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To develop a high-titer surrogate virus for human T-cell leukemia virus type 1 (HTLV-1), we generated
recombinant vesicular stomatitis viruses (VSVs) in which the gene encoding the single transmembrane
glycoprotein (G) was deleted. Genes encoding HTLV-1 envelope glycoproteins (HTEnv) or HTEnvG hybrid
proteins were then inserted into either of two different sites in the VSV genome. The viruses also encoded a
green fluorescent protein. With this surrogate virus, we found that a soluble protein, osteoprotegerin (OPG),
or an OPG/Fc chimeric protein inhibited the infection of various cell lines. Our experiments indicate that this
inhibition resulted from binding of heparan sulfate by OPG.

Human T-cell leukemia virus type 1 (HTLV-1) is a human
retrovirus that causes adult T-cell leukemia (ATL) (16). ATL
is a highly aggressive malignancy of CD4� T lymphocytes and
is frequently accompanied by hypercalcemia (20). High levels
of Ca2� are frequently observed in the serum of patients with
ATL during the clinical course of the disease, and these levels
are higher than in those with other hematological malignan-
cies. It was recently reported that the hypercalcemia in ATL is
caused by the receptor activator of nuclear factor �B (RANK)-
RANK ligand (RANKL) interaction, which can be inhibited by
osteoprotegerin (OPG), a decoy receptor for RANKL (28).

The HTLV-1 envelope glycoproteins mediate the viral entry
process and also induce the formation of giant multinucleated
cells called syncytia (32, 33). The envelope glycoproteins are
composed of a 46-kDa surface glycoprotein (gp46, SU) and a
21-kDa transmembrane glycoprotein (gp21, TM) (32, 37),
which are responsible for specific binding to an unidentified
receptor and catalyze membrane fusion, respectively (9). Cell-
cell HTLV-1 transmission appears to be more efficient than
cell-free transmission, because cell-free HTLV-1 particles are
poorly infectious (11). The mechanism of HTLV-1 infection
remains poorly understood because of the poor infectivity of
the cell-free virus. The lack of assay systems with high-titer
infectious HTLV-1 has greatly limited studies on viral infection
and the development of an HTLV-1 vaccine.

Recombinant vesicular stomatitis viruses (rVSVs) can be
recovered from DNA copies, and foreign genes can be ex-
pressed at high levels from multiple sites in the genome (14,
24). Our laboratory has shown that rVSVs can be used to
express foreign viral envelope glycoproteins at high levels and
that these are normally incorporated into viral particles (22,
36). rVSVs lacking the VSV G protein and expressing foreign
envelope proteins, such as human immunodeficiency virus type
1 (HIV-1) envelope proteins, can show new targeting specific-

ity that is dependent on the proteins expressed on the surface
of viral particles (4). Here we used the same approach to
develop a VSV-based surrogate virus for HTLV-1.

HTLV-1 primarily infects and immortalizes human CD4� T
cells (34), but in vitro, it infects many cell types derived from
various species (11, 30). This indicates that a primary receptor
for HTLV-1 is a molecule ubiquitously expressed. Although
cell fusion assays, including syncytium formation assays and
viral pseudotype assays, have identified multiple cell surface
components, including proteins such as adhesion molecules
and lipids (7, 15, 29, 40), that are involved in HTLV-1 enve-
lope-mediated cell-cell fusion and cell-free transmission, the
primary HTLV-1 receptor remains to be elucidated.

To facilitate investigation of HTLV-1 infection, we devel-
oped novel surrogate HTLV-1 (sHTLV-1) strains by using
rVSV. Furthermore, we have shown here that a soluble se-
creted protein, OPG, inhibited sHTLV-1 infection of cells via
binding to heparan sulfate (HS), a new mechanism for inhibi-
tion of HTLV-1 infection.

Construction of rVSVs expressing the HTLV-1 envelope gly-
coprotein or a hybrid protein with the cytoplasmic tail from
the VSV G protein. To examine the mechanism of HTLV-1
infection of host cells and identify molecules involved in the
infection, we developed rVSVs expressing HTLV-1 envelope
glycoproteins. We constructed four recombinant viruses by
inserting either of two different HTLV-1 envelope gene con-
structs into either of two different sites of the VSV genome
within a plasmid DNA from which infectious VSV can be
recovered (24) as follows.

The HTLV-1 envelope (HTEnv) gene was amplified from
HTLV-I K30 DNA (47) by PCR with Vent polymerase (New
England Biolabs). The forward primer was 5�-GCGGCCGCG
GACGCGTCACCATGGGTAAGTTTCTCGCCACTTTG-
3�. This primer contained an MluI site (bold) for further clon-
ing. The reverse primer was 5�-GATCGATCGACTGACGC
TAGCTTACAGGGATGACTCAGGGTTTATAAG-3�. This
primer contained an NheI site (bold) for further cloning. This
product was excised with MluI and NheI and ligated into the
MluI and NheI sites of a modified pBluescript vector and of
pVSV�G/GFP in which the VSV G gene had been replaced
with the green fluorescent protein (GFP) gene. The final plas-
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mids were called pBSSK-HTLV-I env and pVSVHTEnv4, re-
spectively.

The HTEnvG gene, encoding the HTLV-1 envelope glyco-
protein with the cytoplasmic domain of VSV G replacing its
native cytoplasmic domain, was amplified by a two-step PCR
procedure. First, a hybrid gene segment encoding part of the
transmembrane region of gp21 and the cytoplasmic domain of
VSV G was amplified from a clone containing the VSV G
gene. The forward primer was 5�-CCTTGCAGGACCATGCAT
CCTCCGAGTTGGTATCCATCTTTGCATTAAATTAAA
G-3�. This primer contained the sequences encoding the trans-
membrane region of gp21 (bold) and the cytoplasmic domain
of VSV G (underlined). The reverse primer was 5�-CGTACG
TACGTGCTAGCGAGTTACTTTCCAAGTCGGTTCATC-
3�. This primer contained an NheI site (bold) for further clon-
ing and a sequence complementary to the G cytoplasmic
domain coding sequence. Next, this PCR product was used to
amplify the complete HTEnvG gene from HTLV-I K30 DNA
along with the forward primer (5�-GCGGCCGCGGACGCG
TCACCATGGGTAAGTTTCTCGCCACTTTG-3�) and the
reverse primer described above. This product was excised with
MluI and NheI and ligated into pBluescript and pVSV�G/GFP
after digestion with MluI and NheI. The resulting plasmids
were designated pBS-HTEnvG and pVSVHTEnvG4, respec-
tively.

To generate a vector for expression of foreign genes be-
tween the N and P genes (position 2) of the VSV genome, a
double-stranded DNA linker was constructed from the oligo-
nucleotides 5�-TATGAAAAAAACT AACAGATATCACGC
TCGAGAGCGATCCCGGGATCGGTGCTAGCCT-3� and
5�-TAAGGCTAGCACCGATCCCGGGATCGCTCTCGAGC
GTGATATCTGTTAGTTTTTTTCA-3�. These oligonucleo-
tides contained the minimally conserved VSV transcription
stop and start sequences (underlined), as well as XhoI, SmaI,
and NheI sites (bold) for use in further cloning. The oligonu-
cleotides were annealed and then ligated into pBS-NP, which
had been digested with NdeI. The fragment containing the
linker was excised with BstZ17I and XbaI and cloned into
pVSV, which had been digested with BstZ17I and XbaI. The
resulting plasmid was called pVSV XSN.

The HTEnv gene was amplified from pBSSK-HTLV-I env by
PCR. The forward primer was 5�-TCCCCCCGGGAACATGGG
TAAGTTTCTCGCCACTTTG-3�. This primer contained an
XmaI site (bold) for further cloning. The reverse primer was
5�-ACCCTCACTAAAGGGAACAA-3�. The PCR product was
digested with XmaI and NheI and ligated into pVSV XSN, which
had been digested with XmaI and NheI. Next, the fragment con-
taining the HTEnv gene was excised with BstZ17I and XbaI and
cloned into pVSV�G/GFP, which had been digested with
BstZ17I and XbaI. The final plasmid was called pVSVHTEnv2.

The HTEnvG gene was amplified from pBS-HTEnvG by
PCR. The forward primer was the same as that used to amplify
the HTEnv gene in pVSVHTEnv2. The reverse primer was
5�-CGGGCCCATCTAGAGCTAGCTTACTTTCCAAGTCG
GTTCATCTC-3�. This primer contained an NheI site (bold)
for further cloning. The product was digested with XmaI and
NheI and ligated into pVSV XSN, which had been digested
with XmaI and NheI. Next, the plasmid was digested with
BstZ17I and XbaI, and the fragment containing the HTEnvG
gene was cloned into pVSV�G/GFP, which had been digested

with BstZ17I and XbaI. The resulting plasmid was designated
pVSVHTEnvG2.

Figure 1 summarizes the diagrams of the gene order for the
rVSV/HTLV-1 constructs, with numbers indicating the posi-
tions of the HTLV-1 envelope gene within the VSV genome.
The gene encoding the HTLV-1 envelope protein precursor
(HTEnv) or an Env protein with the VSV G cytoplasmic do-
main (HTEnvG) was cloned into expression sites at position 4
or 2 as indicated in Fig. 1. All constructs had the gene for GFP
in position 5. The HTEnvG hybrid, in which the VSV G cyto-
plasmic domain replaces the HTLV-1 gp21 cytoplasmic do-
main, was generated in an attempt to increase incorporation of
HTEnv proteins into VSV particles (19, 31). Because VSV
transcription occurs sequentially and is attenuated, we antici-
pated higher envelope expression from position 2.

rVSV/HTLV-1 constructs (VSVHTEnv and VSVHTEnvG)
were recovered from pVSVHTEnv and pVSVHTEnvG by es-
tablished methods (24). These stocks were then harvested and
the supernatant was stored at �80°C.

For the preparation of �G viral stocks not complemented
with VSV G, G-complemented stocks were inoculated into
�107 BHK-21 cells. After adsorption at 37°C for 1 h, the cells
were washed intensively with fetal bovine serum (FBS)-free
Dulbecco’s modified Eagle’s medium (DMEM) to remove the
G-complemented input viruses. The cells were then incubated
in fresh 10% FBS–DMEM at 37°C overnight. The media con-
taining the �G viruses (rVSV/HTLV-1 constructs) were stored
at �80°C until use.

Expression of HTLV-1 envelope glycoproteins in infected
cells. To evaluate whether the rVSVs expressed the correct
HTLV-1 envelope glycoproteins in infected cells, we initially
examined protein expression on the cell surface by immuno-
fluorescence microscopy and simultaneously examined GFP
expression. Figure 2 shows cell surface expression of HTLV-1
envelope glycoproteins and GFP expressed in BHK cells in-
fected with the rVSVs. The viruses with HTEnv or HTEnvG in
position 2 appeared to express more protein on the cell surface
than those with HTEnv or HTEnvG in position 4. Given the
sequential attenuation of VSV transcription, this result was
expected. We also noted that the HTEnvG viruses generated
larger syncytia than the HTEnv constructs, especially when

FIG. 1. Constructs of rVSVs expressing HTLV-1 envelope glyco-
proteins. The gene order in four rVSV constructs encoding HTLV-1
envelope glycoproteins (HTEnv or HTEnvG hybrid) is illustrated. The
numbers (e.g., Env2 and Env4) indicate the positions of the Env and
EnvG genes relative to the 3� end of the genome. The VSV wild-type
(wt) and VSV�G/GFP constructs are diagrammed also. The constructs
were used for recovery of rVSV/HTLV-1.
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expression from the same position was compared, suggesting
greater membrane fusion activity of the EnvG protein. This
greater membrane fusion could be caused by structural
changes that also might make the protein less stable or less
capable of mediating virus entry after incorporation into virus
particles.

To examine the sizes of the proteins encoded by the rVSVs,

we infected BHK cells with each virus, labeled with [35S]me-
thionine and [35S]cysteine, and immunoprecipitated cell lysates
with anti-gp46 antibody. Cells infected with rVSV/HTLV-1
constructs expressed a protein of the mobility expected for the
HTLV-1 envelope precursor protein (�61 kDa), while VSV-
GFP (4)-infected cells showed no band at this position (data
not shown).

Titration of rVSVs expressing HTLV-1 envelope glycopro-
teins. We determined the titers of G-complemented and non-
complemented viruses with HTEnv or HTEnvG in position 2
or 4 on BHK and 293T cells (Table 1). Cells were plated to
approximately 80% confluency. G-complemented and non-
complemented stocks of VSVHTEnv and VSVHTEnvG were
diluted serially in FBS-free DMEM and used to infect these
cells. Only the noncomplemented viruses included the I1 and
I14 monoclonal antibodies (MAbs) (4) at a 1:200 dilution each
to inhibit infection due to traces of VSV G protein. After 1 h
of adsorption, the inocula were replaced with medium contain-
ing 1% methylcellulose. At about 15 h postinoculation, the
number of GFP-expressing cells was determined by fluores-
cence microscopy and viral titers were calculated. G-comple-
mented viruses showed high titers of 1 � 107 to 2 � 108

infectious units (IU)/ml. The titers of noncomplemented vi-
ruses were reduced by more than 3 logs. 293T cells were much
more susceptible than BHK cells, and VSVHTEnv2 showed
the highest titers (more than 106 IU/ml). The viruses with
HTEnv or HTEnvG in position 2 showed higher titers than
those with HTEnv or HTEnvG in position 4, respectively,
suggesting that the expression level of HTLV-1 envelope pro-
teins from position 2 was higher than that of HTLV-1 envelope
proteins from position 4. Furthermore, the HTEnv-expressing
viruses grew to higher titers than the HTEnvG-expressing vi-
ruses, although the HTEnvG-expressing viruses induced larger
syncytia in the infected cells, as shown in Fig. 2. The greater
syncytium formation by the EnvG proteins may have been
inhibitory to virus production.

We also verified that infection by these noncomplemented
viruses was completely inhibited with anti-HTLV-1 serum, in-

FIG. 2. Expression of HTLV-1 envelope glycoproteins on the cell
surface and internal expression of GFP. BHK cells were plated to
approximately 60% confluency on coverslips and infected at a multi-
plicity of infection of 1 with G-complemented rVSV/HTLV-1 con-
structs. After overnight incubation at 37°C, the cells on coverslips were
fixed in 3% paraformaldehyde. Coverslips were then washed in phos-
phate-buffered saline containing 10 mM glycine, and the cells were
incubated in 5% normal donkey serum at 37°C for 10 min. The cells
were next incubated in a 1:100 dilution of anti-HTLV-1 serum (NIH
AIDS Research and Reference Reagent Program) at 37°C for 10 min
and then with a 1:50 dilution of a rhodamine-conjugated donkey anti-
goat antibody (Jackson Research) at 37°C for 10 min. The coverslips
were then mounted on glass slides, and the expression of HTLV-1
envelope glycoproteins and GFP was observed in the same field of
infected BHK cells and photographed with a Nikon Microphot-FX
microscope with a 25� objective.

TABLE 1. Titration of rVSVs bearing an HTLV-1 envelope gene
in position 2 or 4 with or without G complementation

Virus
Infectious titer (IU/ml)a on:

BHK cells 293T cells

G complemented
VSVHTEnv2 1.1 � 108 NDb

VSVHTEnv4 1.7 � 107 ND

VSVHTEnvG2 8.7 � 107 ND
VSVHTEnvG4 1.0 � 108 ND

Noncomplemented
VSVHTEnv2 1.0 � 104 1.3 � 106

VSVHTEnv4 3.9 � 103 8.0 � 104

VSVHTEnvG2 6.0 � 102 1.2 � 104

VSVHTEnvG4 2.3 � 102 1.9 � 103

a Infectious titers were determined by counting GFP-expressing cells with a
fluorescence microscope.

b ND, not determined.
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dicating that it was mediated by the HTLV-1 Env proteins in
the surrogate virus particles.

Effects of OPG on HTLV-1 infection of host cells. It was
shown that OPG/Fc (OPG fused to the C-terminal Fc region of
human immunoglobulin G1 [IgG1]) suppressed osteoclasto-
genesis induced by cells from patients with ATL (28). Also,
from a preliminary screen of genes encoding candidate
HTLV-1 receptors, we identified OPG (K. Okuma, unpub-
lished data). OPG has been shown to regulate the RANK-
RANKL system, which is involved both in osteoclastogenesis,
leading to hypercalcemia, and in T-cell immunity (1, 17, 21).
OPG is a secreted, heparin- or HS-binding glycoprotein that
belongs to the tumor necrosis factor receptor family (5, 41, 44).
OPG is expressed in a variety of mouse and human tissues (39,
45) and inhibits the RANK-RANKL system by binding to
RANKL (23). Furthermore, OPG is also a receptor for tumor
necrosis factor-related apoptosis-inducing ligand (10).

Although OPG is a soluble secreted protein, such a protein
could act as a cellular receptor similar to the coreceptor for
feline leukemia virus (2). Therefore, to investigate a possible
additional role for OPG and RANK in HTLV-1 infection, we
determined if human OPG/Fc (R & D Systems) and human
RANK/Fc (the extracellular domain of RANK fused to the
C-terminal Fc region of human IgG1; R&D Systems) could
inhibit the infection of BHK or 293T cells by VSVHTEnv2
(sHTLV-1) (Fig. 3A and B). OPG/Fc significantly inhibited
sHTLV-1 infection, but RANK/Fc showed only a marginal
effect. Infection by VSV-GFP was not inhibited significantly by
either protein (Fig. 3A). OPG/Fc also efficiently inhibited
sHTLV-1 infection of BHK cells in a dose-dependent fashion
but did not affect VSV-GFP (Fig. 3B).

Binding of OPG to various cell lines. Because OPG/Fc ef-
ficiently inhibited sHTLV-1 infection of the above cells, we
determined by flow cytometry if OPG/Fc bound to the cells
directly. Cells were collected by pipetting in phosphate-buff-
ered saline containing 50 mM EDTA. Live cells were then
incubated with or without 60 nM human OPG/Fc at 4°C for 30
min and then incubated with a 1:50 dilution of a fluorescein
isothiocyanate (FITC)-conjugated goat anti-human IgG Fc an-
tibody (Jackson Research) at 4°C for 30 min. Stained cells were
analyzed immediately by flow cytometry for binding of OPG/Fc
to the cells. Flow cytometry analysis showed that OPG/Fc
bound to all of the cells we tested, including BHK (baby ham-
ster kidney), 293T (human kidney), HeLa CD4 (human uterine
cervix), L (murine fibroblast), and CHO-K1 (Chinese hamster
ovary) cells (Fig. 3C and 4A). This result suggested that OPG
might inhibit sHTLV-1 infection through binding to the sur-
face of the target cell.

Effects of OPG and SDF-1� on infection mediated by
HTLV-1 and HIV-1 envelope proteins. Because OPG/Fc bound
to a variety of cell lines, it was possible that OPG, which
contains a heparin-binding domain (44), interacted through
binding to HS ubiquitously expressed on the cell surface. The
inhibition of sHTLV-1 infection of cells might occur by com-
petition of OPG for HS-binding sites.

To determine the specificity of the OPG effect, we deter-
mined if OPG/Fc inhibited the infection of a surrogate HIV-1
based on a VSV�G-HIVEnv-GFP recombinant (4), because
HIV-1 envelope proteins are known to interact to some degree
with HS (42). HeLa CD4 cells (26) were incubated with a

mixture of the virus and the reagent at 37°C for 1 h, and the
number of GFP-positive cells was determined by fluorescence
microscopy after 12 to 15 h. The effect was specific to the
HTLV-1 Env-mediated infection (data not shown). Further-
more, because stromal cell-derived factor 1� (SDF-1�) inter-
acts with HS (43), we tested whether SDF-1� (R&D Systems)
inhibits sHTLV-1 infection. HeLa CD4 cells were incubated
with the mixture of the virus and SDF-1� at 37°C for 1 h, and
the number of GFP-positive cells was determined as described
above. SDF-1� showed only a small inhibitory effect on
sHTLV-1 infection but efficiently inhibited infection by the
surrogate HIV-1, as expected (data not shown). These results
suggest that the effect of OPG was specific to HTLV-1 infec-
tion. However, it is possible that the SDF-1� molecule has a
lower affinity for HS or has less of an effect than OPG because
it is a smaller molecule and has a reduced capacity to interfere
with sHTLV-1 binding through steric hindrance of binding to
a primary receptor.

Significant role of HS in HTLV-1 infection. To define the
importance of HS in HTLV-1 infection of host cells, we eval-
uated the susceptibility of HS-deficient cells to sHTLV-1. Ap-
propriately diluted VSV-GFP or sHTLV-1 (including the I1
and I14 MAbs) was inoculated into the same number of cells
prepared on a 96-well plate. The infection was allowed to
proceed for about 15 h, and then the numbers of GFP-positive
parental and mutant cells were compared. GAG (including
HS)-deficient sog9 (3) and HS-deficient pgsD-677 (25) cells
(American Type Culture Collection) showed much lower sus-
ceptibility (about 60 to 70% lower infection) to sHTLV-1 than
did parental L and CHO cells, respectively, while these HS-
deficient cells exhibited somewhat greater susceptibility to
VSV-GFP than did the parental cells. The sog9 EXT1 cells,
sog9 cells transfected with the EXT1 gene encoding HS co-
polymerase (27), express HS and showed greater susceptibility
to sHTLV-1 than did sog9 cells lacking HS (data not shown).
These data indicate that HTLV-1 envelope glycoproteins
might interact with HS and that HS plays a significant role in
HTLV-1 infection of host cells.

Involvement of HS in OPG inhibition of sHTLV-1 infection.
To confirm the ability of OPG to bind HS, we determined if
OPG/Fc bound to HS-deficient CHO cells (pgsD-677 cells) by
flow cytometry (Fig. 4A). OPG/Fc bound to parental CHO
cells but to only a small fraction of HS-deficient pgsD-677 cells.
This result confirms a role for HS in OPG binding to cells.
Next, we examined the OPG inhibitory effect by using pgsD-
677 cells. OPG/Fc strongly inhibited sHTLV-1 infection of
CHO cells but had a smaller effect on pgsD-677 cells lacking
HS (Fig. 4B). This result indicates that OPG elicited the in-
hibitory effect in the HTLV-1 infection through binding to HS.

Furthermore, to evaluate the importance of the HS-binding
domain of OPG in the inhibitory effect on sHTLV-1 infection,
we examined the cell-binding activity of OPG lacking its C-
terminal domain (including the HS-binding domain) (Pepro-
Tech, referred to as OPG�C herein). CHO cells were incu-
bated in 5% normal donkey serum at 4°C for 30 min and
incubated without or with 0.1 	M human OPG�C or OPG
(R&D Systems) at 4°C for 30 min. They were then incubated
at 4°C for 30 min with 2 	g of polyclonal goat anti-human OPG
neutralizing antibody (R&D Systems) per ml. Finally, they
were incubated with a 1:50 dilution of an FITC-conjugated
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FIG. 3. Inhibitory effect of OPG/Fc on sHTLV-1 infection of cells and binding of OPG/Fc to cells. (A) The effects of OPG/Fc (10 	g/ml) and
RANK/Fc (10 	g/ml) on the infection of cells by sHTLV-1 and VSV-GFP were evaluated. The viruses were diluted in FBS-free DMEM before
inoculation, and the I1 and I14 anti-VSV G MAbs were also included in the inocula (except for VSV-GFP) at a dilution of 1:200 each to neutralize
infection due to traces of G in the viral stock. Approximately 80% confluent cells were prepared on plates. After the media were removed, the
cells were incubated with the mixture of the virus and the reagent(s) at 37°C for 1 h. The mixture was then withdrawn, and 5% FCS–DMEM
containing 1% methylcellulose was added to the cells. To allow cells to express detectable levels of GFP, infections were allowed to continue at
37°C for 12 to 15 h. GFP-positive cells were then visualized, and the number of GFP-expressing cells was determined by fluorescence microscopy
with an Olympus CK40 microscope with a 10� objective. The data shown are percentages of the control (means plus standard deviations)
calculated from the numbers of GFP-positive cells among the treated and mock-treated cells (control) in repeated experiments. (B) The inhibitory
effect of OPG/Fc on infection was examined at the indicated concentrations of OPG/Fc in BHK cells. After incubation of cells with sHTLV-1 or
VSV-GFP and serially diluted OPG/Fc as described above, the number of GFP-expressing cells was determined after 12 to 15 h. The data shown
are percentages of the control (means plus standard deviations) determined as described above. (C) Flow cytometry was used to examine OPG/Fc
binding to the BHK, 293T, and HeLa CD4 cell surface. Live cells were incubated with or without OPG/Fc at 4°C for 30 min and then with an
FITC-conjugated anti-human IgG Fc antibody at 4°C for 30 min. The stained cells were immediately analyzed by flow cytometry.
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donkey anti-goat antibody (Jackson Research) at 4°C for 30
min and then analyzed by flow cytometry. Flow cytometry
analysis showed that OPG bound to CHO cells but OPG�C
did not (Fig. 4C). Next, we determined if OPG�C inhibited
sHTLV-1 infection of cells. Although OPG inhibited sHTLV-1
infection of CHO cells, OPG�C did not (Fig. 4D). These data
reveal that OPG bound to HS on the cell surface via the
HS-binding domain and blocked HTLV-1 infection through
the interaction with HS.

There could be several explanations for the inhibitory effects
of OPG on sHTLV-1 infection. (i) OPG could compete with
HTLV-1 envelope glycoproteins for binding to cell surface HS
and thus limit binding to an HTLV-1-specific receptor. (ii)
OPG could induce the internalization of HS proteoglycan into
the cytoplasm through cross-linking of HS proteoglycan by
OPG (13, 41) and reduce the binding of HTLV-1 to a specific

receptor. (iii) If HS is present on the surface of sHTLV-1
virions, OPG might also interact with HS on virions, resulting
in the steric hindrance of virus binding to HS or to a primary
receptor on the cell surface. This third mechanism could ex-
plain why OPG/Fc still shows some inhibition of sHTLV-1
infection on HS-deficient pgsD-677 cells (Fig. 4B). (iv) If an
HS-binding protein, such as cyclophilin A as an attachment
mediator on HIV (35), is incorporated on the surface of
sHTLV-1 particles, OPG may block the interaction of such an
HS-binding protein, but not HTLV-1 Env, with cell surface
HS.

Several other viruses, such as HIV-1, are known to use HS as
a receptor (6, 8, 12, 38, 42), although this role of HS in HIV-1
infection appears to be dependent on the envelope (18, 46).
From these studies, a general model has emerged in which HS
is a primary virus attachment molecule used by many viruses

FIG. 4. Analysis of binding and inhibitory effect of OPG. (A) The ability of OPG/Fc to bind mutant CHO cells (pgsD-677 cells) was determined
by flow cytometry after staining. Live cells were incubated with or without 60 nM human OPG/Fc at 4°C for 30 min and then with a 1:50 dilution
of an FITC-conjugated goat anti-human IgG Fc antibody at 4°C for 30 min. Stained cells were analyzed immediately by flow cytometry. (B) The
effect of OPG/Fc on sHTLV-1 infection was examined in HS-deficient pgsD-677 cells. After the cells were incubated with sHTLV-1 or VSV-GFP
and OPG/Fc (130 nM) at 37°C for 1 h, the mixtures were aspirated and the media containing 1% methylcellulose were added to the cells. GFP
expression was observed under a fluorescence microscope after about 15 h. The data shown are percentages of the control (means plus standard
deviations) from four independent experiments, as in Fig. 3. (C) Binding of OPG�C lacking the HS-binding domain to CHO cells was analyzed
by flow cytometry. The cells were incubated with or without OPG or OPG�C at 4°C for 30 min, with polyclonal anti-human OPG at 4°C for 30
min, and then with FITC-conjugated anti-goat IgG at 4°C for 30 min. The stained cells were immediately examined by flow cytometry.
(D) Inhibition of sHTLV-1 infection by OPG lacking the HS-binding domain was determined on CHO cells. The cells were incubated with
sHTLV-1 and OPG or OPG�C at 37°C for 1 h, and the number of GFP-expressing cells was determined after an additional 12 to 15 h. The results
are percentages of the control (means plus standard deviations) from four repeated experiments, as described above.
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and in which initial binding to HS facilitates subsequent bind-
ing to a primary receptor. This general model appears to fit
HTLV-1 well also. Although HS is not essential for sHTLV-1
infection, it greatly facilitates the process.

We have shown here that an rVSV expressing high levels of
HTLV-1 envelope glycoproteins is a useful tool with which to
explore molecules involved in HTLV-1 infection and to ana-
lyze the mechanism of the inhibitory effect of the OPG mole-
cule. We have also confirmed and extended information on the
requirement for cell surface HS in efficient infection by
HTLV-1. Our findings suggest that HTLV-1 spread in vivo
may also be subject to inhibition by HS-binding proteins such
as OPG in serum.
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