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Studies using adherent cell lines have shown that glucose transporter-1 (GLUT-1) can function as a receptor
for human T-cell leukemia virus type 1 (HTLV). In primary CD4� T cells, heparan sulfate proteoglycans
(HSPGs) are required for efficient entry of HTLV-1. Here, the roles of HSPGs and GLUT-1 in HTLV-1 and
HTLV-2 Env-mediated binding and entry into primary T cells were studied. Examination of the cell surface of
activated primary T cells revealed that CD4� T cells, the primary target of HTLV-1, expressed significantly
higher levels of HSPGs than CD8� T cells. Conversely, CD8� T cells, the primary target of HTLV-2, expressed
GLUT-1 at dramatically higher levels than CD4� T cells. Under these conditions, the HTLV-2 surface
glycoprotein (SU) binding and viral entry were markedly higher on CD8� T cells while HTLV-1 SU binding and
viral entry were higher on CD4� T cells. Binding studies with HTLV-1/HTLV-2 SU recombinants showed that
preferential binding to CD4� T cells expressing high levels of HSPGs mapped to the C-terminal portion of SU.
Transfection studies revealed that overexpression of GLUT-1 in CD4� T cells increased HTLV-2 entry, while
expression of HSPGs on CD8� T cells increased entry of HTLV-1. These studies demonstrate that HTLV-1 and
HTLV-2 differ in their T-cell entry requirements and suggest that the differences in the in vitro cellular tropism
for transformation and in vivo pathobiology of these viruses reflect different interactions between their Env
proteins and molecules on CD4� and CD8� T cells involved in entry.

Human T-cell leukemia virus type 1 (HTLV-1) and type 2
(HTLV-2) are deltaretroviruses with similar genome structure
and an overall nucleotide homology of approximately 70%
(reviewed in reference 11). However, the two viruses differ in
their pathobiology. HTLV-1 is the causal agent of adult T-cell
leukemia and a progressive neurological disorder called HTLV-
1-associated myelopathy/tropical spastic paraparesis (12, 34, 54).
In contrast, HTLV-2 is essentially nonpathogenic, although a few
cases of neurological disease in HTLV-2-infected individuals
have been reported.

Entry of retroviruses into target cells involves interactions
between the viral envelope (Env) glycoproteins, a surface gly-
coprotein (SU), and a transmembrane glycoprotein (TM), and
specific cell surface molecules referred to as receptors. The SU
protein is involved in receptor recognition, and the TM protein
triggers the fusion of the viral and cellular membranes, allow-
ing entry of viral particles. For some retroviruses such as eco-
tropic murine leukemia viruses, a single molecule is sufficient
for attachment and entry; for others such as human immuno-
deficiency virus (HIV), multiple molecules are required (37).

Studies of viral interference indicate that HTLV-1, HTLV-2,
and related simian viruses share a receptor (46, 47). Cells from
a variety of species express molecules capable of supporting

HTLV-1 Env-mediated fusion. Many, but not all, cell lines can
be transduced by HTLV-1 Env-pseudotyped vectors and/or
can fuse with HTLV Env-expressing cells. In contrast, all ver-
tebrate lines tested specifically bind HTLV-1 SU, including cell
lines previously shown not to support fusion by HTLV Env (15,
16, 18, 48). These observations indicated that there are differ-
ences between requirements for binding HTLV-1 Env proteins
and for HTLV-1 Env-mediated fusion and entry.

More recently, two specific molecules have been demon-
strated to be involved in HTLV binding and entry. Several
years ago, glucose transporter 1 (GLUT-1) was shown to func-
tion as a receptor for HTLV. GLUT-1 was shown to specifi-
cally bind to a truncated soluble form of HTLV-1 and HTLV-2
SU proteins, and the level of GLUT-1 in target cells was shown
to correlate with the titer of HTLV-2 Env-pseudotyped virus
(28). Subsequently, overexpression of GLUT-1 in an HTLV-
1-resistant cell line, MDBK, was shown to increase the titer of
HTLV-1 and HTLV-2 Env-pseudotyped particles (8). As has
been previously noted (36), these studies examined infection of
adherent non-T-cell lines by HTLV Env-pseudotyped viruses;
their relevance to the spread of HTLV viruses into their pri-
mary target cells, CD4� and CD8� T cells, has not been
directly examined.

The efficient binding and entry of HTLV-1 also require
heparan sulfate proteoglycan (HSPG), a type of glycosamino-
glycan consisting of a protein core with heparan sulfate (HS)
polysaccharide chains. Earlier studies demonstrated that enzy-
matic reduction of the cell surface levels of HSPGs reduced
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both the binding of soluble HTLV-1 SU and the titer of
HTLV-1 Env-pseudotyped viruses in non-T-cell lines (39).
More recently, we have reported that HSPGs also play a crit-
ical role in the binding and entry of HTLV-1 into CD4� T cells
(19). We observed that the majority of binding of both soluble
HTLV-1 SU and HTLV-1 virions and the entry of HTLV-1
virions into established CD4� T-cell lines and primary CD4�

cells involved interactions with HSPGs.
Although HTLV-1 and HTLV-2 Env can facilitate entry into

many cell types in vitro, the tropism of HTLV in vivo is pri-
marily limited to T lymphocytes. However, HTLV-1 and
HTLV-2 differ in their T-cell tropism, both in vitro and in vivo.
Adult T-cell leukemia is a malignancy of CD4� T cells, and
HTLV-1 has a preferential tropism for CD4� T cells in indi-
viduals with neurological disease and asymptomatic patients
(41). In HTLV-1-associated myelopathy/tropical spastic para-
paresis patients, both CD4� and CD8� T cells serve as viral
reservoirs (31). In contrast, HTLV-2 is found primarily in
CD8� T cells in infected individuals; in some individuals, infec-
tion of CD4� T cells has also been observed (14, 23). In
vitro studies of transformation following coculture of HTLV-
producing cells with primary peripheral blood mononuclear
cells have paralleled the in vivo observations. The majority of
cells transformed by HTLV-1 are CD4� T cells, while HTLV-2
preferentially transforms CD8� T cells (33, 42, 43, 50, 52, 53).

Here, we examined whether the differences in the cellular
tropism of HTLV-1 and HTLV-2 reflect differences in the cell
surface expression of molecules involved in entry on CD4� and
CD8� T cells. In contrast to HTLV-1, HSPGs do not play a
significant role in the HTLV-2 Env-mediated binding and en-
try. Rather, the binding of HTLV-2 SU to primary T cells
required significant cell surface levels of GLUT-1. Expression
levels of HSPGs and GLUT-1 on primary CD4� and CD8� T
cells were markedly different. CD4� T cells generally ex-
pressed significantly higher levels of HSPGs than CD8� T
cells. Conversely, GLUT-1 is expressed at dramatically higher
levels on CD8� than on CD4� T cells. Under these conditions,
HTLV-2 entry was markedly higher in CD8� T cells while
HTLV-1 entry was higher on CD4� T cells. Binding studies
with HTLV-1/HTLV-2 SU recombinants revealed that prefer-
ential binding to CD4� T cells mapped to the C-terminal
portion of SU. Overexpression of GLUT-1 in CD4� T cells
increased HTLV-2 entry, while expression of HSPGs on CD8�

T cells increased entry of HTLV-1. These studies reveal that
HTLV-1 and HTLV-2 differ in their entry requirements and
suggest that the different pathobiology of HTLV-1 and
HTLV-2 viruses reflects different interactions between their
Env proteins and molecules on CD4� and CD8� T cells in-
volved in entry.

MATERIALS AND METHODS

Cell culture and reagents. MOLT4, SupT1, COS-7, CHO-K1 (HSPG positive;
ATCC CCL-61), CHO-K1 2244 (HSPG negative; ATCC pgsD-677), and
CHO-K1 2241 (low levels of proteoglycans; ATCC pgsB-618) cells were obtained
from the American Type Culture Collection. HEK 293-T/17 is a highly trans-
fectable subclone of a 293 line transformed with the simian virus 40 large T
antigen (38). 729/ACH and 729/pH6neo, HTLV producer cell lines established
by permanent transfection of proviral plasmids encoding HTLV-1 and HTLV-2,
respectively, were a generous gift of P. Green (Ohio State University, Columbus,
Ohio).

COS-7 and HEK 293-T/17 cells were maintained in Dulbecco’s modified

Eagle’s medium (DMEM); CHO-K1, CHO-K1 2244, and CHO-K1 2241 in were
maintained Dulbecco’s modified Eagle’s medium-Ham’s F-12 medium (1:1);
SupT1, Jurkat, and MOLT4 cells were maintained in RPMI 1640 medium; and
729/ACH and 729/pH6neo cells were maintained in Iscove modified Dulbecco
medium. All of the media were supplemented with L-glutamine (2 mM), peni-
cillin (100U/ml), streptomycin (100 ng/ml), and fetal calf serum (10%). T lym-
phocytes were isolated from either cord blood samples obtained during vaginal
births at Frederick Memorial Hospital (Frederick, MD) or from leukopaks of
peripheral blood collected according to NIH-approved Institutional Review
Board protocols from healthy donors, as previously described (19). Cells were
then enriched for CD4� or CD8� T cells, activated by 1 �g/ml phytohemagglu-
tinin (PHA), and cultured in media containing interleukin-2 (IL-2), as previously
described (19, 32).

The monoclonal antibody clone F58-10E4 (immunoglobulin M [IgM]) and HS
lyase were obtained from Seikagaku Corp. The antibody that recognizes extra-
cellular domains of human GLUT-1 (monoclonal antibody [MAb] 1418) was
obtained from R&D Systems. Hydroxypropyl-�-cyclodextrin was purchased from
Sigma.

Plasmids and transfections. The plasmid encoding the soluble form of the
HTLV-2 SU protein (HTSUII-IgG/pCMV-Env) was generated as follows. A
DNA fragment encoding the HTLV-2 SU region was generated by PCR ampli-
fication, using the plasmid CMV-ENV-LTR-II (where CMV is cytomegalovirus
and LTR is long terminal repeat) (17) as a template and the oligonucleotide
primers 5�-CCTGAAAAAAGCTGCATGCCCAAG-3� and 5�-CAGGACTAG
TTCTAGAACGGCGGCGTCTTG-3�. The resultant DNA fragment was di-
gested with SphI and SpeI and used to replace the SphI-SpeI fragment encoding
the complete HTLV-1 SU (HTSU) region from HTSU-IgG/pCMV-Env (32).
Four HTLV-1/HTLV-2 SU chimeras were made (see Fig. 5A). They are HTSU1/
1/2-IgG/pCMV-Env, HTSU2/2/1-IgG/pCMV-Env, HTSU1/2/2-IgG/pCMV-Env,
and HTSU2/1/1-IgG/pCMV-Env. DNA fragments (flanked by SphI and SpeI
sites) encoding the appropriate amino acids were generated by PCR amplifica-
tion of the SU coding regions of HTSU-IgG/pCMV-Env and HTSUII-IgG/
pCMV-Env. The SphI-SpeI fragments were subcloned into the pCMV-Env back-
bone to generate the four constructs. The constructs were confirmed by
sequencing. Soluble SU fusion proteins were generated from these plasmids, the
plasmid encoding the HTLV-1 SU (HTSU-IgG/pCMV-Env), and the negative
control avian leukosis and sarcoma virus subgroup A SU (55) following trans-
fection of 293-T cells, as previously described (19). The amount of SU protein
was determined using a rabbit IgG enzyme-linked immunosorbent assay, as
previously described (18).

Construction of expression plasmids for hemagglutinin (HA)-GLUT-1 and
HA-GLUT6-LL/AA (HA-GLUT-6 M) has been described previously (2, 25).
The plasmid pcDNA3.1 was from Invitrogen. HA-syndecan-4 was a generous gift
of Mike Simons (Dartmouth, Hanover, NH). For transfection, cells were washed
once in phosphate-buffered saline (PBS), and 2 � 106 cells were resuspended in
100 �l of the specified electroporation buffer (Amaxa’s Nucleofector solution V
for MOLT4 and human T-cell solution for CD8� T cells). Next, 3 �g of the
plasmid was added, and the cells were transfected using Nucleofector I (Amaxa)
according to the manufacturer’s instructions. Transfections were performed in
triplicate (a total of 6 �106 cells/condition) and cultured in 2 ml of the medium
at 37°C. Triplicates were pooled prior to analysis. For MOLT4, cells were split
1:3 on the day prior to the electroporation.

Flow cytometric analysis. Specific binding of soluble HTLV SU proteins to
target cells, the detection of cell surface expression of HSPG, and enzymatic
removal of the HS chain of cell surface HSPGs were performed as recently
described (17, 19).

To examine the level of cell surface expression of GLUT-1, 1 � 106 cells were
spun down and resuspended in 200 �l of PBS–1% fetal calf serum–0.1% sodium
azide (fluorescence-activated cell sorting [FACS] buffer). The cells were then
incubated on ice for 30 min with 1 �g of either the anti-GLUT-1 antibody or an
isotype control (mouse IgG2b). After being washed in FACS buffer, the cells
were resuspended in 200 �l of FACS buffer and incubated on ice for 30 min with
1 �g of an anti-mouse IgG2b-conjugated antibody. After being washed in FACS
buffer, the cells were resuspended in 350 �l of FACS buffer and immediately
analyzed by flow cytometry. A total of 50,000 live cell events were measured on
a FACScan (BD PharMingen) and analyzed using Flowjo software (Treestar).

Detection of cell surface GLUT by photoaffinity labeling. CD4� and CD8� T
cells, isolated from adult peripheral blood by negative selection, were activated
as described above. A biotinylated photoaffinity label, 2-N-4-(1-azi-2, 2,2-triflu-
oroethyl)benzoyl-1,3-bis(D-glucose-4-yloxy)-2-propylamine (bis-glucose photola-
bel), was used to quantify the level of glucose transporters on the cell surface by
using a modification of a previously described protocol (10, 45). After harvest,
the cells were washed, 200 �l of 0.25 mM photolabel was added, and the cultures
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were immediately exposed to UV light six times for 30 s each time. After a
washing step, the cells were resuspended in 500 �l of 2% Thesit detergent
(Sigma) in PBS and incubated for 20 min at room temperature. After removal of
the nuclei and cell debris, streptavidin beads (Pierce) were added to the samples,
which were then incubated at 4°C overnight. Following centrifugation, the su-
pernatant was transferred to another tube, and the protein was isolated and used
to determine the level of intracellular GLUT-1. The streptavidin beads were
washed and then resuspended in 50 �l of solubilization buffer to remove the
photolabeled GLUT-1. Fifty micrograms of the protein was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on a 10% Tris-glycine gel
(Invitrogen), transferred to Immobilon-P membrane (Millipore Corp.), and sub-
jected to Western blotting analysis. The membranes were blocked with 3%
bovine serum albumin (BSA) in Tris-buffered saline and hybridized at room
temperature with a polyclonal antiserum directed against GLUT-1 (R&D) di-
luted 1:1,000 in 3% BSA in Tris-buffered saline. After 90 min, the blot was
washed, incubated with I125-labeled protein A (0.2 mCi/ml) for 1 h at room
temperature, washed again, and exposed to film. The blot was then scanned using
a Fuji Phosphor Imager (FLA3000), and the bands were quantified using Image
Gauge Software.

Retroviral vector transduction and HTLV virion internalization. Pseudotyped
retroviral vectors were generated and used to transduce the target cells as
previously described (17). Briefly, target cells were incubated with 10-fold dilu-
tions of supernatant containing the pseudotyped viruses, and negative control
cultures (cells transduced with viral vectors with no Env) were included in each
experiment. Four days later, 50,000 live cells were analyzed by flow cytometry for
the expression of enhanced green fluorescent protein to determine the percent-
age of transduced cells. Titers were determined from the well with the lowest
percentage that was at least 5% positive using the following formula: (% positive
� % positive in negative control) � (number of cells in well on day of trans-
duction). Titers were corrected to 1 ml. For all experiments, standard deviation
was calculated.

To generate virus for the internalization assay, the HTLV-1 producer cell line
729/ACH and the HTLV-2 producer cell line 729/pH6neo were 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-pore-size filter. The amount of virus present was quantified using a p19
(MA) enzyme-linked immunosorbent assay (Zeptometrix). Studies to examine
the internalization of HTLV virions were performed as recently described (19).

RESULTS

Alteration of the cell surface of CD4� T cells has a differ-
ential effect on HTLV-1 and HTLV-2 Env-mediated entry. It
has previously been reported that HTLV-1 and HTLV-2 share
a receptor and that GLUT-1 can function as a receptor for
both viruses. However, we have identified some substances
that, when used to treat target cells, have a differential effect on
HTLV-1 and HTLV-2 Env-mediated entry.

First, having observed that the disruption of lipid rafts de-
creases infection by HTLV-1 virions and the titer of HTLV-1
Env-pseudotyped viruses (51), we examined whether lipid raft
disruption had a similar effect on HTLV-2 Env-mediated en-
try. Two CD4� T-cell lines, SupT1 and Jurkat, were treated
with hydroxypropyl-�-cyclodextrin (BCD), a substance that
disrupts lipid rafts. As expected from previous studies, disrup-
tion of lipid rafts dramatically reduced the titer of HIV-based
HTLV-1 Env-pseudotyped virions on both SupT1 (Fig. 1A)
and Jurkat (Fig. 1B) cells. Disruption of lipid rafts has a less
dramatic effect on reducing the HTLV-2 Env-pseudotyped vi-
rus. At 2.5 mM BCD, the HTLV-1 titer on SupT1 was reduced
by 87%, while the HTLV-2 titer was reduced by 28%. For
Jurkat, it was reduced by 34% for HTLV-1 and 9% for
HTLV-2. The effect observed appeared to involve specific in-
teractions between the Env proteins and the target cells, since
entry of vesicular stomatitis virus G protein (VSV-G)-
pseudotyped virus, which has previously been shown to be
independent of lipid rafts, was not significantly affected by this

treatment. Similar differences between HTLV-1 and HTLV-2
were observed following BCD treatment of adherent, non-T-
cell lines (unpublished data).

HSPGs do not play a significant role in HTLV-2 Env-medi-
ated binding and entry. Having recently observed that the
majority of binding of HTLV-1 virions on primary CD4� T
cells involves HSPGs (19), we wanted to investigate whether
the differences in HTLV-1 and HTLV-2 Env-mediated entry
might reflect differences in Env-HSPG interactions. Initially,
the role of HSPG on HTLV-2 Env-mediated entry into non-
T-cell lines was examined. Enzymatic removal of HS chains by

FIG. 1. Effect of lipid raft disruption on HTLV-1 Env- and
HTLV-2 Env-mediated entry. HTLV-1 Env-, HTLV-2 Env-, or VSV-
G-pseudotyped virus particles were generated as described in Materi-
als and Methods. SupT1 cells (A) or Jurkat cells (B) were washed once
in serum-free medium, resuspended at 5 � 106/ml in serum-free RPMI
medium containing 0, 2.5, or 10 mM BCD and incubated at 37°C for
1 h. Cells were then washed three times with RPMI medium, resus-
pended in 0.5 ml of RPMI medium, and then mixed with an equal
volume of the pseudotyped virus. The cells were transduced by spin-
oculation and then harvested 4 days later, and the titer was determined
as described in Materials and Methods. Titers obtained in the absence
of BCD were normalized to 100, and the relative titer was determined
using the following formula: (titer with BCD/titer without BCD) � 100.
The titer for each of the pseudotyped vectors in the absence of BCD was
then determined. In SupT1 cells the titers in experiment 1 for each vector
were the following: HTLV-1, 1.60 � 104; HTLV-2, 2.55 � 103; VSV-G,
5.54 � 107. In SupT1 cells the titers in experiment 2 were the following:
HTLV-1, 5.95 � 104; HTLV-2, 1.95 � 103; and VSV-G, 1.06 � 107. In
Jurkat cells, the titers were the following: HTLV-1, 5.62 � 103; HTLV-2,
1.15 � 103; and VSV-G, 4.33 � 106. For panel A, data shown are the
average of two independent experiments; error bars represent standard
deviation. For panel B, the titers were determined in duplicate; the error
bars represent standard deviation. White bars, no BCD; gray bars, 2.5 mM
BCD; black bars, 10 mM BCD. Data are from a representative experi-
ment out of five (A) or three (B) performed.
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HS lyase reduced the titer of HTLV-1 Env pseudotypes on
COS cells by 82%, while the titer of the VSV-G-pseudotyped
virus was slightly increased (Fig. 2A). In contrast, the titer of
HTLV-2 Env pseudotypes was reduced by less than 7%. Sim-
ilar studies were performed with cells carrying mutations in
genes responsible for HSPG synthesis. HTLV-1 and HTLV-2
Env-pseudotyped virions were used to transduce parental
CHO-K1 and two CHO-K1 cell lines carrying mutations in
enzymes required for synthesis of HSPGs: CHO-K1 2241 (ex-
presses low level of proteoglycans) and CHO-K1 2244 (nega-
tive for HSPGs). Similar to what was previously reported by
other investigators (39), we found that the titer of HTLV-1
Env pseudotypes was significantly reduced in cell lines lacking
HSPGs to 11.4% (CHO-K1 2241) and 17.6% (CHO-K1 2244)
of the titer in the parental cell line (Fig. 2B, left). In contrast,
the absence of HSPGs on the cell surface had a relatively
modest effect on the titer of HTLV-2 Env-pseudotyped virions:
the titers were 81.3% and 95.8% for CHO-K1 2241 and
CHO-K1 2244 cells, respectively, of the titer in the CHO-K1
cell line (Fig. 2B, right). Thus, HSPGs do not play a significant
role in HTLV-2 Env-mediated entry into these cell lines.

HSPGs do not increase HTLV-2 binding and entry in CD4�

T cells. Having previously observed that removal of HSPG
from CD4� T cells eliminates the majority of binding of the
HTLV-1 SU protein (19), we investigated the role of HSPGs in

HTLV-2 SU binding. We generated a construct encoding a
soluble form of the HTLV-2 SU (HTSUII-IgG) which is iden-
tical to the soluble HTSU-IgG we have generated previously
(18), except that the coding region of HTLV-1 SU was re-
placed by that of the HTLV-2 SU protein. Initially, the level of
binding of the soluble SU proteins on a CD4� T-cell line
(MOLT4) was measured by flow cytometry. The HTLV-2 SU
bound specifically to the MOLT4 cells at a lower level than the
HTLV-1 SU (Fig. 3A).

We next used this reagent to examine the role of HSPGs in
the binding of HTLV-2 SU to activated CD4� cells isolated
from adult peripheral blood. In contrast to what has been
previously reported for HTLV-1 SU, binding of HTLV-2 SU
was not reduced when the HSPGs were removed by HS lyase
(Fig. 3B). Treatment of CD4� T cells with HS lyase reduced
the level of the HSPGs by greater than 90% (data not shown).

The role of HSPGs in the entry of HTLV-2 virions into
CD4� T cells was also examined. As one approach, purified
CD4� T lymphocytes isolated from adult peripheral blood and

FIG. 2. Effects of HSPG cell surface expression on HTLV-1 Env
and HTLV-2 Env-mediated entry. (A) COS-7 cells (106) were sus-
pended in 200 �l of HS lyase buffer (20 mM Tris, pH 7.4, 0.01% BSA,
and 4 mM CaCl2) and then incubated for 2 h at 37°C with either 120
mU of HS lyase (gray bars) or left untreated (white bars). HTLV-1
Env-, HTLV-2 Env-, or VSV-G-pseudotyped virus particles were gen-
erated and used to transduce the COS-7 cells without spinoculation,
and the titers were determined 3 days later. (B) HTLV-1 Env- and
HTLV-2 Env-pseudotyped virus particles were used to transduce
CHO-K1 cells (white bars), CHO-K1 2241 cells (gray bars), and
CHO-K1 2244 cells (black bars) without spinoculation, and the titers
were determined 3 days later. The data are the average of two inde-
pendent experiments; error bars represent standard deviation. The
titer for each of the pseudotyped virions on COS-7 cells in the absence
of treatment (A) was as follows in experiment 1: HTLV-1, 6.8 � 103;
HTLV-2, 5.4 � 104; VSV-G, 4.2 � 104. In experiment 2 the titers in
COS-7 cells were as follows: HTLV-1, 5.9 � 104; HTLV-2, 3.7 � 104;
VSV-G, 7.2 � 104. The titer for each of the pseudotyped vectors on the
parental CHO-K1 cells (B) in experiment 1 were 4.4 � 103 for
HTLV-1 and 4.0 � 103 for HTLV-2. In experiment 2 the titers in
CHO-K1 cells were 7.8 � 104 for HTLV-1 and 5.7 � 104 for HTLV-2.
Data shown are representative; an additional two (A) or three (B) ex-
periments were performed.

FIG. 3. Effect of HSPGs on HTLV-2 SU binding on CD4� T cells.
(A) MOLT4 cells were incubated with 200 ng of either the soluble
form of HTLV-1 SU (HTSU-IgG), the soluble form of HTLV-2 SU
(HTSUII-IgG), or, as a negative control, a similar fusion protein
(SUA-IgG) containing the SU protein from the avian retrovirus avian
leukosis and sarcoma virus subgroup A. The amount of binding was
determined by flow cytometry. The mean fluorescence intensity in this
and all of the binding studies described was determined by subtracting
the mean fluorescence intensity of the control (SUA-IgG) binding
from the mean fluorescence intensity of specific (soluble HTLV SU)
binding. Black line, SUA-IgG; gray line, HTSU-IgG or HTSUII-IgG.
The mean fluorescence intensities of HTSU-IgG and HTSUII-IgG
were 7.0 and 2.2, respectively. (B) CD4� T cells, isolated from adult
peripheral blood and activated for 5 days with anti-CD3/anti-CD28
antibody beads, were incubated with or without 10 mU of HS lyase.
The left frame represents the binding of 200 ng of soluble HTLV-2 SU
with no HS lyase, while the right frame represents the binding of
soluble HTLV-2 SU with HS lyase. Black line, SUA-IgG; gray line,
HTSUII-IgG. The mean fluorescence intensity of HTSUII-IgG incu-
bated in buffer alone was 2.4, and for HTSUII-IgG treated with HS
lyase, it was 12.2. Data are from a representative experiment out of two
(A) or four (B) performed.
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activated for 6 days were tested for viral internalization as
described in Materials and Methods. As seen previously (19),
enzymatic removal of HS chains from primary CD4� T cells
dramatically reduced internalization of HTLV-1 virions (by
96%) (Fig. 4A, left panels). In contrast, internalization of the
HTLV-2 virions into these same cells was reduced by 4% (Fig.
4A, right panels). Staining with anti-HSPG antibodies con-
firmed that, following treatment, the level of HSPGs on the
cell surface was not detectable (data not shown).

To further investigate the role of HSPGs on internalization
of HTLV-2 virions, we treated the CD4� T-cell line SupT1
with different concentrations of HS lyase. HS lyase treatment
inhibited internalization of HTLV-1 virus in a dose-dependent
manner (Fig. 4B, left panels). No decrease in HTLV-2 inter-
nalization was seen even at the highest concentrations of the
enzyme (Fig. 4B, right panels). These results indicate that,
unlike for HTLV-1, HSPGs are not critical for the efficient
internalization of HTLV-2 into CD4� T cells.

Differences in HTLV-1 and HTLV-2 binding to CD4� T cells
map to the C-terminal region of SU. Next, we determined the
region of SU responsible for efficient binding to activated
CD4� T cells. Studies of the organization of Env proteins of
gammaretroviruses have shown that SU proteins consist of
an N-terminal region which binds directly to the receptor
(the receptor binding domain, or RBD), a short proline-rich
“hinge” region (PRR), and a C-terminal region critical for
fusion (1, 4, 5, 20, 24, 35). Later studies suggested that HTLV
SU has a similar modular structure (21, 22, 29). Based on this
organization, we generated four recombinants between
HTLV-1 and HTLV-2 SU, producing chimeric proteins (Fig.
5A). The binding of one pair of recombinants in which the
RBDs of the proteins were switched is shown in Fig. 5B. The
SU containing the RBD from HTLV-2 and the PRR and
C-terminal regions of HTLV-1 (HTSU-2/1/1) bound at high
levels to activated CD4� T cells, similar to that of the parental
HTLV-1 SU. Conversely, the reciprocal SU (HTSU-1/2/2), like
the parental HTLV-2 SU, bound at low levels to CD4� T cells.
Studies with a second pair of recombinant SU proteins re-
vealed that the C-terminal 98 amino acids of HTLV-1 SU,
outside both the RBD and the PRR, is sufficient to allow high
levels of binding to CD4� T cells (Fig. 5C). These results
indicate that sequences in the C terminus of SU, outside the
RBD, are responsible for the higher level of binding of
HTLV-1 SU to CD4� T cells.

Differential expression of HSPGs and different levels of
HTLV-2 SU binding on CD4� and CD8� T cells. While
HTLV-1 preferentially infects CD4� T cells, HTLV-2 has a
preferential tropism for CD8� cells in vivo and in vitro. To
compare the binding levels of HTLV-2 SU on primary T cells,
purified populations of CD4� and CD8� T cells isolated from

FIG. 4. Effect of HSPGs on HTLV-2 entry into CD4� T cells.
(A) CD4� T cells were isolated from adult peripheral blood lympho-
cytes, activated for 6 days with anti-CD3/anti-CD28 antibody beads,
and then resuspended in HS lyase buffer and treated with 10 mU of HS
lyase (bottom) or left untreated (top). The extent of viral internaliza-
tion was determined 2 h after exposing the cells to 2 ng of either
HTLV-1 (left) or HTLV-2 (right) as described in Materials and Meth-
ods. Black line, mouse IgG1 (isotype control); gray line, anti-HTLV
MA (p19) antibody. The mean fluorescence intensity values were as
follows: for HTLV-1 incubated in buffer alone, 174.5; for HTLV-1
treated with HS lyase, 7.2; for HTLV-2 incubated in buffer alone, 29.3;
for HTLV-2 treated with HS lyase, 28.0. (B) SupT1 cells were resus-
pended in HS lyase buffer and incubated with 0, 40 mU, 80 mU, or 120
mU of HS lyase, as indicated, and the extent of internalization of 1 ng
of virus was determined as in described for panel A. The mean fluo-
rescence intensity values for HTLV-1 internalization were the follow-

ing under the specified conditions: incubated in buffer alone, 65.6;
treated with 40 mU of HS lyase, 12.6; treated with 80 mU of HS lyase,
10.8; treated with 120 mU of HS lyase, 4.8. The mean fluorescence
intensity values for HTLV-2 internalization were the following under
the specified conditions: incubated in buffer alone, 10.4; treated with
40 mU HS lyase, 16.4; treated with 80 mU HS lyase, 15.3; treated with
120 mU HS lyase, 14.9. Data are from a representative experiment out
of six (A) or three (B) performed.
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cord blood lymphocytes and activated for 5 days were assessed
for the level of HTSUII-IgG binding. Under these conditions,
the level of binding of HTLV-2 SU to the CD4� T cells was
below the level detectable in the assay (Fig. 6A, left). In con-
trast, the HTLV-2 bound at high levels to the CD8� T cells
(Fig. 6A, right).

Since HSPGs do not play a major role in HTLV-2 SU bind-
ing (Fig. 3B), we examined whether the pattern of expression
of HSPGs differed on activated CD4� and CD8� T cells. We
recently observed that expression of HSPGs on CD4� T cells
peaked 3 to 5 days after activation (19). CD4� and CD8� T
cells were isolated, activated, and assayed for the cell surface
level of HSPGs by flow cytometry 3 and 5 days later. For CD4�

T cells, significant levels of HSPGs on the cell surface were
observed at both time points (Fig. 6B, left graphs). In contrast,
the level of HSPGs on the CD8� T cells was very low (Fig. 6B,
right graphs).

The different levels of HSPG expression on activated CD4�

and CD8� T cells provided us the opportunity to examine the
contributions of endogenous levels of HSPGs to HTLV SU
binding. As one approach, the level of binding of HTLV-1 and
HTLV-2 SU was compared. Cord blood CD4� and CD8� T
cells were isolated, activated, and analyzed 16 h later. As ex-
pected, the CD4� T cells expressed significant amounts of
HSPG while CD8� T cells expressed very low levels of HSPGs

(Fig. 6C, left graphs). The binding of HTLV-1 SU paralleled
the level of HSPGs; it was higher on the CD4� T cells than on
the CD8� T cells (Fig. 6C, middle graphs). HTLV-2 binding
does not correlate with the cell surface level of HSPGs: the
level of binding was higher on CD8� T cells than on the CD4�

T cells (Fig. 6C, right graphs).
Different levels of HTLV-1 and HTLV-2 entry reflect differ-

ent levels of HSPGs and GLUT-1 on CD4� and CD8� T cells.
The expression of two molecules implicated in HTLV entry,
HSPG and GLUT-1, was examined in parallel on samples of
isolated CD4� and CD8� T cells from cord blood lymphocytes
at 4 and 6 days following activation. Consistent with the results
obtained with adult peripheral blood cells (Fig. 6A), expression
of HSPGs 4 days after activation was high on CD4� cells and
low on CD8� T cells (Fig. 7A, left graphs). At 6 days after
activation, expression of HSPGs on CD4� T cells was some-
what lower than on day 4 (Fig. 7A, top row); this is consistent
with what we have previously reported (19). In contrast, HSPG
expression on the CD8� T cells was detectable, but lower than
on CD4� T cells, on day 6 (Fig. 7A, bottom row). The cell
surface levels of GLUT-1 expression were high at both time
points on CD8� T cells (Fig. 7A, bottom row) and were either
below the level of detection (day 4) or very low (day 6) on
CD4� T cells (Fig. 7A, top row).

We have now examined expression of HSPGs and GLUT-1

FIG. 5. Differences in HTLV-1 and HTLV-2 binding to CD4� T cells map to the C-terminal region of SU. (A) Schematic drawing of the SU
coding regions of the vectors encoding parental and recombinant soluble HTLV SU. (B) CD4� T cells, from adult peripheral blood, were activated
for 3 days by PHA and IL-2. The binding of 100 ng of HTSU-IgG, HTSUII-IgG, HTSU1/2/2-IgG, HTSU2/1/1-IgG, and the control SUA was
determined by flow cytometry. Black line, SUA-IgG; gray line, soluble HTLV SU. The mean fluorescence intensity values were as follows: for
HTSU-IgG, 4.6; HTSUII-IgG, 0.5; HTSU1/2/2-IgG, 0.7; HTSU2/1/1-IgG, 3.6. (C) CD4� T cells isolated from adult peripheral blood were
activated with PHA and IL-2. The binding of 200 ng of HTSU-IgG, HTSUII-IgG, HTSU1/2/2-IgG, HTSU2/1/1-IgG, HTSU1/1/2-IgG, HTSU2/
2/1-IgG, and the control SUA was determined by flow cytometry.
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on more than 25 samples of CD4� and CD8� T cells, isolated
from both cord blood and adult peripheral blood, following
activation with either CD3/CD28 beads or PHA and IL-2.
Although there was genetic variability in the levels of expres-
sion in samples from different individuals, the pattern of ex-
pression following activation generally followed two patterns.
At early times after activation (�4 days), HSPGs were at
dramatically higher levels on CD4� T cells than on CD8� T
cells. At later times (�5 days, depending on method of acti-
vation), significant levels of HSPGs were observed on some but
not all CD8� T cells. Similar results were obtained when the
cell surface expression of a single member of the syndecan
family of HSPGs on T cells was examined: syndecan-4 is ex-
pressed at much higher levels on CD4� T cells than on CD8�

T cells (data not shown).
For GLUT-1, the expression level was consistently high on

CD8� cells and was consistently low or undetectable on CD4�

T cells, although some CD4� T cells had low but detectable
levels of GLUT-1. These results were confirmed using an in-
dependently derived anti-GLUT-1 antibody (data not shown).
We also examined the cell surface expression of GLUT-1 on
primary T cells using a different approach. Glucose transporter
molecules present on the cell surface were photolabeled with a
biotinylated probe that cross-links to glucose transporters after
UV activation (13, 45). Following immunoprecipitation, the
amount of GLUT-1 on the cell surface was determined by
Western blotting with GLUT-1-specific antibodies. These stud-
ies confirmed that the level of GLUT-1 on the plasma mem-
brane was higher on CD8� than on CD4� T cells and revealed
that the intracellular levels of GLUT-1 were also higher in
CD8� than in CD4� T cells (Fig. 7B).

The effect of different endogenous cell surface levels of
HSPGs on virus internalization into primary T cells was also
examined. Under conditions where CD4� T cells had high
levels of HSPGs and CD8� T cells had low levels of HSPGs,
HTLV-1 entry into CD4� T cells was dramatically higher than
in CD8� T cells (Fig. 7C, left and middle graphs). In contrast,
HTLV-2 entry was significantly higher in CD8� than in CD4�

T cells (Fig. 7C, right graphs). These results suggest that dif-
ferent receptor complexes for HTLV-1 and HTLV-2 play a
role in cell tropism of the viruses.

Altering the cell surface expression of components of the
HTLV-1 and HTLV-2 receptor complexes alters cellular tro-
pism of the viruses. These studies indicate that differences
between the levels of HTLV-1 and HTLV-2 SU binding and
entry in T cells reflects differences in the cell surface expression
of HSPGs and GLUT-1 on those cells. The level of HTLV-1
SU binding paralleled the level of HSPG, which generally was
higher on CD4� T cells. In contrast, HSPGs did not appear to
increase the level of binding of HTLV-2 SU. Rather, a signif-
icant level of HTLV-2 SU binding appeared to require a
threshold amount of GLUT-1 on the cell surface.

Although levels of HSPGs were nearly always higher on
CD4� T cells than on CD8� T cells, we observed several
samples at later times after activation in which high levels of
HSPGs were expressed on the surface of both types of T cells.
One such sample, harvested at 12 days after activation, is
shown in Fig. 8. As expected, GLUT-1 was low but detectable
on CD4� and high on CD8� T cells (Fig. 8, left graphs). Under
these conditions, HTLV-1 SU bound at high levels to both

FIG. 6. Expression of HSPGs and the level of HTLV-2 SU binding
on CD4� and CD8� T cells. (A) CD4� and CD8� T cells were isolated
from cord blood lymphocytes by positive selection and activated by
PHA and IL-2. Six days later, the level of binding of 200 ng of HTSUII-
IgG was determined. Black line, SUA-IgG; gray line, HTSUII-IgG.
The mean fluorescence intensity values were 0.2 for CD4� and 21.9 for
CD8�. (B) T lymphocytes were isolated from adult peripheral blood,
separated into CD4� and CD8� populations, and activated by CD3/
CD28 beads. Three and five days later, the cells were harvested and the
level of HSPGs was determined. Black line, IgM isotype control; gray
line, anti-HSPG antibody (F58-10E4). The mean fluorescence inten-
sity values were 9.4 for CD4� and 0.1 for CD8� on day 3; on day 5 they
were 7.8 for CD4� and 0.4. for CD8�. (C) CD4� and CD8� T cells
were isolated from cord blood lymphocytes and activated by PHA and
IL-2, and the level of binding of 100 ng of SU protein was determined
16 h later. Left panels: black line, IgM isotype control; gray line,
anti-HSPG antibody (F58-10E4). Middle and right panels: black line,
SUA-IgG; gray line, HTSU-IgG (middle) or HTSUII-IgG (right). The
mean fluorescence intensity values were as follows: HSPG/CD4�, 9.9;
HSPG/CD8�, 0.83; HTSU/CD4�, 10.5; HTSU/CD8�, 1.0; HTSUII/
CD4�, 1.1; HTSUII/CD8�, 4.0.
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CD4� and CD8� T cells (Fig. 8, left). HTLV-2 SU bound at
lower levels to both types of cells (Fig. 8, right). The relatively
low level of binding to CD8� T cells likely reflects the high
levels of HSPGs on these cells, which interfere with binding to
GLUT-1.

One drawback of studies comparing binding and entry at
different times following activation is that a number of other
molecules might be differentially expressed on the cell surface.
We directly examined whether overexpression of HSPGs in
CD8� T cells, under conditions where endogenous levels of
HSPGs are low, would lead to increased HTLV-1 virion entry.
A major source of HSPG on the cell surface is the syndecan

family; of these, syndecan-4 is the most ubiquitously expressed.
Recently, we have reported evidence that two members of this
family, syndecan-2 and syndecan-4, are expressed on CD4� T
cells following activation (19). CD8� T cells were transfected 3
days after activation with either a construct encoding synde-
can-4 or a control plasmid (pcDNA). Two days later, the cells
were exposed to HTLV-1 and HTLV-2 virions, and the
amount of internalization was determined. As expected for
CD8� T cells early after activation, internalization levels on
the cells transfected with the control plasmid were low for
HTLV-1 and high for HTLV-2 (Fig. 9A, top row). Overexpres-
sion of syndecan-4 slightly decreased internalization of HTLV-2

FIG. 7. Influence of endogenous cell surface levels of GLUT-1 and HSPGs on internalization of HTLV-1 and HTLV-2 virions into CD4� and
CD8� T cells. (A) CD4� and CD8� T lymphocytes, isolated from adult peripheral blood, were analyzed for HSPG and GLUT-1 expression at 4
(left) and 6 (right) days after activation with anti-CD3/CD28 beads. Black line, isotype control; gray line, anti-HSPG antibody (F58-10E4) or
anti-GLUT-1 (MAb 1418). The mean fluorescence intensity values on day 4 were as follows: HSPG/CD4�, 12.0; HSPG/CD8�, 0.2; GLUT-1/CD4�,
�0.4; GLUT-1/CD8�, 60.4. Day 6 values were as follows: HSPG/CD4�, 15.9; HSPG/CD8�, 4.9; GLUT-1/CD4�, �0.2; GLUT-1/CD8�, 36.0.
(B) Five days after activation, CD4� and CD8� T cells were exposed to UV light in the presence of a biotinylated photoaffinity label, lysed,
processed, and analyzed as described in Materials and Methods. The level of membrane and intracellular GLUT-1 on the resulting Western blot
was quantified. The net scan units were determined from the pixel density of bands on the scanned blot using the following formula: net scan
units 	 total scan units of protein band � scan units of background (a nonradioactive portion of same column of the Western blot). (C) CD4�

and CD8� T cells were harvested 2 days after activation. A portion of the samples was used to determine the cell surface levels of HSPG; the
remainder was exposed to 1 ng of HTLV virions, and internalization levels were determined. Left panels: black line, IgM isotype control; gray line,
anti-HSPG antibody (F58-10E4). Middle and right panels: black line, no virus; gray line, HTLV-1 (middle) or HTLV-2 (right). The mean
fluorescence intensity values were as follows: HSPG/CD4�, 10.2; HSPG/CD8�, 0.2; HTLV-1 entry/CD4�, 15.7; HTLV-1 entry/CD8�, 1.1; HTLV-2
entry/CD4�, 0.7; HTLV-2 entry/CD8�, 6.0.
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(Fig. 9A, bottom right). In contrast, overexpression of syndecan-4
dramatically increased the level of entry of HTLV-1 into the
CD8� T cells (Fig. 9A, bottom left). Similar studies with synde-
can-2 also increased entry into CD8� T cells, although at a lower
level than syndecan-4 (data not shown).

We also examined whether increasing cell surface levels of
GLUT-1 on a CD4� T-cell line would increase HTLV-2 entry.
These studies were performed using the CD4� T-cell line
MOLT4. The level of internalization of HTLV-2 into CD4�

T-cell lines, like primary T cells, is lower than the level of
HTLV-1 internalization (Fig. 4B), and, like primary CD4�

cells, they express low levels of GLUT-1 on the cell surface
(data not shown). MOLT 4 cells were transfected with either a

GLUT-1-expressing plasmid (HA-GLUT-1) or, as a control, a
plasmid encoding a mutant form of glucose transporter-6 (HA-
GLUT-6 M) which is constitutively expressed on the cell sur-
face. Three days later, they were exposed to HTLV-1 or
HTLV-2 virions, and the extent of internalization was deter-

FIG. 8. Effect of high endogenous cell surface levels of HSPGs on
CD8� T cells on binding of HTLV-1 and HTLV-2 SU. CD4� and
CD8� T cells were isolated from cord blood lymphocytes, activated by
CD3/CD28 beads, and harvested 12 days later. Flow cytometry studies
were performed as described in the legends of Fig. 7 (for HSPG and
GLUT-1) and Fig. 6 (for HTSU-IgG and HTSUII-IgG). Black line,
isotype control; gray line, anti-HSPG antibody (F58-10E4), anti-
GLUT-1 (MAb 1418), HTSU-IgG, or HTSUII-IgG. The mean fluo-
rescence intensity values were as follows: GLUT-1/CD4�, 0.73;
GLUT-1/CD8�, 75.2; HSPG/CD4�, 18.5; HSPG/CD8�, 63.4; HTSU/
CD4�, 6.4; HTSU/CD8�, 4.1; HTSUII/CD4�, 2.12; HTSUII/CD8�, 1.5.

FIG. 9. Effect of ectopic expression of HSPG in CD8� T cells and
GLUT-1 in CD4� T cells on internalization of HTLV-1 and HTLV-2
virions. (A) Activated CD8� T cells were transfected 3 days after
activation either with a construct encoding syndecan-4, a type of
HSPG, or a control plasmid (pcDNA). Two days later, the cells were
exposed to 1 ng of HTLV-1 and HTLV-2 virions, and the amount of
internalization was determined 2 h later. The mean fluorescence in-
tensity values were as follows: HTLV-1 entry/pcDNA, 0.7; HTLV-1
entry/syndecan-4, 3.2; HTLV-2 entry/pcDNA, 2.6; HTLV-2 entry/syn-
decan-4, 1.67. (B) MOLT4 cells, a CD4� T-cell line, were transfected
with a GLUT-1-expressing plasmid (HA-GLUT-1) or a plasmid ex-
pressing a control glucose transporter (HA-GLUT-6 M). Three days
later, they were exposed to 1 ng of either HTLV-1 or HTLV-2 virions,
and the amount of internalization was determined 2 h later. Black
lines, IgG1 isotype control; gray lines, anti-HTLV p19 (MA) antibody.
The mean fluorescence intensity values were as follows: HTLV-1 en-
try/GLUT-6M, 2.5; HTLV-1 entry/GLUT-1, 3.7; HTLV-2 entry/
GLUT-6M, �0.6; HTLV-2 entry/GLUT-1, 5.2.
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mined. The level of internalization of HTLV-2 was lower than
HTLV-1 in the cells transfected with the control plasmid (note
that the level of entry was below the negative control) (Fig. 9B,
top row). Overexpression of GLUT-1 in the CD4� T cells
dramatically increased the level of internalization of HTLV-2
virions (Fig. 9B, bottom right). The amount of internalization
of HTLV-1 was modestly increased in the cells expressing
GLUT-1 (Fig. 9B, bottom left).

DISCUSSION

Early superinfection interference studies indicated that
HTLV-1 and HTLV-2 share a receptor (46, 47), and recently
GLUT-1 has been shown to function as a receptor for both
viruses in adherent non-T-cell lines (8, 28). Here, we observed
that the receptor complexes of HTLV-1 and HTLV-2 on T
cells differ. While HTLV-1 requires HSPGs for efficient at-
tachment and entry, HSPGs do not play a similar role for
HTLV-2.

The observation that binding of HTLV-2 SU to primary T
cells involves GLUT-1 is consistent with previous studies per-
formed on the cell lines (28). However, the observation by our
laboratory and others that HTLV-1 SU binds primarily to
HSPGs (19, 39) is at odds with other studies that stated that
both HTLV-1 and HTLV-2 SU bind directly to GLUT-1 (21,
22, 29). These latter studies also stated that the N-terminal 215
amino acids of the HTLV SU (RBD region) contain all the
sequences needed for optimal binding. One difference between
these studies was the reagents used. The studies showing bind-
ing to GLUT-1 were performed using a truncated form of
HTLV-1 SU (H1RBD), containing only the RBD, while the
studies showing HTLV-1 SU binding to HSPGs used full-
length SU. Here, we observed that the ability of full-length
HTLV-1 SU to bind at high levels to HSPG-positive CD4� T
cells mapped to regions outside the RBD (Fig. 5). This indi-
cates that sequences important for HSPG binding, and possibly
other molecule(s) involved in binding, are located in the C
terminus of the HTLV-1 SU. This is similar to feline leukemia
virus subgroup T, for which determinants for the receptor
specificity have been shown to map outside the RBD (7).

The studies presented here demonstrate that HTLV-1 and
HTLV-2 differ in their requirements for entry into CD4� and
CD8� T cells. For HTLV-2, GLUT-1 appears to facilitate both
binding and entry into T cells, favoring CD8� T cells, which
express high levels of GLUT-1 on the cell surface. The role of
as yet unidentified additional molecules in HTLV-2 entry can-
not be ruled out. For HTLV-1, the virus appears to bind to
HSPGs at an early step in virus-T-cell interaction, favoring the
activated, HSPG-rich CD4� T cells. This interaction appears
to be required for subsequent interactions of SU with GLUT-1
or other molecules, which in turn allows fusion and entry to
occur. In this model, the differences in entry requirements
between HTLV-1 and HTLV-2 would be analogous to the
differences between CD4-dependent and CD4-independent
primary isolates of HIV-2 and simian immunodeficiency virus,
which differ in their requirements for a binding receptor but
which share fusion receptors (40).

The precise role of HSPGs in HTLV-1 entry has not yet
been defined. For many viruses, HSPGs play a role in the
cellular attachment, either as a low-specificity attachment fac-

tor, as a specific binding receptor (26), or, as in the case of
herpes simplex virus type 1, as a fusion receptor (49). Attach-
ment factors are molecules that, while not required for entry,
can dramatically increase the efficiency of viral entry by con-
centrating virus on the cell surface, thereby increasing the
probability of interactions with the fusion receptors. It seems
unlikely that HSPGs are solely functioning to increase
HTLV-1 interactions with GLUT-1, since binding and entry
into CD8� cells were inefficient despite high levels of GLUT-1.
With regard to HIV, although it was originally believed that
HSPG was one of several attachment factors for HIV (30, 44),
more recent studies have revealed that HSPG can play specific
roles in HIV-1 transmission. In cells which are CD4 negative
(brain endothelial cells) (3), HSPGs play a crucial role in HIV
entry. Other studies have reported that HSPGs can function in
trans to enhance viral spread (6). Significantly, a recent study
revealed that a single amino acid in the V3 region of gp120 was
responsible for the binding to HSPGs and that HIV-1 binds the
HSPGs via a 6-O sulfation, indicating that HSPG-gp120 inter-
actions are not the result of random interactions between basic
residues and negative charges (9). We are currently attempting
to define the specific role(s) of HSPGs in HTLV-1 infectivity.

It appears likely that least one additional molecule in addi-
tion to HSPG is capable of specifically binding HTLV-1 SU.
Binding and entry of HTLV-1 can occur, although at a low
level, in HSPG-negative cell lines (Fig. 2B) (39) and when
HSPGs have been enzymatically removed from the surface of
T cells (19, 39). We are currently investigating whether
HTLV-1 binding with these other molecule(s) occurs as an
alternate to HSPG binding or in concert with HSPG binding.

The observation that HTLV-1 uses HSPG and/or other mol-
ecules as binding receptor(s) does not necessarily contradict
earlier studies indicating that the two viruses share a receptor.
If both HTLV-1 and HTLV-2 use the same molecule as fusion
receptor, it would be expected that Env-fusion receptor inter-
actions in infected cells would prevent virus-cell membrane
fusion for both viruses. This notion is supported by previous
reports that expression of both HTLV-1 and HTLV-2 Env
proteins alters glucose metabolism (28). In a recent study, two
extracellular loops of GLUT-1 (extracellular loops 1 and 5)
were shown to be required for infection but not involved in
binding (27). The extracellular loop 6 of GLUT-1, in the con-
text of another glucose transporter, was shown to be sufficient
for HTLV-2 RBD binding (27). Those studies were performed
using HTLV-2; it would be interesting to know whether the
same or different regions of GLUT-1 are required for infection
by HTLV-1.

A number of studies have shown that the majority of cells
transformed by HTLV-1 are CD4� T cells, while HTLV-2
preferentially transforms CD8� T cells (33, 42, 43, 50, 52, 53).
Since transformation of primary T cells by both HTLV-1 and
HTLV-2 require the Tax protein (42, 43), it had been hypoth-
esized that Tax was responsible for the differences between the
transformation tropism of these two viruses. However, recent
studies by Green and colleagues using recombinant HTLV-1/
HTLV-2 viruses revealed that the transformation tropism did
not map to Tax (53) or to the long terminal repeat (52).
Rather, the in vitro transformation tropism maps to the Env
protein: HTLV-2 with HTLV-1 Env preferentially transformed
CD4� cells, while HTLV-1 with HTLV-2 Env preferentially
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transformed CD8� T cells (52). These observations indicate
that HTLV-1 and HTLV-2 Env proteins interact differently
with specific protein(s) in T lymphocytes. As the authors of
that report suggest, these molecules could be involved in entry
or in some postentry signaling pathway step that promotes
transformation.

Here, we have observed that HSPGs and GLUT-1 are dif-
ferentially expressed on CD4� and CD8� T cells, which, under
most conditions, allows HTLV-1 to preferentially enter CD4�

T cells and HTLV-2 to preferentially enter CD8� T cells.
Ectopic expression of HSPG in CD8� T cells and GLUT-1 in
CD4� T cells breaks down the tropism and allows both viruses
to enter both cell types efficiently. These observations, along
with those of Green and colleagues, suggest that the differ-
ences in the in vitro transformation tropism and the in vivo
pathobiology of these viruses are due, at least in part, to dif-
ferences in the receptor complexes that HTLV-1 and HTLV-2
use to bind and enter CD4� and CD8� T cells.
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