The excess, unbound
antibody was removed, and then 300 ng of either RRV-, nar3-, or Wa-purified TLPs was added and the mixture was further incubated for 1 h at
4°C. To assay the binding blocking activity of the hsc70 protein (hsc70), 300 ng of the corresponding virus was incubated with the recombinant
human hsc70 (10 pg/ml) for 1 h at room temperature, and then the virus-protein mixture was adsorbed to cells as described above. The amount
of virus bound to cells was determined by an enzyme-linked immunosorbent assay as described earlier (55). By Student’s ¢ test, the P values for
the hyperimmune serum and the hsc70 protein showed that their blocking activity for the binding of all three viruses was not significantly different
from that of the control preimmune serum. The P values ranged from 0.11 for hsc70 incubated with rotavirus Wa to 0.74 for hsc70 incubated with
virus nar3. (B) MA104 cells were incubated in 96-well plates with rotaviruses for 1 h at 4°C, and then either a hyperimmune (HI) serum to hsc70
(80 pg/ml) or the protein itself (hsc70) was added for 1 h at 4°C h. The cells were then further incubated for 14 h at 37°C and were immunostained
for the virus as described earlier (20). Data are expressed as the percentage of the virus binding or infectivity when the cells were preincubated
with minimal essential medium as control. The average numbers of foci representing 100% infectivity were 109, 119, and 145 for RRV, nar3, and

Wa, respectively. The bars represent the standard deviation of the mean of at least two independent experiments performed in duplicate.

Similar to what was found with integrin av@3, rotaviruses
seem to interact with hsc70 at a postattachment step. This
observation is supported by the fact that (i) antibodies to hsc70
which block the infectivity of the viruses when preincubated
with the cell before infection do not block their cell attach-
ment; (ii) preincubation of the viruses with a recombinant
human hsc70 protein inhibits the virus infectivity without no-
toriously affecting the binding of the viruses to cells; and (iii)
when antibodies to hsc70, or the protein itself, are added to
cells after the virus has been allowed to adsorb to the cell
surface at 4°C, they still efficiently inhibit virus infectivity.
These findings indicate that the interaction of rotaviruses with
hsc70 may represent a late and common interaction of the
viruses with the cell, after their initial attachment to other cell
surface molecules. Given the major conformational changes
that viral surface proteins have been shown to undergo during
the cell entry of several enveloped and nonenveloped viruses
(14, 17, 24, 45), it is reasonable to hypothesize that the rota-
virus outer layer proteins, VP4 and VP7, also undergo confor-
mational rearrangements during one or more of the multiple
contacts that are proposed to take place between the virus
particles and cellular molecules on the cell surface or during
the cell entry and/or uncoating of the viruses. In this scenario,

it is tempting to speculate that a protein with chaperone ac-
tivity, like hsc70, could have a pivotal role to help in these
processes (19, 25).

It has been shown that rotavirus-nonsusceptible cells stably
transfected with the genes for a2, a4, or av and B3 integrin
subunits are only a few times more susceptible than the paren-
tal cell lines.

This limited increase in susceptibility indicates that integrins
alone, as seems to be the case for hsc70, are not the only
molecules needed to transform a poorly permissive cell line
into one fully susceptible (like MA104) to the virus. Alto-
gether, these data suggest that hsc70 is involved in the entry of
rotaviruses, by working in combination with other proteins,
most likely integrins, although other, hitherto unidentified cell
receptors cannot be discarded.

It has recently been shown that sphingolipids and cholesterol
are important for rotavirus infection and has been proposed
that a complex of proteins immersed in the lipid microdomains
known as rafts might serve as the functional receptor for ro-
taviruses (1, 20). Integrins and hsc70 might be components of
this complex. In this regard, there has been an interesting,
recent observation that bacterial lipopolysaccharide (LPS)
from gram-negative bacteria and lipoteichoic acid (LTA) from
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the outer cell wall of gram-positive bacteria bind to CD14, a
glycosylphosphatidylinositol-linked protein which functions as
their cell surface receptor on human monocytic and endothe-
lial cell lines. After their initial binding to CD14, LPS and LTA
are rapidly transferred to the heat shock proteins hsp70 and
hsp90 on the cell membrane. Antibodies to these heat shock
proteins were found to block the transfer of LPS and to inhibit
interleukin 6 production upon LPS stimulation. These data
indicate that LPS transfers from CD14 to hsp70 and hsp90,
which may be part of an LPS-LTA multimeric receptor-trans-
ducing complex that might be present in lipid microdomains
(53).

It remains to be determined if, during the infection of cells
by rotaviruses, hsc70 serves only as an anchor on the mem-
brane for the viruses during their transit to the cell’s interior or
if the chaperone activity of the protein is important for this
event.
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