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ABSTRACT Newly emerged hantaviruses replicate pri-
marily in the pulmonary endothelium, cause acute platelet
loss, and result in hantavirus pulmonary syndrome (HPS). We
now report that specific integrins expressed on platelets and
endothelial cells permit the cellular entry of HPS-associated
hantaviruses. Infection with HPS-associated hantaviruses,
NY-1 and Sin Nombre virus (SNV), is inhibited by antibodies
to B integrins and by the f;-integrin ligand, vitronectin. In
contrast, infection with the nonpathogenic (no associated
human disease) Prospect Hill virus was inhibited by fibronec-
tin and B;-specific antibodies but not by 3-specific antibodies
or vitronectin. Transfection with recombinant ayy,33 or o, 83
integrins rendered cells permissive to NY-1 and SNV but not
Prospect Hill virus infection, indicating that ay,83 and o, 33
integrins mediate the entry of NY-1 and SNV hantaviruses.
Furthermore, entry is divalent cation independent, not
blocked by arginine-glycine-aspartic acid peptides and still
mediated by, ligand-binding defective, ay,B3-integrin mu-
tants. Hence, NY-1 and SNV entry is independent of f3;
integrin binding to physiologic ligands. These findings impli-
cate integrins as cellular receptors for hantaviruses and
indicate that hantavirus pathogenicity correlates with inte-
grin usage.

Hantaviruses define a unique genus of segmented negative-
stranded RNA viruses. Hantaviruses are structurally formed
by two highly ordered integral membrane surface glycopro-
teins and internal nucleocapsid and RNA polymerase proteins
(1). Each hantavirus persistently infects a primary small
mammal host, and hantaviruses are spread to man through the
inhalation of aerosolized excreted virus. In addition to han-
taviruses for which no human disease has been observed,
hantaviruses are known to cause two diseases, hemorrhagic
fever with renal syndrome and hantavirus pulmonary syn-
drome (HPS).

In 1993, hantaviruses emerged as the cause of an acute and
highly lethal (50%) respiratory distress syndrome in the South-
western U.S. (2-6). Sin Nombre virus (SNV) was identified as
the causative agent of Southwestern cases, and HPS has since
been identified in 28 U.S. states, in Canada, and most recently
in South America (7-9). Although endothelial cells are in-
fected in a variety of organs, hantaviruses replicate predom-
inantly in pulmonary endothelial cells and macrophages (3, 5,
10, 11). However, the means by which specific hantaviruses
cause pulmonary or renal diseases is obscure (1, 3, 5). In
humans, hantaviruses cause thrombocytopenia or platelet loss,
and in HPS cases, acute pulmonary edema is observed (3, 5).
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However, there is little immune cell recruitment or damage to
hantavirus-infected pulmonary endothelial cells (3, 5, 10).

Determinants of pathogenesis have not been defined for any
hantavirus, although hantavirus interactions with endothelial
cells and platelets are likely to mediate pathogenesis in man.
Endothelial cells and platelets maintain capillary integrity and
direct vascular repair and immune cell responses through
specific cellular receptors. Integrins are heterodimeric recep-
tors composed of a combination of « and B8 subunits, which
specify cell-cell adhesion, immune cell recruitment, extrava-
sation, platelet aggregation, and the migration of endothelial
cells on extracellular matrix proteins (12-19). a3 and o83
integrins are abundant surface receptors of endothelial cells
and platelets (15-18), respectively, and are central to regulat-
ing platelet activation and maintaining capillary integrity (14,
20).

Specific cell surface proteins are capable of mediating viral
attachment to cells or facilitate viral entry into cells. However,
receptors that mediate the cellular attachment and entry of
hantaviruses or other Bunyaviridae have not been defined. In
this report, we investigate the interactions of HPS-associated
hantaviruses with Vero E6 and endothelial cells as well as
CHO cells transfected with recombinant integrins. Our results
indicate that B3 integrins facilitate the cellular entry of patho-
genic HPS-associated hantaviruses.

MATERIALS AND METHODS

Cell and Virus. Vero E6 and CHO cells were grown in
DMEM, 10% fetal calf serum, L-glutamine, and penicillin-
streptomycin (GIBCO). CHO cells were supplemented with
100 nM nonessential amino acids (GIBCO). Human umbilical
vein endothelial cells (HUVECSs) were grown in endothelial
cell basal medium-2 (Clonetics, San Diego) with 0.1% endo-
thelial cell growth factor. CHO cells transfected with integrins
amPBs, (CHO-AS), ayB3 (CHO-VNRC), and a ligand-defective
ampB3 mutant (CHO-BCC4) were described (21, 22). Biosafety
level 3 (BSL-3) facilities were used throughout these experi-
ments for the growth of three hantaviruses: SNV (CC107
isolate, passage 6), NY-1 (passage 7), and Prospect Hill virus
(PHV). SNV and NY-1 are distinct hantaviruses associated
with HPS (23, 24). PHV has not been associated with any
human disease (10, 25).

Ligands, Peptides, and Antibodies. Vitronectin, fibronectin,
laminin, fibrinogen, heparin, phytohemagglutinin, dextran sul-
fate, chondroitin sulfate, BSA, and glycophorin A were pur-
chased from Sigma. GRGDSP or GRGESP peptides were
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purchased from GIBCO. Polyclonal rabbit sera to Bi, B3, Ba,
ai, a, as, and ay and polyclonal goat sera to asB; (blocking)
as well as blocking mAbs to B, (mAb 1962) and «,83 (mAb
1976) were purchased from Chemicon. Antibodies were used
at a range of concentrations (20 ng/ml-40 pug/ml) in addition
to those within figures. After washing, a 1:2000 dilution of
anti-mouse or anti-rabbit sera was incubated with cells for 1 hr
at 37°C.

The NY-1 S segment (26) was cloned into the pET30a
(Novagen) plasmid at the BamHI site, and the nucleocapsid
protein (N-protein) was expressed in Escherichia coli after 1
mM isopropyl B-D-thiogalactoside induction of plasmid-
transformed BL-21(DE3) bacteria. N-protein was purified by
nickel affinity chromatography by using Ni-nitrilotriacetic acid
resin as described by manufacturer’s instructions (Qiagen).
Polyclonal rabbit anti-nucleocapsid protein was made by hy-
perimmunizing rabbits with bacterially expressed and nickel
affinity-purified NY-1 N-protein.

Quantitation of Hantavirus-Infected Cells. Cells were pre-
treated with antibodies or potentially competitive ligands (1 hr,
37°C) before hantavirus addition. Sera were removed, and
~200-800 hantavirus focus-forming units (FFUs) were ad-
sorbed to Vero E6 cells in duplicate wells of a 96-well plate (1
hr, 37°C). Viral inocula were removed, monolayers washed,
and cells were further incubated 24-36 hr before methanol
fixation. Methods for immunoperoxidase staining of viral
antigens in infected cells have been described (27). In brief, cell
monolayers were methanol fixed (100%, 10 min, 4°C), incu-
bated with polyclonal rabbit anti-nucleocapsid sera (1,/2,000, 1
hr, 37°C), and subsequently incubated with goat anti-rabbit
horseradish peroxidase conjugates (1/5,000). Infected cells
were quantitated after staining with 3-amino-9-ethylcarbazole
(0.026%) in 0.1 M sodium acetate (pH 5.2) and 0.03% H,0,
(27).

RESULTS

Because hantaviruses replicate in endothelial cells and impact
platelet and endothelial cell function, we hypothesized that
platelet or endothelial cell receptors may be involved in the
cellular entry of hantaviruses. We assayed the ability of ligands
for platelet or endothelial cell receptors to inhibit NY-1, SNV,
or nonpathogenic PHV infections of Vero E6 or HUVEC:s.
We tested the ability of fibrinogen, heparin, and extracellular
matrix proteins vitronectin, fibronectin, and laminin to inhibit
NY-1 infectivity (Fig. 14). Pretreatment of cells with vitro-
nectin significantly reduced NY-1 or SNV (not shown) infec-
tion of HUVEC or Vero E6 cells. In contrast, the PHV
infection of Vero E6 cells was inhibited (>80%) by fibronectin
but not by vitronectin (Fig. 1B). This result suggested that
pathogenic HPS-associated hantaviruses and nonpathogenic
hantaviruses might enter cells using different cell surface
components. Furthermore, this suggested that an integrin—
vitronectin receptor might mediate the entry of pathogenic
NY-1 and SNV hantaviruses.

To determine whether integrins are involved in hantavirus
infection, we pretreated cells with mAbs or polyclonal anti-
bodies and subsequently adsorbed ~400 FFUs of NY-1, SNV,
or PHV hantaviruses to monolayers. Antibodies to aj, oz, as,
B1, B2, B4, and asB1 integrins (Fig. 2) and platelet-endothelial
cell adhesion molecule (PECAM)-1, E-cadherin, and B-cate-
nin (not shown) had no apparent effect on NY-1 infectivity
even when cells were pretreated with 40 pg/ml mAbs or
polyclonal antibodies.

Pretreatment of Vero E6 (Fig. 2) (2-40 ug/ml) or HUVECs
(Fig. 3) (20 ng/ml-20 pg/ml) with mAbs or polyclonal anti-
bodies to B3 integrins specifically inhibited NY-1 or SNV
infectivity by 60-70% and is titratable (Fig. 3). In addition,
mADb to a3 reduced NY-1 infectivity by 70%. Antibodies to
ay also slightly reduced NY-1 infectivity (>40%) but not SNV
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FiG. 1. (A4 and B) Ligand-specific inhibition of hantavirus infec-
tivity. Vero E6 cells were pretreated with potentially competitive
ligands for 1 hr before viral adsorption. Approximately 400 FFUs of
NY-1 (4) or PHV (B) hantaviruses were adsorbed to duplicate wells
of a 96-well plate. After adsorption, inocula were removed and cells
were washed and further incubated 24-36 hr before methanol fixation.
Hantavirus-infected cells were immunoperoxidase stained as de-
scribed (27) by using polyclonal rabbit anti-nucleocapsid sera made to
bacterially expressed and Nickel affinity purified NY-1 N-protein.
Infected cells were quantitated and compared with control infections
without competitor proteins. Results are presented as the percentage
of inhibition of control infections. BSA and glycophorin A did not
affect NY-1 or PHV infectivity (not shown).

or PHV infectivity. In contrast, PHV infections were unaf-
fected by antibodies to B3 or a3 but were inhibited by 3, and
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F1c. 2. Hantavirus infectivity is inhibited by integrin-specific an-
tibodies. Duplicate wells of Vero E6 cells were pretreated for 1 hr
(37°C) with 20 ug/ml of antibodies to specific integrins and after PBS
washing, were similarly incubated with a 1:2000 dilution of anti-rabbit
or anti-mouse sera. Monolayers were washed and NY-1, SNV or PHV
hantaviruses were subsequently adsorbed. Infected cells were quan-
titated as in Fig. 1. FFUs observed 36 hr. postinfection are expressed
as a percentage of control infections for each viral inoculum. Poly-
clonal rabbit sera to Bi, B3, Ba, a1, a2, as, v, and asB; (blocking) as
well as blocking mAbs to B2 (mAb 1962) and a3 (mAb 1976) were
from Chemicon.

asPBi-specific antibodies (70%) (Fig. 2). oyB3 and asB; have
high affinities for vitronectin and fibronectin, respectively,
although both receptors bind other proteins (28). These find-
ings are consistent with the pattern of inhibition by integrin
ligands (Fig. 1 A4 and B) and further suggest that pathogenic
and nonpathogenic hantaviruses use different integrins for
cellular entry.
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FiG. 3. Infection of HUVECs by NY-1 is inhibited by integrin-
specific antibodies. HUVECs were pretreated with 20 ng/ml-20
wng/ml of integrin-specific antibodies for 1 hr as described in Fig. 2.
After primary antibody addition (1 hr, 37°C) and PBS washing, a
1/2,000 dilution of anti-rabbit or anti-mouse sera, respectively, was
incubated with cells (1 hr, 37°C). Infected cells were quantitated as in
Fig. 1, and results are presented as the percentage of inhibition of
control infections.
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Recombinant aypgs or ayB3 Integrins Promote NY-1 and
SNV Infection of CHO Cells. CHO cells expressing recombi-
nant integrin heterodimers were used to determine whether 3
integrins were required for the cellular entry of hantaviruses
(21). We inoculated CHO cells or CHO cells expressing
recombinant o83 (CHO-VNRC) or a3 (CHO-AS) inte-
grins and quantitated hantavirus infections. CHO cells ex-
pressing human o33 integrins were permissive for SNV and
NY-1 (not shown) but not PHV, resulting in the infection of
virtually 100% of the monolayer and titers of 1 X 10° FFUs 7
days postinfection (SNV) (Fig. 44). Quantitation of infected
foci (Fig. 4B) showed that the number of NY-1- and SNV-
infected cells increased 19- to 39-fold in CHO cells expressing
amnpPBs and that a3 also promoted infection (83% of Vero E6
FFU). There was a 4-fold increase in SNV- and a 30-fold
increase in NY-1-infected CHO-VNRC cells (Fig. 4B) com-
pared with CHO cells alone. There was no increase in the
number of PHV-infected cells in either of the integrin-
transfected cell lines and viral titers were not detected follow-
ing infection (<10 FFU/ml).

A small number of CHO cells are reproducibly infected by
NY-1, SNV, and PHV hantaviruses (0.3%-5% of identical
FFUs in Vero E6 cells). This background is not reduced by the
ligands or antibodies used in Figs. 14 or 2. Background
infectivity appears to be a function of the viral inoculum
(particulate or aggregated virus) because the infection does
not spread to new sites in CHO cell monolayers without
recombinant integrins (Fig. 44). In fact, the inability of CHO
cells to propagate hantaviruses without B; integrins further
demonstrates B3 integrin use in cellular entry.

To confirm that entry of NY-1 and SNV is specifically
dependent on the presence of human a3 or ayp,f33 integrins
on the surface of transfected CHO cells, ligands (not shown)
or antibodies were used to block NY-1 and SNV infection of
these cells. Both vitronectin and Bs-specific antibodies inhib-
ited SNV or NY-1 infection of CHO-AS5 or CHO-VNRC (not
shown) (Fig. 54). Neither treatment reduced the background
level of infected CHO cells (=50 foci for SNV and 10 for
NY-1). These findings demonstrate that ay,B3 or «,fB; inte-
grins mediate the cellular entry of NY-1 and SNV hantavi-
ruses.

Vitronectin and fibronectin contain arginine-glycine-
aspartic acid (RGD) sequences, which meditate interactions
with a3 and aspB;, respectively (19, 28-31). However, the
RGD sequence is absent from the G; or G; surface glycop-
roteins of all hantaviruses. Pretreatment of cells with
GRGDSP or GRGESP peptides (200 png/ml-4 mg/ml) had no
effect on the infectivity of any hantavirus strain whereas
vitronectin (5 pg/ml) pretreatment inhibited infection of
NY-1 or SNV by >60%. Addition of GRGDSP but not
GRGESP peptides (200 ug/ml) before vitronectin (5 wg/ml)
abrogated the inhibitory effects of vitronectin on hantavirus
infection (Fig. 5B). Furthermore, EDTA pretreatment of cells
(0.5-8 mM), which blocks endogenous ligand binding to
integrins, did not block hantavirus infectivity (not shown).
Finally, CHO cells transfected with a ligand-binding defective
integrin (BCC4: B3 D 119->A) (22) were still able to mediate
NY-1and SNV hantavirus entry (similar to CHO-AS5, Fig. 4A4).
Entry of CHO-BCC4 cells was inhibited by a Bs-specific
antibody (mAb 15, 50 pg/ml) but not inhibited by prior
addition of vitronectin (Fig. 5B). Thus, the physiological
ligand-binding function of B3 integrins is not required for
hantavirus infectivity.

DISCUSSION

Integrins are heterodimeric receptors composed of a combi-
nation of o and B subunits, which specify interactions with
extracellular ligands and mediate endothelial cell migration as
well as platelet and cell-cell adherence (18, 19). The active
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F1G6. 4. (A and B) Recombinant integrins render CHO cells permissive to SNV and NY-1 hantaviruses. The ability of SNV (strain CC107) and
PHYV hantaviruses to infect CHO cells or CHO cells transfected with the armB3 integrin (CHO-AS cells) or the a3 integrin (CHO-VNRC) are
depicted at 7 days postinfection (4). Representative pictures were taken from identically stained uninfected or hantavirus-infected cells (200 X
magnification). The nucleocapsid protein present in infected cells was immunoperoxidase stained (dark brown precipitate) as described (27). (B)
Quantitation of NY-1, SNV, and PHV hantavirus infection of CHO and CHO-integrin cell lines was determined 36 hr postinfection. The fold
increase in the number of infected cells compared with immunoperoxidase-stained CHO cells is presented. Results were reproduced in six separate
experiments.

state or availability of integrins on the surface of endothelial platelet receptors, and hantaviruses are known to infect pul-
cells can alter the activation of integrin-specific intracellular monary and other endothelial cells and cause thrombocyto-
signaling pathways, which regulate endothelial cell adherence penia in patients (3, 5, 10, 11). In this study, we demonstrate

(18, 32-35). Integrins are prominent endothelial cell and that integrins, which are central to maintaining microvascular
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FiG. 5. (A4 and B) Specificity of Hantavirus Infection of CHO-AS
and CHO-VNRC Cells. (4) The number of FFUs quantitated after
NY-1 or SNV inoculation of CHO-AS cells is presented. Inoculation
with or without prior treatment of cells with 20 ug/ml of rabbit anti-83
polyclonal sera was performed as described in Fig. 2. Findings
obtained with CHO-VNRC were nearly identical to those presented
for CHO-AS. (B) CHO-AS5 or CHO-BCCH4 cells were inoculated in
duplicate with NY-1 after pretreatment with potentially competitive
ligands (1 hr, 37°C). As described in Fig. 1, infected cells were
quantitated 36 hr postinfection and results are presented as a per-
centage of NY-1-infected CHO-AS or CHO-BCC4 cells in the absence
of ligand pretreatment. GRGDSP or GRGESP (not shown) peptides
(200 pg/ml-4 mg/ml), vitronectin (20 ug/ml), or B3-specific mAb 15
(50 pg/ml) was added as a potentially competitive inhibitor to 50-ul
aliquots of NY-1 virus in duplicate wells during adsorption to 96-well
plates. GRGDSP was added to monolayers 15 min before addition of
vitronectin and subsequent virus adsorption in GRGDSP /vitronectin
experiments.

barrier properties, facilitate hantavirus entry into cells (14, 20).
These findings suggest that hantavirus—integrin interactions
could participate in altering normal endothelial cell barrier
functions.

Icosahedral viruses, which enter cells via integrins, are
adenoviruses (ayB3, avBs, ampB2) (36, 37), papilloma viruses
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(ag-containing integrins) (38), rotaviruses (azfB1, a1, and Bz
integrins) (39), foot-and-mouth disease virus (FMDV, «,f33)
(40), coxsackievirus A9 (ayB3) (41), and echoviruses (a231)(42,
43). Echovirus 1 is reported to bind to a unique domain of the
a, P integrin (43), whereas adenoviruses attach to an unknown
cellular receptor and only a secondary interaction of the viral
penton base with integrins facilitates cellular entry (37, 44).

Viruses that use o33 integrins for entry interact with
ligand-binding sites and are dependent on integrin recognition
of a virally encoded RGD motif (3638, 40, 41). Our findings
demonstrate that NY-1 and SNV hantaviruses associate with
ayBs3 and ampPBs integrins through unique RGD-independent
interactions. NY-1 and SNV hantavirus infections are facili-
tated by the presence of a,83 and a3 integrins on cells and
are inhibited by integrin-specific antibodies as well as the
integrin ligand vitronectin. However, RGD motifs are absent
from hantavirus proteins, RGD peptides fail to inhibit NY-1
and SNV infections and integrins, which are incapable of
binding physiological ligands, facilitate NY-1 and SNV infec-
tion of CHO cells. This finding demonstrates the RGD-
independence of the interaction and suggests that inhibitory
effects of anti-integrin antibodies as well as vitronectin (SNV
and NY-1) or fibronectin (PHV) are likely to alter integrin
conformations required for hantavirus interaction or to steri-
cally inhibit hantavirus interactions. This further suggests that
hantaviruses interact with unique integrin regions or require
more complex cell surface protein associations for cellular
entry.

Antibodies to integrins did not completely block hantavirus
entry in these studies even when added in large molar excess.
However, the percentage of inhibition is within the range
(63-74%) of integrin antibody inhibition of adenovirus, pap-
illoma virus, FMDV, and coxsackie viruses (36-38, 40, 41).
Papilloma virus studies also report that 10% of the observed
binding was nonsaturable and likely to be nonspecific (38).
This result could be similar to the residual hantavirus infec-
tivity observed during infection of CHO cells. NY-1 and PHV
also are inhibited 20-30% by the prebinding of some « subunit
antisera (Fig. 2). As a result, it is possible that additional
hantavirus interactions with a-integrin subunits, alternative
cellular components, or coreceptors are required for hantavi-
rus entry. Nevertheless, these findings indicate that specific
integrins facilitate the entry of hantaviruses into endothelial
cells and that different integrins confer the entry of pathogenic
and nonpathogenic hantavirus strains.

These studies have not defined the requirements for PHV
entry into cells. Antibodies to ; integrins and an integrin
ligand, fibronectin, inhibit PHV infection of Vero E6 and
endothelial cells. However, CHO cells contain a3 and asf3;
integrins but did not facilitate PHV infection. As with other
hantaviruses, a residual infection of CHO cells was observed
for PHV although infectivity was not enhanced by the presence
of recombinant a3 or ay,B3 integrins. Because both patho-
genic and nonpathogenic hantaviruses replicate similarly in
endothelial cells, this suggests that PHV infectivity may be
dependent on the presence of additional a-integrin subunits or
on additional cell surface proteins, which are not present in
CHO cells.

Hantaviruses are generally adapted to growth on Vero E6
from their small mammal hosts, and cell culture adaptation
could contribute to the hantavirus—integrin specificity re-
ported here. It is also unclear whether passage of PHV in Vero
E6 cells has contributed to integrin-specific differences be-
tween PHV and HPS-associated strains. However, both of
these possibilities are unlikely. When entire SNV genomes
were compared from (i) a patient (if) Peromyscus maniculatus,
and (iii) SNV passaged five times in Vero E6 cells, no amino
acid sequence differences were observed in any protein (45).
NY-1 and SNV hantaviruses were used at similar low Vero E6
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passages (6—7) in these studies, and both viruses were inhibited
nearly identically by vitronectin and anti-integrin antibodies.

HPS results in severe pulmonary edema along with a noted
increase in capillary permeability in patients (3, 5). Endothelial
cells, line the vasculature and maintain vascular integrity
through cellular adherence which is partly conferred by o33
integrins. In fact, transcapillary fluid fluxes involved in pul-
monary edema are directly regulated by «,B; integrins on
pulmonary endothelial cells (14, 20). As a result, hantavirus
interactions with «,fB; integrins provide a clear means for
altering vascular permeability during infection and a potential
point for therapeutic intervention during hantavirus infection.

This report indicates that virus infects aypB3-expressing
cells. aymBs3 is the predominant adhesion receptor present on
platelets, and pathogenic hantaviruses cause acute platelet
loss, which could be directly related to the use of anpfB3
integrins during infection. Hantaviruses could function simi-
larly to the 7E3 antibody (Fab:ReoPro), which recognizes both
ampPB; and oy B3 integrins and inhibits platelet aggregation (46,
47). Hantaviruses also may use platelets for transport to new
infection sites although it is not known whether hantaviruses
damage, enter, or replicate within platelets. However, this
provides a potential mechanism for hantavirus regulation of
platelet function, through altered platelet signaling (35, 48,
49). Given the abundance of platelet ampnB3 receptors, intra-
cellular regulation is a more plausible mechanism for altering
platelet function than is a direct hantavirus-receptor blockade.

Although integrins are used by a few icosahedral viruses this
report demonstrates that enveloped viruses also use integrins
for cellular entry. Hantaviruses are enveloped viruses although
they have a highly ordered grid-like surface structure which
surrounds and is anchored to the viral envelope (1). It is
possible that this unique structure requires the participation of
integrins for hantavirus entry into cells. However, it is just as
plausible that hantaviruses are the first of many enveloped
viruses, which will be found to enter cells through interactions
with integrins.
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