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Heparan sulfate proteoglycans (HSPGs) are used by a number of viruses to facilitate entry into host cells.
For the retrovirus human T-cell leukemia virus type 1 (HTLV-1), it has recently been reported that HSPGs are
critical for efficient binding of soluble HTLV-1 SU and the entry of HTLV pseudotyped viruses into non-T cells.
However, the primary in vivo targets of HTLV-1, CD4� T cells, have been reported to express low or
undetectable levels of HSPGs. For this study, we reexamined the expression of HSPGs in CD4� T cells and
examined their role in HTLV-1 attachment and entry. We observed that while quiescent primary CD4� T cells
do not express detectable levels of HSPGs, HSPGs are expressed on primary CD4� T cells following immune
activation. Enzymatic modification of HSPGs on the surfaces of either established CD4� T-cell lines or
primary CD4� T cells dramatically reduced the binding of both soluble HTLV-1 SU and HTLV-1 virions.
HSPGs also affected the efficiency of HTLV-1 entry, since blocking the interaction with HSPGs markedly
reduced both the internalization of HTLV-1 virions and the titer of HTLV-1 pseudotyped viral infection in
CD4� T cells. Thus, HSPGs play a critical role in the binding and entry of HTLV-1 into CD4� T cells.

The human T-cell leukemia virus type 1 (HTLV-1) retrovi-
rus, the first disease-causing human retrovirus isolated (60), is
the etiologic agent of a severe lymphocytic neoplasia called
adult T-cell leukemia (60, 81) and of an inflammatory neuro-
logical disease (HTLV-1-associated myelopathy/tropical spas-
tic paraparesis [HAM/TSP]) (20, 54). Adult T-cell leukemia is
a malignancy of CD4� T cells, and HTLV-1 has a preferential
tropism for CD4� T cells in asymptomatic patients (25, 62). In
HAM/TSP patients, both CD4� and CD8� T cells serve as
viral reservoirs (50). The closely related retrovirus HTLV-2,
which is believed to share a common receptor with HTLV-1
(71, 72), also infects both CD4� and CD8� T cells in vivo (30,
61). HTLV transmission appears to require the passage of cells
between individuals, and optimal infection is believed to re-
quire contact between T cells.

Since primary T cells are difficult to infect with HTLV-1 in
vitro, the majority of the work over the past 20 years has
examined the requirements for HTLV envelope (Env)-medi-
ated binding and fusion with established (often non-T) cell
lines. These studies revealed that in contrast to the limited in
vivo tropism of HTLV, cell surface molecules capable of spe-
cifically binding HTLV SU are widely expressed. All vertebrate
cell lines tested to date, including cells which previously had
been scored as negative in HTLV Env pseudotype and fusion
assays, are capable of binding soluble SU (33, 36, 39, 43, 53,
77). In contrast, primary quiescent T cells do not bind soluble
HTLV SU; binding is observed rapidly following activation of

the cells (36, 43) or the treatment of quiescent CD4� T cells
with transforming growth factor beta (TGF-�) (35).

Recently, glucose transporter 1 (GLUT-1) was shown to
bind soluble forms of the HTLV-1 and HTLV-2 SU proteins in
both leukemic T-cell and non-T-cell lines and to be critical for
efficient entry of HTLV-2 pseudotyped virions into a non-T
adherent cell line (42). A subsequent paper reported that the
overexpression of GLUT-1 in a relatively resistant cell line,
MDBK, increased the titers of HTLV-1 and HTLV-2
pseudotyped particles (13). However, it is not clear whether
GLUT-1 is sufficient for entry or whether other molecules are
critical for HTLV Env-mediated binding and/or fusion.

Indeed, studies from several laboratories have identified ad-
ditional molecules on the cell surface that may be critical for
HTLV Env-mediated entry. The binding of HTLV-1 virions
can be blocked by treating a CD4� T-cell line with antago-
nists of type 2 adenosine receptors (24). Earlier studies
reported that a monoclonal antibody (MAb) (34-23) di-
rected against an antigen that maps to chromosome 17
blocked HTLV-1 entry (19). Recently, heparan sulfate pro-
teoglycans (HSPGs) have been reported to play a role in
HTLV-1 binding (52, 58).

HSPGs, a type of glycosaminoglycan consisting of a core
protein with O-linked heparan sulfate (HS) polysaccharide
chains, are widely expressed on the surfaces of mammalian
cells and are critical for the cellular attachment of many viruses
(76). These include several members of the herpesvirus, flavi-
virus, adenovirus, papillomavirus, and retrovirus families (3,
18, 21, 46, 68, 75). For most viruses, the initial virus-cell inter-
actions use HSPGs as binding receptors or attachment factors
for the viral envelope. Rarely, HSPGs can function as fusion
receptors. For example, an interaction of the herpes simplex
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virus glycoprotein gD with a 3-O-sulfotransferase-modified
form of HSPG induces fusion (69).

Two recent studies indicated that HSPGs can play a role in
HTLV Env-mediated entry into adherent, non-T-cell lines.
Both the binding of soluble HTLV-1 SU and the titer of
HTLV-1 pseudotyped viruses were dramatically reduced when
HSPGs were removed from the cell surface (58). The titer of
HTLV-1 pseudotyped viruses was also reduced when transduc-
tions were performed in the presence of dextran sulfate (58)
and osteoprotegerin (52), two substances which block interac-
tions with HSPGs. These studies indicate that HTLV binding
and entry, at least on adherent cell lines, reflect interactions
with HSPGs as well as with other specific cell surface mole-
cules.

The interpretation of the relevance of these studies to
HTLV-1 infectivity in vivo is complicated by the fact that
primary CD4� T cells have been reported to express low or
undetectable levels of HSPGs (12, 28, 65, 77). Thus, it is not
clear whether the requirements for HTLV-1 Env-mediated
fusion are identical for established cell lines and primary T
cells or which, if any, of the reported candidates for HTLV-1
receptors are relevant for HTLV Env-mediated binding and
entry into primary T cells (55).

For this study, the role of HSPGs in HTLV-1 binding and
entry into T cells was examined. First, we show that the ex-
pression of HSPGs on both T-cell lines and activated T cells is
transiently regulated during active growth. Removal of the
heparan sulfate chains of HSPGs on the surfaces of activated
CD4� T cells and established T-cell lines eliminated the ma-
jority of binding of soluble HTLV-1 SU. Blocking interactions
with HSPGs also significantly decreased the binding and inter-
nalization of HTLV-1 virions and reduced the titer of HTLV-1
Env pseudotyped viruses.

MATERIALS AND METHODS

Cells and cell culture. MOLT4 and SupT1, obtained from American Type
Culture Collection (ATCC, Manassas, VA), were maintained in RPMI 1640
supplemented with 10% fetal calf serum (FCS). HEK 293-T/17, a highly trans-
fectable subclone of a 293 cell line transformed with the simian virus 40 large T
antigen (56), was maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FCS. MT-2, a CD3-negative HTLV-1 producer cell line (48),
was maintained in RPMI 1640 supplemented with 10% FCS.

To isolate CD4� T lymphocytes, cord blood samples were obtained from
healthy volunteer donors during vaginal births at Frederick Memorial Hospital
(Frederick, MD), and leukopaks of peripheral blood from healthy donors were
collected according to NIH-approved Institutional Review Board protocols.
CD4� T lymphocytes were isolated and cultured as previously described (35).
Experiments involving naı̈ve, unactivated CD4� T cells were performed using
cord blood lymphocytes as the source of cells, since adult peripheral blood
contains activated and memory T cells. CD4� T cells were activated either by
culturing with 20 units/ml of interleukin-2 (IL-2; Zeptometrix, Buffalo, NY) and
1 �g/ml phytohemagglutinin (PHA; Abbott Diagnostics, Abbott Park, IL) or by
culturing with anti-CD3 and anti-CD28 antibody beads at a ratio of 4.4 beads/cell
(a gift of Carl June, University of Pennsylvania, Philadelphia, PA). Monocytes
were isolated by countercurrent elutriation and activated by using either 10
�g/ml of lipopolysaccharide (LPS; Difco, Detroit, MI) or 10 ng/ml human gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF; PeproTech, Rocky
Hill, NJ).

Reagents. The monoclonal antibody clones specific for HSPG, F58-10E4 (im-
munoglobulin M [IgM]) and F69-3G10 (IgG2b), heparan sulfate lyase (HS lyase;
also referred to as heparitinase III), and chondroitinase ABC lyase, were ob-
tained from Seikagaku Corp. (Tokyo, Japan). F58-10E4 recognizes a constitu-
tively expressed epitope of native HSPGs. F69-3G10 recognizes an epitope that
is exposed following cleavage of HSPGs by HS lyase. Heparin was obtained from
Sigma-Aldrich (St. Louis, MO). Soluble SU proteins, an HTLV-1 SU immuno-

adhesin (HTSU-IgG), and a negative control avian retrovirus ALSV-A SU im-
munoadhesin (SUA-rIgG) were generated as previously described (35).

Flow cytometric analysis. To examine the level of cell surface expression of
HSPG, 106 cells were spun down, resuspended in 100 �l of phosphate-buffered
saline with 2% (vol/vol) human serum from type AB blood donors (PBS–2%
HuAB), and incubated for 15 min on ice. Cells were then washed with PBS–2%
HuAB and incubated on ice with 2 �g of either the appropriate anti-HSPG
antibody or an isotype control. After 30 min, cells were washed, resuspended in
100 �l of PBS–2% skim milk–0.01% sodium azide, and incubated with 10 �g of
a goat anti-mouse fluorescein isothiocyanate (FITC)-conjugated antibody di-
rected against the appropriate isotype. After 25 min on ice, the samples were
washed, resuspended in 400 �l of PBS, and immediately analyzed by flow cy-
tometry. Fifty thousand live cell events were measured on a FACScan cytometer
(BD Pharmingen, San Diego, CA) and analyzed using Flowjo software (Treestar,
Aurora, CA).

For studies involving enzymatic removal of the HS chains of cell surface
HSPGs by HS lyase, 106 cells were spun down and resuspended in 200 �l of HS
lyase buffer (20 mM Tris, pH 7.4, 0.01% bovine serum albumin, and 4 mM
CaCl2). Cells were then incubated for 2 h at 37°C with HS lyase (10 to 20 mU,
as indicated in text) or in buffer only. Cells were washed twice with PBS–5%
HuAB–0.01% sodium azide (PBS–5% HuAB), resuspended in 400 �l of PBS,
and then analyzed by flow cytometry as described above.

The specific binding of HTSU-IgG to target cells was examined as recently
described (35). Briefly, target cells were fixed in 4% paraformaldehyde for 30 min
on ice, washed with PBS, and then resuspended in PBS–2% FCS–0.02% sodium
azide. The target cells (106) were then incubated on ice for 30 min with immu-
noadhesin (either HTSU-IgG or, as a negative control, SUA-IgG) to a final
volume of 0.3 ml. The cells were washed, incubated for 30 min on ice with a
FITC-conjugated antibody specific for rabbit immunoglobulins (Biosource, Cam-
arillo, CA), washed again, resuspended in PBS, and analyzed by flow cytometry.

Virion binding assay. The specific binding of HTLV virions to target cells was
examined using a modification (35) of a previously described method (24).
Briefly, virus was concentrated from the supernatant of an HTLV-1-producing
cell line (MT-2), and the amount of HTLV-1 in the sample was determined using
an enzyme-linked immunosorbent assay for the matrix protein MA (p19) (Zep-
tometrix Corp.). For the viral binding assay, target cells (106 in 0.2 ml of PBS)
were then incubated at 22°C with and without (negative control) 100 �l of the
viral preparation containing 5 �g of HTLV-1 virions. After 30 min, cells were
washed in PBS, resuspended in 200 �l of PBS, and incubated for 30 min on ice
with 1.0 �g of monoclonal antibody directed against HTLV SU (anti-gp-46 MAb
clone 65/6C2.2.34; Zeptometrix Corp.). The cells were then washed and resus-
pended in 100 �l of PBS with a FITC-conjugated goat anti-mouse antibody for
30 min. After the incubation, the cells were washed and immediately analyzed by
flow cytometry.

Virion internalization assay. To generate virus for the internalization assay,
the HTLV-1 producer cell line MT-2 was suspended at a concentration of 2 �
106 cells/ml. Sixteen hours later, the culture was centrifuged, and the virus-
containing supernatant was collected and filtered through a 0.45-�m filter. Tar-
get cells were incubated with 250 ng of virus at 37°C for 2 h, washed twice in
serum-free medium, and then incubated in trypsin for 10 min at 37°C to remove
virus bound to the cell surface. The cells were then washed once in medium with
20% FCS and once in ice-cold PBS and then resuspended in 1 ml of paraform-
aldehyde (4% [wt/vol] in PBS). After incubation for 15 min at room temperature,
cells were washed once in permeabilization wash buffer consisting of PBS, 0.5%
saponin, 0.1% sodium azide, and 2% human AB sera, resuspended in 300 �l of
permeabilization buffer (PBS with 2.5% saponin), and incubated at 22°C. After
20 min, 5 �l of human AB sera and either 4 �g of an anti-HTLV p19 (MA)
mouse antibody (Zeptometrix Corp.) or an IgG1 isotype control (BD Pharmin-
gen) were added, and the cells were incubated at 4°C for 30 min. Cells were then
washed once in permeabilization wash buffer, resuspended in 100 �l of perme-
abilization buffer containing 3 �l (0.6 �g) of FITC-conjugated anti-mouse IgG1
antibody, and incubated for 20 min at 4°C. The efficiency of permeabilization was
determined using a FITC-conjugated anti-actin antibody. Cells were then washed
twice in permeabilization buffer, resuspended in 500 �l of sheath fluid (balanced
salt solution to prevent clumping), and analyzed by flow cytometry.

Western blot analysis of HSPGs on T cells. CD4� T cells were treated either
with or without 10 mU of HS lyase as described above. Cells were pelleted,
washed twice with PBS, and lysed for 1 hour on ice in digitonin lysis buffer (PBS
with 0.25% deoxycholate, 1% digitonin, and 10 �M protease inhibitor cocktail
[Sigma]). After removal of the debris by centrifugation at 4°C for 10 min at
16,000 � g, the protein concentration was determined (protein assay reagent;
Bio-Rad). Equal amounts of protein (200 to 300 �g) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on 10% Tris-glycine gels (In-

VOL. 79, 2005 HSPGs MEDIATE HTLV-1 ATTACHMENT TO CD4� T CELLS 12693



vitrogen) and then transferred to Immobilon-P membranes (Millipore Corp.,
Bedford, MA). The membranes were blocked with 10% nonfat dry milk–TBST
(Tris-buffered saline with 0.1% Triton X-100) for 30 min at room temperature
and then incubated overnight at 4°C with the monoclonal antibody F69-3G10
diluted in 5% nonfat dry milk–TBST. The membranes were then washed twice
with TBST, hybridized with horseradish peroxidase-conjugated anti-mouse IgG
for 1 h at room temperature, and washed three times with TBST. Bands were
visualized using ECL reagent (Amersham Biosciences Corp., Piscataway, NJ)
and exposed to film (Kodak).

Generation of pseudotyped retroviral vectors and viral transduction.
Pseudotyped retroviral vectors were generated and their relative titers deter-
mined as previously described (35). Briefly, retroviral vectors were generated by
cotransfecting 293-T cells with an human immunodeficiency virus (HIV)-based
retroviral vector encoding enhanced green fluorescent protein (EGFP) and a
plasmid encoding the appropriate Env protein. Transductions were performed by
resuspending the cells in fivefold dilutions of supernatant containing the
pseudotyped viruses and transducing them using a modification of the spin
infection method. Four days later, the cells were analyzed by flow cytometry for
the expression of EGFP to determine the percentage of transduced cells. Rela-
tive titers of the pseudotyped viruses were determined from the dilution with the
lowest percentage that was between 5% and 40% positive for EGFP. The relative
titers were determined using the following formula: dilution factor � (% posi-
tive � % positive in negative control) � (2 � 105).

Cell-cell transmission of HTLV-1. Cell-cell transmission of HTLV-1 was per-
formed essentially as previously described (57). Briefly, primary CD4� T cells
isolated from cord blood were activated with anti-CD3/anti-CD28 antibody
beads. Four days later, 5 � 106 cells were incubated for 2 h at 37°C in either
buffer alone or buffer containing HS lyase. From both samples, 1 � 106 cells were
analyzed for the presence of HSPGs to verify the activity of the HS lyase. The
remainder were used as targets in a cell-cell transmission assay, as previously
described (57). Briefly, 16 � 106 cells of the HTLV-1 producer cell line MT-2
were irradiated at 15,000 rads and then mixed at a 2:1 ratio of irradiated MT-2
cells to activated cord blood CD4� T cells. Since HSPGs can be recycled to the
cell surface and since irradiated MT-2 cells transmit virus for 2 to 4 days after
irradiation, 25 �g/ml of soluble heparin was added to the medium to reduce
binding to HSPGs. The cells were stained with anti-CD3 antibody, and flow
cytometry was then used to determine the percentage of CD3� target cells
containing HTLV-1 virions as described above.

RESULTS

Expression of HSPGs in CD4� T-cell lines. For several cell
lines, it has been reported that the majority of binding of
soluble HTLV-1 Env to the cell surface occurs through attach-
ment to HSPGs (52, 58). Removal of the HS chains of HSPGs
dramatically reduces the ability of HTLV-1 Env pseudotyped
viruses to transduce those cells (58). Since those studies exam-
ined the role of HSPGs in non-T adherent cell lines, we inves-
tigated the role of HSPGs in the binding and entry of HTLV
into CD4� T cells, the primary in vivo target of this virus.

Since the reported HSPG expression levels for various es-
tablished leukemia-lymphoma CD4� T-cell lines have been
heterogeneous, we chose to study two cell lines previously
reported to express cell surface HSPGs, SupT1 (67) and
MOLT4 (3). The MAb F58-10E4, which specifically recognizes
intact HSPGs on the cell surface, bound MOLT4 cells at levels
significantly above that of the isotype control (Fig. 1A), while
the F69-3G10 antibody did not bind these cells (Fig. 1B). The
enzyme HS lyase specifically removes the heparan sulfate chain
from the core proteoglycan and thus eliminates the epitope
recognized by F58-10E4. When MOLT4 cells were treated
with 20 mU of HS lyase, F58-10E4 binding was reduced almost
to the background level (Fig. 1C). The F69-3G10 antibody
recognizes an epitope on HSPGs that is revealed following
cleavage by HS lyase. As expected, F69-3G10 did not bind at
significant levels to untreated cells but bound at high levels to
the cells after the HS lyase treatment (Fig. 1B and D). An

analysis of SupT1 gave similar results (data not shown). Thus,
some CD4� T-cell lines express significant amounts of cell
surface HSPGs that can be removed by enzymatic treatment
with HS lyase.

Furthermore, HSPG expression on these CD4� T-cell lines
was transient. When MOLT4 cells were grown to saturation
density, at which there was little or no cell growth (approxi-
mately 3 � 106/ml), there was no detectable binding of F58-
10E4 (Fig. 2, day 0). After subculturing of the cells at a con-
centration of 3 � 105 cells/ml, the level of F58-20E4 binding
was determined daily. Actively growing MOLT4 cells bound
increasing levels of the antibody up to day 3 (Fig. 2). Similar
results were obtained with SupT1 cells (data not shown). These
results suggest that cell surface HSPG expression on CD4�

T-cell lines is transient and related to active cell growth.
HSPGs are expressed on primary CD4� T cells following

activation. Several studies have reported that primary CD4� T
lymphocytes express little or no detectable levels of HSPG (12,
28, 40, 65). The observation that the cell surface expression of
HSPGs on T-cell lines increased with active cell division sug-
gested that T-cell activation could induce transient cell surface
expression of HSPGs.

To examine this, lymphocytes were isolated from peripheral
blood and enriched for CD4� T cells. Since monocytes require
activation to express detectable levels of HSPGs (12), mono-
cytes were isolated from the same sample as a control for
activation-induced HSPG expression. For both cell types,
freshly harvested cells and cells activated for 18 h of culture

FIG. 1. HSPGs are expressed on CD4� T-cell lines. MOLT4 cells
were washed, resuspended in HS lyase buffer, and incubated with
(bottom panels) or without (top panels) 20 mU of HS lyase. Cells were
stained with a monoclonal antibody specific for intact HSPGs (F58-
10E4) (panels A and C) or with a monoclonal antibody specific for an
epitope generated by the cleavage of HSPGs with HS lyase (F69-3G10)
(panels B and D). The data shown are from a representative experi-
ment out of 10 performed. Light lines, anti-HSPG antibody; dark lines,
isotype control.
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were examined for the expression of HSPGs as described
above. As expected from previous work, freshly isolated unac-
tivated monocytes did not bind F58-10E4 (Fig. 3A, top left
panel), while monocytes activated with GM-CSF (Fig. 3A, top
middle panel) or LPS (Fig. 3A, top right panel) bound high
levels of F58-10E4. Similarly, while freshly isolated CD4� lym-
phocytes did not bind F58-10E4 (Fig. 3A, bottom right panel),
significant levels of F58-10E4 binding were observed after 18 h
of activation (Fig. 3A, bottom right panel). The level observed
for activated CD4� lymphocytes was lower than that observed
for the activated monocytes (Fig. 3A). Further studies revealed
that the level of HSPG expression on T cells peaked 3 to 5 days
after activation and fell to background levels as the cells be-
came quiescent (data not shown).

Next, HSPG expression levels on primary CD4� lympho-
cytes following two different methods of T-cell activation were
compared. CD4� T cells isolated from cord blood were acti-
vated either with IL-2 and PHA or with anti-CD3/anti-CD28
antibody beads for 4 days. �he levels of cell surface expression
of HSPGs and HTLV SU binding proteins were determined.
For both methods of activation, significant levels of binding to
F58-10E4 were observed (Fig. 3B, top middle and top right
panels). As expected from previous work (35, 51), quiescent
CD4� T cells did not bind HTLV SU (Fig. 3B, bottom left
panel). In contrast, activation by either method induced high
levels of binding of the soluble HTLV SU protein (Fig. 3B,
bottom middle and bottom right panels).

HTLV-1 SU binds to HSPGs on CD4� T cells. The studies
described above indicate that activated, proliferating CD4� T
cells have significant amounts of HSPGs on their cell surfaces.
Previously, we showed that a soluble form of HTLV-1 SU

protein (HTSU-IgG) bound specifically to the cell surfaces of
activated CD4� T cells (36, 51, 80). We next examined whether
reducing the amount of HSPGs on the cell surface reduced
binding of the soluble HTLV-1 SU protein.

MOLT4 cells, after 3 days of subculturing, were either left
untreated or treated with HS lyase, and the amount of binding
of HTSU-IgG was determined by flow cytometry analysis. To
verify that the HSPGs were removed by the enzyme treatment,
the level of binding of F58-10E4 was also determined. Treat-
ment of the MOLT4 cells with HS lyase reduced the level of
HSPGs to below the level detectable by the antibody (Fig. 3C).
Binding of HTLV-1 SU was dramatically reduced, but not
eliminated, when the HSPGs were removed (Fig. 3C). Similar
experiments performed on activated CD4� T cells revealed
that enzymatic modification of the HSPGs from the cell sur-
face had an even more dramatic effect on the level of binding
of soluble HTLV-1 SU protein (Fig. 3D). Flow cytometry anal-
ysis following double staining with HTSU-IgG and F58-10E4
revealed that the activated CD4� T cells with the highest levels
of HSPG expression bound the highest levels of HTLV-1 SU
(data not shown). Thus, it appears that HTLV SU binding to
the T-cell surface predominantly reflects binding to HSPGs.

Multiple HSPGs are present on activated CD4� T cells. To
further investigate the expression of HSPGs on activated
CD4� T cells, Western blot analyses were performed using the
F69-3G10 antibody. Previously, this antibody was shown to
recognize residual unsaturated glucuronate stubs generated
following cleavage by HS lyase, and it was previously used to
investigate the species of HSPGs present on the cell surface
(10, 14, 38). HS lyase treatment of activated CD4� T cells
eliminated F58-10E4 binding (Fig. 4A, top panels) and caused
the appearance of F69-3G10 binding (Fig. 4A, bottom panels).
The HS stub-bearing core proteins were visible as multiple
bands between 200 kDa and 35 kDa (Fig. 4B, lane 3), indicat-
ing that several different members of HSPG families are
present on activated CD4� T cells. As expected from previous
results, freshly isolated CD4� T cells (HS lyase treated and
untreated) did not show any reactivity with F69-3G10 (Fig. 4B,
lanes 1 and 2). As expected from previous studies (14), acti-
vated cells not treated with HS lyase did not bind F69-3G10
above background levels (Fig. 4A, top left panel) and were not
used for Western analyses.

HTLV-1 virions bind to HSPGs on CD4� T cells. To com-
plement the studies of the binding of soluble HTLV SU pro-
tein, the role of HSPGs on the binding of HTLV-1 virions was
examined using CD4� T-cell lines (MOLT4 and SupT1) either
treated or not treated with HS lyase. The cells were then
incubated with concentrated cell-free HTLV-1 virions, and the
relative amounts of virion binding were determined using a
recently described flow-based assay (24, 35). Enzymatic re-
moval of heparan sulfate chains reduced the binding of
HTLV-1 virions by �95% for both MOLT4 and SupT1 cells
(Fig. 5A and B). The binding of HTLV-1 virions to activated
CD4� T lymphocytes was also examined. Since some viruses
use both HSPG and another glycosaminoglycan, chondroitin
sulfate proteoglycan, to facilitate entry, we compared the ef-
fects of HS lyase and chondroitin ABC lyase, which cleaves the
chondroitin sulfate chain from chondroitin sulfate proteogly-
cans. Enzymatic modification of HSPGs reduced the binding of
HTLV-1 virions by �90% (Fig. 5C, right panel). In contrast,

FIG. 2. HSPGs are transiently expressed during CD4� T-cell
growth. MOLT4 cells were grown to confluence and analyzed by flow
cytometry for the presence of HSPGs as described above. The remain-
der of the culture was split 1:10, harvested 1, 2, or 3 days later, and
analyzed for HSPG expression. The data shown are from a represen-
tative experiment out of three performed. Light lines, anti-HSPG
antibody; dark lines, isotype control.
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virion binding was not significantly reduced by 1 U of chon-
droitin sulfate ABC lyase (Fig. 5C, middle panel).

To further validate our results obtained with HS lyase, we
also examined whether the binding of HTLV virions was de-

creased by other approaches previously shown to inhibit inter-
actions of viral envelope proteins with HSPGs. First, the effect
of soluble heparin, a polyanionic reagent with the same repeat-
ing disaccharide as the heparan sulfate side chain of HSPGs,

FIG. 3. Activation of primary CD4� T cells induces cell surface HSPG expression. (A) Monocytes and CD4� T cells were isolated from adult
peripheral blood Leukopaks as described in Materials and Methods. Cells were assayed for the level of HSPG as described in the text, either
immediately or after 18 h of activation. Panels: top left, unstimulated monocytes; top middle; monocytes 18 h after stimulation with GM-CSF; top
right, monocytes 18 h after stimulation with LPS; bottom left, unstimulated CD4� T cells; bottom right, CD4� T cells 18 h after stimulation with
PHA and IL-2. (B) CD4� T cells were isolated from cord blood as described in Materials and Methods, and flow cytometry was performed either
immediately (left) or 3 days after activation with anti-CD3/anti-CD28 antibody beads (middle) or PHA and IL-2 (right). Top, cell surface
expression of HSPGs was determined using the F58-10E4 antibody; bottom, expression levels of HTLV SU binding proteins were determined using
the soluble form of the HTLV-1 SU protein (HTSU-IgG) or, as a negative control, SUA-IgG. (C) MOLT4 cells were incubated with or without
20 mU of HS lyase, and the levels of HSPGs and HTLV SU binding were assayed as described above. For both samples, the amount of specific
binding was determined by subtracting the MFI of control (isotype control or SUA-IgG) binding from the MFI of specific (F58-10E4 or
HTSU-IgG) binding. The MFI shown is expressed as a percentage of the MFI of untreated cells. (D) CD4� T cells, isolated from adult peripheral
blood and activated for 2 days with PHA and IL-2, were incubated with or without 10 mU of HS lyase. The levels of HSPGs and HTLV SU binding
were determined as described for panel C. For panels C and D, the data shown are from a representative experiment out of nine performed.
Symbols for HSPG analysis: light lines, F58-10E4; dark lines, IgM isotype control. Symbols for HTLV SU binding: light lines, HTSU-IgG; dark
lines, SUA-IgG.
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was examined. Soluble heparin has previously been shown to
block viral interactions with HSPGs (2, 8, 29, 49, 53, 67, 82).
SupT1 and CD4� T cells were exposed to concentrated HTLV
virions in the presence of 0, 10, or 25 �g/ml of soluble heparin.
Virion binding in the presence of heparin was dramatically
reduced (69% and 59% at 25 �g/ml for SupT1 and CD4� T
cells, respectively) (Fig. 6A and B). As another approach, we
examined the effect of treating activated CD4� T cells and
MOLT4 cells with sodium chlorate, which prevents sulfate
donation to newly synthesized polysaccharide chains (11, 17,
73). Blocking sulfation of polysaccharide chains of HSPGs
markedly inhibited HTLV virion binding to both the activated
CD4� T cells and the CD4� cell line MOLT4 (Fig. 6C).

HSPGs enhance HTLV-1 Env-mediated entry into CD4� T
cells. The studies described above indicate that HSPGs are
critical for efficient binding of both HTLV-1 virions and solu-
ble HTLV-1 SU on activated CD4� T cells. We next examined
whether blocking interactions between HTLV-1 Env and
HSPGs also decreased the entry of HTLV-1 virions into T
cells. First, the role of HSPGs in the internalization of HTLV-1
virions was examined. MOLT4 cells, either untreated or
treated with HS lyase, were exposed to virus from MT-2, a cell
line that produces high levels of HTLV-1. After 2 h, bound
virions were removed by washing and a trypsin treatment,
which completely removes cell surface-bound HTLV-1 Env
from the cell surface (data not shown). The amount of inter-
nalized virions was then determined by flow cytometry follow-
ing intracellular staining for HTLV-1 MA (p19), a protein in
the viral core. As before, the HS lyase treatment decreased the
binding of F58-10E4 to background levels (Fig. 7A, left pan-
els). When MOLT4 cells were exposed to HTLV-1 virions,
most of the untreated cells (88%) internalized the virus. The
amount of virus internalized following HS treatment was re-
duced by �85%, as judged by the mean fluorescence intensity
(MFI) (Fig. 7A, right panels).

The role of HSPGs on the internalization of HTLV-1 virions
into primary CD4� T cells was also examined. No significant
expression of HSPGs could be detected following enzymatic
treatment of the cells (Fig. 7B, bottom left panel). As seen with
MOLT4 cells, a high percentage (82%) of the activated T cells

FIG. 4. Expression of HSPGs on the cell surfaces of CD4� T cells.
(A) CD4� T cells isolated from cord blood lymphocytes were activated
for 4 days with PHA and IL-2. The cells were then incubated either
with (bottom panels) or without (top panels) 10 mU of HS lyase, and
flow cytometry was performed as described in Materials and Methods.
Left panels, staining with F58-10E4; right panels, staining with F69-
3G10. The data shown are from a representative experiment out of five
performed. (B) CD4� T cells isolated from cord blood lymphocytes,
either quiescent or 4 days after activation with PHA and IL-2, were
treated with 10 mU of HS lyase. Cells were lysed, and proteins were
separated by electrophoresis and subjected to Western blot analysis
using the F69-3G10 antibody as described in Materials and Methods.

FIG. 5. Binding of HTLV-1 virions to CD4� T cells involves inter-
action with HSPGs. (A and B) SupT1 and MOLT4 cells incubated
either with or without HS lyase. Some cells were assayed for the ability
to bind F58-10E4, and the remainder were exposed to concentrated
HTLV-1 virions, with the amount of virion binding determined as
described in Materials and Methods. The percentage of cells positive
for virion binding was determined by subtracting the amount of an-
ti-SU antibody binding observed in the absence of virus from that
observed in the cells exposed to the virions. (A) Binding of F58-10E4
antibody. (B) Binding of HTLV-1 virions. (C) Activated CD4� T cells
isolated from adult peripheral blood were incubated for 2 h at 37°C in
either buffer alone (left) or with buffer containing 1 U of chondroitin
ABC lyase (middle) or 10 mU of HS lyase (right). Cells were then
exposed to HTLV-1 virions, and the amount of virion binding was
determined as described for panel B. Dark lines, binding in the ab-
sence of virions; light lines, binding in the presence of virions. The data
shown are from a representative experiment out of five (A and B) or
three (C) performed.
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had internalized HTLV-1 virions. The amount of virus inter-
nalized following this treatment was reduced by �90%, as
measured by MFI (Fig. 7B, right panels). To date, we have
examined more than 12 samples isolated from both cord and
adult peripheral blood and observed that entry was decreased
between 60 and 97% following modification of HSPGs. These
observations suggest that HSPGs play an important role in the
efficient entry of HTLV-1 virions into CD4� T cells.

As another approach to examine the role of HSPGs in
HTLV-1 Env-mediated entry, we examined the effect of solu-
ble heparin treatment on the titer of HTLV-1 pseudotyped
viral transduction into CD4� T cells. HIV-based indicator pro-
viruses, pseudotyped with either HTLV-1 Env or vesicular
stomatitis virus glycoprotein (VSV-G), were generated and
used to transduce SupT1 cells in the presence of either 0, 10,
or 25 �g/ml of soluble heparin, as described in Materials and
Methods. Four days later, the titers of the pseudotyped viruses
were determined. Soluble heparin significantly reduced the
titer of the HTLV-1 Env pseudotyped virus (Fig. 8). The titer
in the presence of heparin (25 �g/ml) was reduced to about
25% that of the control. The effect of heparin was a specific
effect on HTLV-1 Env-mediated interactions with the target
cell, since the titer of the VSV-G pseudotyped virus was not
significantly affected. We also observed for SupT1 cells that a
70% reduction in F58-10E4 binding resulted in a 60% decrease

in the titer of HTLV-1 Env pseudotyped virus (data not
shown). Thus, HSPGs play a significant role in HTLV-1 Env-
mediated entry into CD4� T cells.

The role of HSPGs in the cell-cell transmission of HTLV-1

FIG. 6. Blocking HSPG interactions reduces HTLV-1 virion bind-
ing to T cells. Concentrated HTLV-1 virions were incubated for 30 min
in the presence of 0, 10, or 25 �g/ml of soluble heparin and then
incubated with SupT1 (A) or activated CD4� T cells isolated from
adult peripheral blood (B), and the amount of virion binding was
determined as described in Materials and Methods. (C) MOLT4 cells
and activated CD4� T cells isolated from adult peripheral blood were
cultured either in RPMI containing 30 mM sodium chlorate or in
RPMI alone for 3 days. The cells were then analyzed for virus binding.
The data shown are from a representative experiment out of five (A
and B) or three (C) performed.

FIG. 7. HSPGs enhance HTLV-1 Env-mediated entry into CD4� T
cells. (A) MOLT4 cells were incubated either with (bottom) or without
(top) 20 mU of HS lyase as described in the legends to the previous
figures. (Left) HSPG expression was determined as described above.
Dark lines, isotype control; light lines, F58-10E4. (Right) The extent of
internalization was determined 2 h after exposing the cells to HTLV-1
virions, as described in Materials and Methods. Dark lines, mouse
IgG1 (isotype control); light lines, anti-HTLV MA (p19) antibody.
Without HS lyase treatment, the MFI was 17.8, and 89% of the cells
were positive for internalized virus. With HS lyase treatment, the MFI
was 2.6, and 8.9% of the cells were positive. (B) CD4� T cells were
isolated from cord blood lymphocytes, activated for 3 days with anti-
CD3/anti-CD28 antibody beads, and then treated with 10 mU of HS
lyase (bottom) or left untreated (top). (Left) HSPG binding to F58-
10E4 (light lines) or isotype control (dark lines). (Right) Binding of
anti-MA (p19) antibody (light lines) or isotype control (dark lines).
The data shown are from a representative experiment out of 14 per-
formed.
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virions into primary CD4� T cells was also examined. For this
experiment, MT-2 cells were irradiated and cultured overnight
with activated CD4� T cells that had either been treated with
HS lyase or left untreated. Soluble heparin was also added to
the cultures to further prevent Env-HSPG interactions. The
amount of HTLV-1 virions internalized in the CD4� T cells
and the number of cells positive for internalized virions were
then determined by gating on the CD3� population. HTLV-1
virions had internalized in �90% of the activated CD4� T
cells, as judged by the presence of the HTLV-1 MA protein.
Blocking the interactions with HSPGs by HS lyase and soluble
heparin dramatically reduced the cell-cell transmission of
HTLV-1 (Fig. 9).

DISCUSSION

Previous studies (52, 58) demonstrated a role for HSPGs in
HTLV-1 entry into adherent non-T-cell lines, which generally
express high levels of HSPGs. The relevance of these results to
the in vivo infection of CD4� T cells, the primary target cell of
HTLV-1, has not been directly examined. This is most likely
due to previous reports that CD4� T cells express low or
undetectable levels of HSPGs (12, 28, 65, 77). In this study, we
report that while quiescent primary CD4� T cells do not ex-
press detectable levels of HSPGs, HSPGs are expressed on
primary CD4� T cells following immune activation, although
at a lower level than on activated macrophages (12, 28, 65) and
adherent cell lines (52, 58).

The role of HSPGs on HTLV-1 Env-mediated binding to
CD4� T cells and the T-cell lines MOLT4 and SupT1 was then
examined. We observed that enzymatic removal of HSPGs
from the cell surface dramatically reduced (75 to 95%) the
binding of both soluble SU and HTLV-1 virions to these cells.
The induction of cell surface expression of HSPGs following
T-cell activation is consistent with previous reports that pri-
mary T cells only bind soluble HTLV SU after immune acti-
vation (36, 43). Similarly, the treatment of quiescent primary
CD4� T cells with TGF-� induces the cell surface expression
of HSPGs (data not shown) coincident with the induction of
binding of HTLV SU and virions (35). Furthermore, incuba-
tion of the cells with sodium chlorate, which blocks sulfation of
the HSPGs (11, 73), and soluble heparin, which blocks HSPG
interactions (2, 8, 29, 49, 53, 67, 82), also dramatically reduced
the binding of HTLV virions. The effect of HSPGs on the
efficiency of HTLV-1 Env-mediated entry was then examined.
Following exposure of both MOLT 4 and activated T cells to
cell-free HTLV-1 virions, the majority of the cells contained
viral cores. The amount of virus internalized following HS
lyase treatment was reduced by �85%. For cell-to-cell trans-
mission, the transmission of virus to the recipient CD4� T cells
was similarly inhibited by HS lyase treatment. The titers of
HTLV-1 pseudotyped viruses were reduced by blocking inter-
actions with HSPGs, either by soluble heparin (Fig. 8) or by the
removal of HSPGs (data not shown). Soluble heparin also
blocks the binding of HTLV-1 SU and dramatically reduces
the titers of HTLV pseudotyped viruses on several different
human and nonhuman adherent cell lines (unpublished data).
Thus, HSPGs play a significant role in HTLV-1 Env-mediated
entry into CD4� T cells.

HSPGs have previously been shown to play a critical role in
the infectivity of many viruses, including herpesviruses, papil-
lomaviruses, dengue virus, hepatitis C virus, and certain retro-
viruses, including HIV (reviewed in reference 76). The precise
function of HSPGs in HTLV-1 infectivity is not yet clear. For
most viruses, an interaction with HSPGs is the first of a series
of events required for viral entry and infection, with HSPGs
functioning as either an attachment factor or a binding recep-
tor. For some viruses, this binding, while not essential for viral
entry, can dramatically increase the efficiency of viral entry by
concentrating virus on the cell surface and thereby can increase
the probability of interactions with the fusion receptors. For
other viruses, HSPGs can be an essential component of the
cellular receptor, either as a binding receptor, as in the entry of
HIV into brain microvascular endothelial cells (2, 7), or as a

FIG. 8. Soluble heparin decreases titers of HTLV-1 pseudotyped
viruses in CD4� T cells. HTLV-1 or VSV-G pseudotyped virus parti-
cles were generated as described in Materials and Methods. The virus
preparations were incubated in RPMI containing 0, 10, or 25 �g/ml of
soluble heparin for 30 min. SupT1 cells were resuspended at 2 �
105/ml in RPMI, and then 0.5 ml of cells was mixed with an equal
volume of the pseudotyped virus in the presence or absence of heparin,
as indicated. The cells were transduced by spinoculation and then
harvested 4 days later, and the viral titers were determined as de-
scribed in Materials and Methods.

FIG. 9. Blocking HSPG interactions blocks cell-cell transmission of
HTLV-1. Cord blood CD4� T cells were activated for 4 days with
anti-CD3/anti-CD28 antibody beads and then either treated with HS
lyase or incubated in buffer alone. MT-2 cells were irradiated and then
incubated for 30 min with 25 �g/ml of soluble heparin or left un-
treated, as described in Materials and Methods. The appropriate irra-
diated MT-2 cells (with heparin for the HS lyase-treated targets and
without heparin for the untreated targets) were then exposed to the
CD4� target cells at a ratio of 2:1. To distinguish the target cells from
the MT-2 cells, the cells were first stained with an antibody directed
against a cell surface antigen (CD3) that is expressed at high levels on
primary CD4� T cells and at undetectable levels on MT-2 cells. The
cells were then permeabilized and stained for the HTLV-1 MA (p19)
protein. (Left) Untreated; (Right) treated with HS lyase and soluble
heparin. Dark lines, staining with mouse IgG1 (isotype control); light
lines, staining with anti-HTLV p19 antibody.
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fusion receptor, as in the case of herpes simplex virus type 1
(74). The importance of HSPG binding for a given virus can
vary with different cell types, depending on the relative abun-
dance of the HSPG and other binding and fusion receptors on
the cell surface. For certain HIV strains, HSPGs are not im-
portant for entry into CD4� T cells, presumably because of
high levels of CD4 on the surfaces of these cells. In contrast, it
has been reported that HSPGs are critical for the efficient
infection of macrophages, which express low levels of CD4�

and high levels of HSPGs (65). Our observations that activated
CD4� T cells express HSPGs raise the possibility that these
molecules can contribute to infection by HIV of T cells pos-
sessing lower levels of CD4.

For some viruses, changes in the envelope proteins can gen-
erate variants that differ in their ability to use HSPGs for entry.
A neurotropic variant of the leukemogenic murine retrovirus
Friend murine leukemia virus was shown to be caused by a
two-amino-acid change in Env which increased the affinity for
HSPG and thereby altered the tropism of the virus to include
brain capillary endothelial cells (34). Alphaviruses appear to
utilize HSPGs only after cell culture adaptation (4, 26, 37, 70);
this may also be true for flaviviruses (41) and pestiviruses (27).
However, preliminary studies suggest that the use of HSPGs by
HTLV-1 does not reflect lab adaptation of the virus. HTLV-1
isolated from cells of an infected patient and the strain of
HTLV-1 used in these studies showed a similar dramatic de-
crease (85 and 84%, respectively) following the removal of
HSPGs from the cell surface (data not shown).

What are the HSPGs involved in HTLV-1 binding? HSPGs
are a diverse group of molecules that include three major
classes, namely, the transmembrane syndecan family, the phos-
phatidylinositol-anchored glypican family, and the extracellu-
lar perlecan family (5, 31). The HS stub-bearing core proteins
recognized by F69-3G10 following HS cleavage of activated T
cells are visible as multiple bands, suggesting that a mixture of
the syndecan and glypican families are present on the cell
surface. Similar results have been observed for other cell types
(9, 10, 12, 47). We are currently further characterizing the
HSPGs expressed on the surfaces of CD4� T cells and exam-
ining whether HTLV-1 Env binds to one or several of these
HSPGs. It has been reported that all syndecans can bind HIV
(18) and that syndecans 2 and 4 function as attachment mol-
ecules during HIV infection of macrophages (12). Syndecans
on the surfaces of cells that do not express CD4 (and thus are
nonpermissive for HIV infection) can capture, protect, and
transmit HIV to T cells (18). It is possible that HSPGs may
function to capture, protect, and transmit HTLV-1 in a similar
fashion.

The elimination of HSPGs from the cell surface reduced but
did not eliminate the binding of HTLV-1 SU to T cells (Fig. 3)
or adherent cells (58; unpublished observations). Since HSPGs
can be cleaved by trypsin, this is consistent with previous ob-
servations that treatment with trypsin eliminated the majority
of SU binding and reduced the titers of HTLV pseudotyped
viruses (32, 36, 53, 64, 78). These data suggest the presence of
one or more additional molecules on the cell surface that bind
HTLV SU.

One likely candidate would be GLUT-1, which has been
reported to bind HTLV-1 and HTLV-2 SU (42). The titers of
HTLV-1 (13) and HTLV-2 (42) Env pseudotyped viruses were

enhanced in adherent cells by overexpressing GLUT-1. The
data presented in the current report do not address the role of
the widely expressed GLUT-1 protein in HTLV binding and
entry. Similarly, previous reports of the effect of GLUT-1 on
the efficiency of HTLV Env-mediated entry did not rule out a
significant role for HSPGs, since the target cells used in those
studies expressed high levels of HSPGs (15, 63). The relative
contributions of HSPGs and GLUT-1 to HTLV-1 infection of
T cells are currently under investigation.

As part of the current study, we established a flow cytometry
method to allow us to measure the internalization of HTLV-1
virions. These studies revealed that following exposure to ei-
ther cell-free or cell-associated HTLV-1, nearly all of the
CD4� T cells contained viral cores. This contrasts sharply with
the extremely low level of productive infection observed when
CD4� T cells are exposed to HTLV-1 virions and is consistent
with previous reports that HTLV-1 has a postfusion block to
replication (22, 59). Recent evidence shows that some viruses
enter cells through either a productive cytoplasmic pathway
(reviewed in reference 16) or a less productive endocytotic
degradative pathway (6, 23, 44, 45, 66). It seems likely that at
least some of the virions entered through a productive HTLV
Env-mediated fusion pathway rather than a degradative one,
since the effect of the removal of HS chains from the cell
surface HSPGs on viral internalization paralleled the effect on
the titers of HTLV-1 Env pseudotyped viruses in both T cells
and adherent cells (58). It has recently been reported that a
CD4-mediated reciprocal relationship between productive fu-
sion and degradation exists for HIV entry into T cells (66).
Alternatively, since syndecans and DC-SIGN can protect HIV
from degradation (8, 79), HSPGs may similarly protect
HTLV-1 during entry. We are currently investigating the fate
of these internalized virions.

HTLV-1 is primarily transmitted by breast-feeding or sexual
contact via cell-to-cell contact between T cells. Our observa-
tion that blocking HSPGs on CD4� T cells can inhibit the
cell-to-cell spread of HTLV-1 suggests that therapeutics based
on blocking these electrostatic interactions may be beneficial
(1).
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