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1. ABSTRACT

We identified the ubiquitous glucose
transporter GLUT1 as a receptor for Deltaretroviruses
HTLV-1 and HTLV-2 envelopes (Env), mediating viral
binding and entry. Here, we review the context and key
observations that led us to this finding: functional
modules of HTLV SU are similar to those of
Gammaretrovirus Env which use multimembrane-
spanning nutrient transporters as receptors; the HTLV
Env receptor is an early marker of T lymphocyte
activation; and HTLV Env inhibits glucose transport.
We review several molecular, viral, cellular and
physiological aspects of HTLV infection in relation to
the in vivo and in vitro properties of GLUT1. Also, we
examine the implications of HTLV-1 Env-GLUT1
interactions and altered glucose transport on the two
major HTLV-1-induced diseases, adult T cell leukemia
(ATL) and neurodegenerative tropical spastic
paraparesis/HTLV-associated myelopathy (TSP/HAM).
Complementary to the classical models of disease
progression, we propose new schemes that emphasize
the potential metabolic alterations caused in different
cellular compartments. Finally, we review the potential
use of HTLV Env-derived constructs as tools for
labeling GLUT1 in vivo and inhibiting GLUT1 transport

in tumor cells.

2. INTRODUCTION

2.1. Foreword
Here, we will not pretend to offer a review of the

last twenty years of research on human T-cell
leukemia/lymphoma virus (HTLV) and HTLV-related
retrovirus envelopes and their cell membrane-associated
interacting components. Neither will we try to offer a
review of the literature on GLUT1, the ubiquitous glucose
transporter that we identified as a receptor for HTLV
envelope-mediated viral entry. Rather, we will attempt to
provide some insights into the context in which we
identified GLUT1 as a receptor for HTLV envelope-
mediated infection. We will also highlight some of the
questions related to this identification and explore a few
issues with regards to HTLV infection and physiopathology
that may be advanced by this work.

2.2. Retroviral entry, the viral envelope, and Env, the
retroviral envelope glycoprotein

The primary events that condition infection by
exogenous retroviruses rely on interactions between the viral
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Figure 1. Schematic representation of the envelope
glycoprotein of Gammaretroviruses. (A) The envelope
glycoprotein comprises a surface subunit (SU) and a
transmembrane subunit (TM). The former contains
receptor-binding properties and stabilizes the fusion
peptide present in the amino terminus of the TM which is
anchored in the viral envelope or at the cell surface of
infected cells. (B) Upon receptor binding, the envelope
SU is shed, triggering the release of the fusion peptide
required for fusion of the viral and cellular membranes.
This fusion process takes place either at the cell surface
plasma membrane or after endocytosis, depending on the
retrovirus and the target cell. After the formation of a
fusion pore, the viral nucleoprotein complex is released
into the cytoplasm.

envelope and outer cell surface components. While most
interactions between exogenous virions and neighboring
cells are likely to lead to the sheer engulfment and
catabolism of viral particles via cellular endocytosis (see
for instance (1, 2), viral entry leading to productive
infection appears to require interactions between the
retrovirus envelope and particular cellular receptors.
Successful envelope-receptor interactions lead to
membrane fusion and the release of viral capsids into the
cytoplasm. Depending on the retrovirus but also on the cell
type, fusion is either pH-independent and occurs directly at
the cell plasma membrane, or pH-dependent and takes

place after endocytosis in intracellular vesicles (figure 1B).

The retroviral envelope is dragged out of the cell
plasma membrane of virion-producing cells and the viral-
encoded envelope glycoprotein (Env) is inserted within.
The very first steps of infectious retroviral entry are
governed by Env. Functional Env molecules of vertebrate
retroviruses are synthesized as glycoprotein precursors that
are cleaved in the Golgi into two main components: an
entirely extracellular and glycosylated surface component
(SU) and a transmembrane component (TM) to which SU
is associated (figure 1A) (see (3). All retroviral SU have
been shown to harbor the receptor binding determinants,
whereas the TM, which harbors a typical fusion peptide at
its amino terminus, is directly responsible for the initiation
of fusion pores. As worked out in different retroviral
models, Env-mediated infectious viral entry appears to
include at least the following steps: adsorption of the
particles to the cell surface; SU-Env receptor interaction;
Env conformational changes that release the TM fusion
peptide; formation of TM-mediated fusion pores; and
membrane fusion. In the case of oncoretroviruses that
belong to the Gammaretrovirus genus, such as murine
leukemia viruses (MLV), conformational changes that
follow the primary SU-receptor interaction seem to be
conditioned by a subsequent interaction between amino and
carboxy terminal SU sequences (see for instance (4-6).

2.3. Cell surface receptors for retroviral envelopes
The human immunodeficiency virus (HIV)

pandemic has triggered a great deal of effort toward the
identification of receptors used by retroviruses to enter and
infect cells. Since the identification of CD4 as the HIV Env
receptor (7, 8), the list of receptors continues to grow (see
table 1). Interestingly, CD4 is one retroviral receptor for
which coreceptors, multimembrane-spanning chemokine
receptors, have been formally identified. The generally
accepted scheme is that an initial interaction of HIV Env
with CD4 is followed by the recruitment of chemokine
receptors. It is also noteworthy that all receptors identified
for mammalian oncoviruses belonging to the
Gammaretrovirus group are multimembrane-spanning
molecules whose function is to transport different nutrients,
such as amino acids, inorganic phosphate and myo-inositol
(9-11). In contrast, avian Alpharetroviruses and retroviruses
other than mammalian Gammaretroviruses use single
membrane spanning or lipid-anchored proteins (10).
Despite the fact that HTLV-1 was the first human
retrovirus isolated, identification of its Env receptor
awaited another twenty years.

2.4. HTLV, HTLV Env-mediated tropism, fusion and
viral entry: facts and questions
2.4.1. HTLV and STLV, endemic primate retroviruses
of the Deltaretrovirus PTLV species

Since the first description of adult T cell
leukemias and the isolation of HTLV-1 in endemically
infected population in Southern Japan (12) and in a
patient with cutaneous T-cell lymphoma (13), the two
known types of HTLV, HTLV-1 and the related HTLV-2
type, have been found to be more widespread than initially
thought. HTLV is endemic to all populated continents, with the



Glucose transporter GLUT1 as the HTLV receptor

3220

Table 1. Identified retroviral receptors
Retrovirus envelope Host 1 Receptor Topology Cell function References
Ecotropic-MLV Mouse CAT1 14 transmembrane domains Basic amino acid transporter 175
Amphotropic-MLV
10A1-MLV2

Mouse PiT2 12 transmembrane domains Inorganic phosphate transporter 176, 177

Xenotropic
Polytropic-MLV

Mouse XPR 8 transmembrane domains 3 ND 4 178-180

M813 Mouse SMIT1 14 transmembrane domains 3 Myo-inositol transporter 9
10A1-MLV2

FeLV-B
FeLV-T
GaLV

Mouse
Cat
Cat
Monkey

PiT1
12 transmembrane domains Inorganic phosphate transporter 181

SRV ; BaEV2

RD114
HERV-W 2, 5

SNV ; REV-A

Monkey
Cat
Human
Birds

ASCT1;
ATB0

10 transmembrane domains Neutral amino acid transporter
182, 183

FeLV-C Cat FLVCR 12 transmembrane domains Facilitative transporter 183, 184
PERV-A2 Pig PAR1;

PAR2
10-11 transmembrane domains 3 ND 185

HTLV-1; HTLV-2
STLV

Human
Monkey

GLUT1 12 transmembrane domains Facilitative glucose transporter 45

HIV-1 ; HIV-2
SIV-1 ; SIV-2

Human
Monkey

CXCR46 ;
CCR56 

7 transmembrane domains G-protein coupled chemokine
receptor

186-189

HIV ; SIV Primate CD4 TCR signaling 7, 8
MMTV Mouse TrfR Single Transferrin receptor 190
ALV-A Birds TVA Transmembrane LDL receptor-like protein 191
ALV-B ; ALV-D ; ALV-E Birds TVB Fas/NFR-like receptor 192, 193
JSRV
ENTV

Sheep
Goat

HYAL2 GPI anchor ND 194

FeLV-T Cat FeLIX Soluble FeLV-B Env origin; Interacts
with PiT1

195

1 Refers to the natural host in which the retrovirus has been isolated, and does not refer to the virus tropism which usually covers
a wider species spectrum; 2 Retroviruses that use two different receptors; 3 Debated number of transmembrane domains; 4 ND, not
determined; 5 HERV-W is an endogenous Env sequence which is not part of an infectious retrovirus; 6 Only the two main
coreceptors identified are indicated. Abbrevations: MLV, murine leukemia virus; FeLV, feline leukemia virus; GaLV, gibbon ape
leukemia virus; SRV, simian retrovirus; BaEV, baboon endogenous virus; HERV, human endogenous retrovirus; SNV, spleen
necrosis virus; REV, reticuloendotheliosis virus; PERV, porcine endogenous retrovirus; HTLV, human T-cell leukemia virus;
STLV, simian T cell leukemia virus; HIV, human immunodeficiency virus; SIV, simian immunodeficiency virus; MMTV, mouse
mammary tumor virus; ALV, avian leukosis virus; JSRV, Jaagsiekte sheep retrovirus; ENTV, enzootic nasal tumour virus.

apparent exception of North Africa and Europe (see (14,
15) and references therein for a review). However, HTLV
infections have also been established in these latter areas as
sporadic infectious agents, concomitant with the pandemic
spread of HIV. A high HTLV incidence has been reported
in several indigenous populations of sub-saharan Africa,
Middle-East, southwestern Japan, Melanesia, and Americas
(15). The endemic presence of HTLV in humans parallels
the endemic infection of numerous non-human primate
species with closely related simian viruses of several types.
Simian T-cell leukemia virus type 1 and 2 (STLV-1 and -
2), isolated from several species of monkeys around the
world, including new-world spider monkeys, exhibit a
close relationship with their human counterparts. On the
other hand, a human equivalent for a third STLV type,
STLV-3, isolated from different species of monkeys in
Eastern and Western Africa (16-18), has yet to be
identified. Human HTLV and simian STLV belong to the
PTLV (for primate T-cell leukemia virus) retroviral
species, which are the main primate members of the
Deltaretrovirus genus. Other Deltaretroviruses include the

baboon T cell leukemia virus (BTLV) and bovine leukemia
virus. The BTLV Env sequence (accession number
U56855) is hardly distinguishable from PTLV-1 (19),
whereas BLV Env appears to represent a distinct bona fide
protein.

2.4.2. Restricted in vivo tissue distribution versus
extended in vitro tropism

It has been extensively documented that HTLV-1
infection in vivo takes place preferentially in CD4+ T
lymphocytes (20), whereas HTLV-2 seems to be more
restricted to CD8+ T cells (21). This cellular confinement
of HTLV infection in vivo is in sharp contrast with the
remarkably extended tropism observed for both HTLV
types in vitro. Thus, HTLV infections in vitro have been
shown to rapidly propagate in numerous cell types, among
which are non-T lymphoid cells, osteosarcoma cells,
microglial cells, endothelial cells, placental villous cells
and many other cell types (22-27). Moreover, the restricted
in vivo cell type distribution of HTLV contrasts with the
fact that HTLV-1 and HTLV-2 Env-mediated infection,
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with replication-defective recombinant viruses, can be
established in all tested vertebrate cell lines (28-30).
Accordingly, the HTLV-1 Env receptor appears to be
present on all tested vertebrate cell lines as assayed by the
competitive binding of an isolated HTLV-1 SU (31). In
light of these observations, the possibility of a broader in
vivo tropism for both HTLV types has emerged. Indeed,
several reports have shown that in addition to CD4+ and
CD8+ T cells, monocytes and B cells can also be infected
by HTLV-1 and -2 in vivo (32-34).

Because of the intrinsic difficulty in examining
patients at the very early stages of infection, the exhaustive
investigation of HTLV infection in non-hematopoietic
tissues cannot be performed. To circumvent this obstacle,
Kazanji et al. have used de novo HTLV-1 infected squirrel
monkeys as a model for the early installment of HTLV-1
infection (35). Although these authors found a marked
preferential lymphoid distribution of HTLV-1 proteins,
they also reported that numerous non-hematopoietic
tissues, including muscle, secretory glands, pancreas and
intestine, appear to support HTLV-1 replication (35). The
ability of HTLV to infect non-lymphoid tissues in humans
is supported by a report describing the infection of breast
epithelial cells in a rare case of combined adult T-cell
leukemia (ATL) and gynecomasty in a man (36). Thus,
while preferential infection of hematopoietic cells, with a
marked predilection for T lymphocytes, appears to be the
rule for HTLV infections, targeting of HTLV to non-
hematopoietic tissues early after infection cannot be
excluded and deserves closer examination.

The vast research on HTLV-infected individuals
leaves little doubt that T lymphocytes are the major,
although not exclusive, virus reservoir in vivo. The origin
for this T cell-preferred distribution in vivo can be due to
differences in the availability of Env receptors and co-
factors for viral entry (37), as well as to differences at post-
entry levels (for a review see for instance (38). Env-
independent cell specific restrictions, taking place at pre
and post-integration levels, have been identified for other
retroviruses. For example, the murine Fv-1 and human Ref-
1 genes exert a post-entry restriction on MLV capsids
before integration (see (39) and references therein) as well
as simian TRIM5a on HIV; also the CEM15/APOBEC-3G
cytidine deaminase inhibits infection by targeting the
neosynthesized proviral DNA but this effect is neutralized
by the HIV Vif protein (see (39) and references therein);
and a lack of HIV Tat transcription-enhancing activity in
the absence of cyclin T1 results in a cell type-specific
restriction (40). Although similar mechanisms have not
been documented for HTLV, it is interesting to note that
HTLV-1 capsid-containing retroviral cores have been
shown to play a role in the low infectivity of HTLV-1 (41).
It remains to be determined whether this is due to capsid-
directed restrictive cellular factors as described above.
Finally, in addition to direct virus-cell interactions, antiviral
activities of the host organism, such as the immune
response (42) and cell-specific Env-mediated cytotoxic
effects (43-45) certainly have a major impact on the in vivo
retrovirus tissue distribution. In conclusion, the in vivo cell
type distribution of HTLV infection, as generally evaluated

late after the initial infection, results from a full array of
interactions between the virus and the host, and is not likely
to precisely match the in vitro cellular tropism, stricto
sensu, of the virus.

2.4.3. Cell-free and cell-to-cell infection
Although achievable, in vitro infection with cell-

free HTLV-1 virions remains remarkably inefficient when
compared to infection by Gammaretroviruses or
lentiviruses. Following the earliest attempts to spread
HTLV infection in vitro, it became clear that infection is
remarkably dependent on cell-to-cell contacts (see (46) and
references therein). This property has been beautifully
illustrated by Igakura et al. who used confocal microscopy
to visualize the transfer of different virion components
from lymphocytes of infected patients to non-infected
recipient lymphocytes (46).

The low infectious ability of HTLV-1 virions was
also reproduced with replication-defective recombinant
vector systems and seems to be due to both the HTLV core
(41) and Env proteins (28-30, 47). However, from our own
experience, while MLV or HIV cores pseudotyped with
HTLV-1 envelope are indeed poorly infectious in cell-free
preparations, with infectious titers of approximately 102

FFU/ml, pseudotyping with HTLV-2 Env leads to titers of
105 FFU/ml (45). Whether this higher titrating property of
the HTLV-2 Env is common to all HTLV-2 strains or is
particular to the prototypic Env of the HTLV-2 NRA
isolate (48) used in these studies is under investigation. It
will also be important to determine whether the low
infectious titers of HTLV-1- pseudotyped virions is specific
to the Env in the HTLV-1 MT-2 isolate (49). Nevertheless,
in the absence of viremia, cell-to-cell infection appears to
be the exclusive mode of in vivo HTLV transmission (see
for instance (50) for a review).

It is important to note that cell-to-cell
transmission is also the most efficient mode of transmission
for all retroviruses, including HIV and MLV which are
generally presented as paradigms of cell-free transmitting
retroviruses (see for instance (51). In the presence of a
strong immune response and the absence of viremia, it is
likely that cell-to-cell spreading represents the sole mode of
in vivo transmission for most retroviruses, despite the fact
that in vitro models of retrovirus replication have favored
efficient high-titering viral production at the expense of
cell-to-cell transmission. Indeed, when seeding high-titer
replication-competent MLV on fully permissive adherent
cell monolayers, no rampant viral spreading is observed as
monitored by viral antigen expression. Rather, de novo
infected cells remain confined within restricted foci of
infection, even in the absence of any movement-restricting
gel which is generally required for plaque assays with cell-
free spreading lytic viruses (52) (figure 2). Therefore, as
previously put forth by D. Derse, we believe that retroviral
spreading arising from cell-to-cell contact between infected
and non-infected cells is probably not specific for HTLV
but is likely to be « the rule rather than the exception »
(53). Accordingly, natural transmission of retroviruses
requires fluid exchanges that include transfers of significant
numbers of infected cells (54).
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Figure 2. Visualization of a Friend murine leukemia virus
(F-MLV) infection focus. As it is the case for HTLV,
propagation of replication-competent F-MLV occurs
mainly through cell-to-cell contact, resulting in confined
foci of infected cells. NIH 3T3 cells were infected at a low
multiplicity of infection with F-MLV. A focal
immunofluorescence assay [52] was performed 3 days later
by staining with an anti F-MLV Env SU monoclonal
antibody (H48) followed by a FITC-conjugated secondary
antibody.

Figure 3. Time-lapse video microscopy of NIH 3T3 cells
transfected with a syncytial Env expression vector.
Following transfection, images were collected every minute
for 16 hours using a wide field microscope. Adherent cells
are constantly in motion and establish contacts through
filopodiae and lamellipodiae. However, syncytia formation
occurs only when cells are expressing fusiogenic Env
glycoproteins. Three cells that seem to initiate a syncytium
are numbered. Cell #1 fuses originally with one daughter of
parental cell #3. Immediately after, cell #2 joins the
syncytium. The syncytium then expands rapidly, leading to
the recruitment, at the center of the syncytium, of more
than 20 nuclei that show planar circular movements. DNA-
liposome complexes used for transfection are visible as
subcellular structures which are rapidly captured and
dissolved by cells.

2.4.4. Env-mediated receptor binding and syncytia
formation

The presence of cellular receptors for Env-
mediated viral entry conditions the first steps of retroviral
infection and virus cell tropism. The most commonly used
assays to study HTLV receptor expression are based on
cell-to-cell fusion that take advantage of the highly
fusiogenic property of HTLV Env, leading to the rapid
formation of multinucleated giant syncytia (figure 3). Using
adequate target cell types, syncytial properties can be
observed for most retrovirus Env (55). In the case of HTLV
Env, syncytia formation is spectacularly rampant and
develops in almost all vertebrate cell lines tested. However,
Env-receptor interactions and HTLV Env-mediated viral
entry in the absence of syncytia formation has been observed
in a few cell lines (see for instance (29). Therefore, although
syncytia formation appears to be a useful means of
monitoring HTLV Env-cell membrane interactions (37, 40),
it is not strictly indicative of receptor recognition by HTLV
Env. Rather, it is likely to reflect post-binding events
required for membrane fusion processes (see (56, 57).

2.4.5. pH dependence and receptor requirements
Retrovirus entry requires the fusion of viral and

cell membranes to allow the release of viral cores in the
cytoplasm through a fusion pore. This fusion event can take
place either at the plasma membrane in a pH-independent
manner or after endocytosis when the low pH environment
in the endosome triggers Env conformational changes
leading to membrane fusion (57). Based on cell-to-cell
fusion and vesicular stomatitis virus (VSV) pseudotype
infection assays, HTLV-1 was first classified, like most
retroviruses, as pH-independent (58-60), consistent with the
ability of HTLV to form rampant syncytia. Since we
described cells that are specifically resistant to HTLV Env-
mediated syncytia formation but remain fully susceptible to
HTLV-1 and -2 Env-mediated infection (29), it will be
interesting to monitor pH dependence for viral entry in
these cells. Indeed, the observation of HTLV particles
within endosomes is also consistent with the existence of a
pH-sensitive endocytic pathway (61). Interestingly, Trejo et
al. have reported that HTLV-1 Env-pseudotyped HIV
particles infection exhibits intermediate pH-sensitivity on
HeLa cells (30), suggesting the use of different routes of
infection by HTLV according to the cell type used.
Alternatively, acidification may be required at a post-
binding level, similar to what has been described for the Env
of avian retroviruses (62). Accordingly, it has been suggested
that poor HTLV-1 transmission may be due to differences in
post-binding events that favor the evolution of a fusion-
competent envelope TM protein conformation (37). Thus,
low or high abundance of secondary molecules involved in
fusion events and different from the primary binding
receptor, may influence the tropism of HTLV particles and
their mode of entry, as documented for HIV (56, 59). The
close evaluation of pH dependence in different
physiological settings such as described previously (46)
will help bringing new clues to these questions.

2.4.6. Cellular factors involved in HTLV Env-mediated
membrane fusion and viral entry

The initial search for cell surface components
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that are involved in interactions with HTLV Env, leading to
viral entry, relied on the use of monoclonal antibodies
directed against HTLV Env (63). Thus, cellular
components interacting with HLA molecules were
suspected to bind HTLV Env at the cell surface because of
the cross reactivity reported between HTLV Env and a
monoclonal antibody that reacts against the region of an
HLA-B locus gene which codes for the extracellular
portion of a class I histocompatibility antigen (64). Also, an
antibody raised against hIL-2 was found to cross react with
Env, suggesting that HTLV receptor could be the hIL-2
receptor (65). On the basis of a relative resistance of
murine fibroblasts to HTLV Env-mediated infection and
syncytium formation, it was reported that the HTLV-1 and
-2 receptor maps to a single locus on human chromosome
17, in 17q21-23, near the thymidine kinase 1 (TK-1) locus
(66, 67). However, this hypothesis lost ground before being
completely abandoned when mouse fibroblasts were shown
to be susceptible to HTLV Env-mediated fusion (68) and
infection (28, 30) and the presence of human chromosome
17 in mouse cell hybrids increased neither infection (28)
nor HTLV Env binding (31). Interestingly, it was later
shown that HTLV could infect numerous cell types in an in
vivo mouse model (69). Accordingly, mouse cells have
been found to bind soluble HTLV-1 Env SU
immunoadhesins (31).

Syncytia formation has also widely been used as
a read-out for the screening of antibodies directed against
Env-receptor interactions. Thus, several monoclonal
antibodies found to recognize tetraspanin antigens have
been shown to block HTLV Env-mediated syncytia
formation and tetraspanins, which are involved in cell
adhesion, have been proposed as potential HTLV receptors
(70, 71). However, it was later shown that the interaction of
CD82 tetraspanin with HTLV envelope inhibits HTLV
fusion and cell-to-cell transmission, thus discarding its
potential role as a receptor (72).

Several unidentified proteins, ranging from 31 to
70 kDa, have also been suspected as potential receptors
based on their recognition by the 34-23 monoclonal
antibody which inhibits HTLV-1 virion binding to
activated lymphocytes (73). At the time, this was thought to
be concordant with the fact that the antigen recognized by
34-23 was found to be expressed from human chromosome
17, at the 17q23.2-17q25.3 position, in the TK-1 locus. It is
noteworthy that NIH3T3(TK-) cells do not form syncytia
upon expression of the HTLV envelope, although these
cells possess a functional HTLV receptor (29). Therefore,
the syntenic mouse and human locus containing the TK-1
gene may contain a gene coding for a protein involved in a
post-receptor binding step.

Peptides derived from the HTLV Env SU were
also used to screen for inhibition of syncytia formation in
attempts to identify the receptor. Such a peptide (position
Asp197-Leu216 of HTLV-1 Env (74) was found to bind
the 71-kDa heat shock cognate protein (HSC70) within a
beta actin-containing complex (75). Interestingly, HSC70
appeared to be a cell-fusion enhancing factor (76) which
interacts with the capsid protein of many enveloped and

non-enveloped viruses (see (77). Against a role for HSC70
as a component of the primary receptor is also the fact that
the peptide that binds HSC70 maps to the central proline
rich region (PRR) homologue of the HTLV Env SU, while
we mapped the receptor binding determinants of the HTLV
Env upstream of the PRR homologue (see below) (78).

The finding that HTLV infection is tightly
dependent on cell-to-cell contacts has encouraged the
evaluation of diverse adhesion molecules in HTLV Env-
mediated processes. E-selectin, LFA-I, VLA-4, L-selectin,
and CD44 have been shown to be involved in HTLV
transmission (79). Moreover, ICAM-1, ICAM-3 and
VCAM-1 were also found to modulate syncytia formation,
while antibodies directed against integrin beta 2 and beta 7
where shown to inhibit syncytia formation (37, 80). The
intervention of non-protein molecules in HTLV receptor
functions has also been evaluated. Palmitoyl(16:0)-
oleoyl(18:1)-phosphatidylglycerol and lipid rafts were
found to be involved in syncytia formation (81, 82).
Recently, an implication for heparan sulfate proteoglycans
in HTLV Env-mediated fusion and infection has been
demonstrated (83).

As discussed above, syncytia formation is a
multi-step process that depends first on Env-receptor
binding but also on post-binding events which bring the
fusion pore into syncytial dynamics. The study of HTLV
Env-mediated syncytia formation has favored the
identification of cellular components involved in post-
binding events rather than those implicated in primary
receptor binding.

3. HTLV AND STLV ENVELOPE GLYCOPROTEINS:
A SIMPLE ENV IN A COMPLEX RETROVIRUS

PTLV belong to the Deltaretrovirus genus which
is part of the complex retrovirus group that includes the
Lentivirus and Spumavirus genera. Complex retroviruses
are characterized by the production of several multiple-
spliced mRNAs and the production of a whole array of
regulatory proteins. Retroviruses which, like MLV, are
characterized by single-intron splicing belong to the simple
retrovirus group. Phylogenetic analyses based on the
conservation of the pol gene place HTLV and MLV at the
most distant branches of the Retroviridae family
phylogenetic tree (84). Therefore, the striking conservation
of Env SU motifs between HTLV-1 and the Friend strain of
ecotropic MLV (F-MLV) was surprising (44). Those motifs
are located upstream of a conserved CxxC motif (85, 86),
where x represents hydrophobic residues, and downstream
of the MLV SU amino terminal domain that harbors the
variable regions sufficient to bind MLV Env receptors (87-
89). Based on this SU motif conservation between viruses
with phylogenetically distant pol sequences and very
different overall genetic organizations, we postulated that
the MLV and HTLV SU are derived from closely related
ancestor genes that were “captured” by ancestral HTLV
and MLV retrotransposons (44, 90).

The alignment of the F-MLV SU with the SU of
three prototypic PTLV types underscores the presence of a
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Figure 4. Conservation of motifs in the Env SU of MLV and PTLV. Amino acid sequences of F-MLV (accession number
X02794), HTLV-1 (accession number M37747), HTLV-2 (accession number L20734) and STLV-3 (accession number
CAA61321) SU were aligned using the ClustalW algorithm, and conserved motifs are shown (4 in the receptor binding domain
(RBD), and 3 in the carboxy terminal domain). There is no sequence homology in the proline-rich region (PRR) which is very
heterogeneous in length (52 residues for F-MLV and 26 for HTLV-1 and –2), as it is the case among Gammaretroviruses.
Residues which are either identical between the 4 sequences or belong to the same polarity group are indicated in bold. Other
indicated residues in the consensus sequence correspond to shared residues between F-MLV and at least 1 PTLV. The positions
of the last residue of each motif are shown for F-MLV and HTLV-1. SP: signal peptide.

PRR homologue as well as several short conserved motifs
in the intervariable regions of the MLV receptor binding
domain (RBD) and in the carboxy-terminal domain (figure
4). We determined that these conservations reflect a similar
functional organization of the HTLV and MLV SU
modules. Indeed, a chimeric Env in which the mouse-
restricted ecotropic F-MLV RBD is replaced by the HTLV
SU amino terminal domain is fusiogenic for both mouse
and human cells, thus indicating the recognition of an
HTLV Env receptor (44).

The fusion triggered by the binding of ecotropic
MLV Env to its receptor depends on the interaction of the
SU carboxy terminus with a conserved His residue, or any
other aromatic residue, at position 8 of the MLV SU (4-6).
However, no conserved aromatic residue around this
position was found in PTLV SU. It will therefore be
interesting to determine whether the HTLV RBD (HRBD)
exerts properties similar to those associated with the MLV
SU His at position 8. Alternatively, the absence of an
equivalent mechanism for triggering fusion may provide
additional clues concerning the molecular bases for the low
cell-free infectivity of HTLV virions.

4. HTLV ENV RECEPTOR EXPRESSION AND T
CELL ACTIVATION

As T cells appear to be the main target for HTLV
transformation as well as the major in vivo reservoir, we
tracked expression of the HTLV receptor on different T cell
populations, including CD4 helper T cells, CD8 cytotoxic T
cells as well as naïve and memory CD4 subsets, using
tagged forms of HRBD. As opposed to all cell lines,
including transformed T cell lines which express HTLV

receptors, we were surprised that none of these primary T
cell populations bound our tagged HRBD. Unlike
transformed T cells such as Jurkat, circulating primary T
cells are almost entirely in the G0 phase of the cell cycle
and do not express activation markers. The stimulation of
primary T cells by antigen occurs via the T cell receptor
(TCR) and, under normal conditions, promotes an efficient
immune response. Upon activation, T cells can undergo 6-8
divisions and secrete various cytokines. This transient
phase is associated with the modulation of numerous cell
surface markers. Indeed, we and others determined that
HTLV receptor expression is transiently induced by TCR
activation (45, 91). We also found that receptor expression
preceded DNA synthesis and was not strictly dependent on
cell division.

Our results indicate that transient expression of
the HTLV receptor on T cells following TCR stimulation is
likely to be crucial for the constitution of these cells as
HTLV reservoirs in vivo. In this respect, it is notable that
human T cells, including HTLV-infected T cells, can
probably survive for more than 20 years in the peripheral
circulation. Our data also leads us to speculate that
infection of T lymphocytes by the virus preferentially
occurs in sites where T cells become activated, such as in
inflammatory sites and secondary lymphoid organs. The
illustration by Igakura et al. of an accumulation of HTLV
Gag proteins and genomes at lymphocyte cell-cell junctions
and their rapid transfer to uninfected lymphocytes, favors a
scenario whereby virus transmission occurs more readily
upon extensive contact between cells of the immune
system, such as in lymph nodes or inflammatory sites. In a
symmetrical scenario, CD4+ T cells directed against HTLV-
1 antigens have been shown to be preferentially infected in
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HTLV-1 seropositive individuals (92). This may reflect an
additional route of transmission from passively infected
cells to reactive T lymphocytes. Moreover, when infected
with HTLV or transduced with HTLV accessory proteins,
T cells express different factors, such as integrins (93, 94),
that are likely to enhance the probability of cell contacts.

Breast feeding and accompanying cell transfers
that occur between mother and infant have been proposed
to be a major route of HTLV transmission (see (54, 95) for
a review). The particular "immaturity" of the newborn's
immune system may account for this preferential route.
Indeed, in contrast to adult peripheral T cells which present
a 1:1 ratio of naïve and memory T cells, neonatal T cells
are almost exclusively naïve cells, which proliferate and
change to a memory phenotype upon encountering with a
cognate antigen. Furthermore, the peripheral lymphocytes
in newborns have only recently differentiated in the
thymus, and as such are designated as recent thymic
emigrants (RTE). RTE respond to antigenic and cytokine
stimulation differently from adult memory T cells (96-98).
RTE enter more rapidly into cycle when activated through
the TCR, with 24% of newborn RTE going into G1 versus
1% for adult T cells, following 15 hours of TCR
stimulation (representative data from S. Jaleco and N.
Taylor, unpublished results). Moreover, neonatal, and not
adult, T cells undergo multiple divisions in response to the
IL-7 cytokine (97, 98). Indeed, IL-7 triggered surface
expression of the HTLV receptor in CD4+ lymphocytes
isolated from umbilical cord blood, albeit at significantly
lower levels than that observed in TCR-activated
lymphocytes (99). This expression of the HTLV receptor is
not a constitutive characteristic of neonatal T cells but is
directly dependent on IL-7 treatment, since HTLV receptor
was not observed in freshly isolated quiescent neonatal T
cells. Interestingly young HTLV-1 seropositive patients
have a decreased proportion of naïve T lymphocytes and
display higher levels of plasma IL-7 than non infected
individuals (100). Thus, expression of the HTLV receptor
by IL-7-stimulated neonatal T cells suggests a possible
mechanism via which HTLV can be transmitted from an
infected mother to the infant, even in the absence of
antigenic stimulation.

5. GLUT1 AS A HTLV ENV RECEPTOR FOR VIRAL
ENTRY

As described above, the HTLV SU RBD appears
to share the same organization as the SU of MLV-related
retroviruses, and all identified MLV receptors are
multimembrane-spanning nutrient transporters (table 1). As
such, we focused our search for an HTLV Env receptor on
multimembrane-spanning molecules potentially involved in
the transport of nutrients.

Transfection of cells with HTLV Env or HRBD
constructs specifically blocked milieu acidification. As
most of the H+ proton accumulation in in vitro cultured cell
lines is due to the activity of H+/lactate symporters (101),
we first evaluated proteins involved in lactate transport,
such as monocarboxylate transporter 1 (MCT1) and its
chaperone protein CD147 (102, 103), as potential HTLV

Env receptors (45). Because the HRBD-mediated block of
medium acidification was not associated with these
candidate receptors and most of the lactate produced in cell
cultures is derived mainly from glucose degradation, we
next evaluated glucose transporters as HTLV Env
receptors.

Vertebrate glucose transporters belong to the
GLUT family which comprises 14 members divided into 3
classes that include other hexose transporters, and members
of unknown functions (104, 105). Upon treatment with
cytochalasin B, an inhibitor of GLUT glucose transporters
(106, 107), HRBD binding as well as Env-mediated
infection are impaired (figure 5B), in agreement with the
involvement of GLUT molecules in HTLV Env-mediated
entry process (45). Within this family, we hypothesized that
GLUT1 best fit all the known properties of the HTLV
receptor. However, because all classical cell culture
conditions force cell adaptation to fermentation which
tightly relies on glycolysis, all established vertebrate cell
lines express GLUT1. As such, they are not suitable for
potential receptor screening by classical cDNA transfection
strategies. Also, upon transient transfection of GLUT1, or
the related GLUT3 isoform cells acquire a round shape and
eventually detach from the support, a typical consequence
of cell toxicity that can tentatively be attributed to an
excess in intracellular glucose levels. Indeed, the selection
of stable clones over-expressing GLUT1 was unsuccessful
in our hands. For this reason, we based our screening
strategy on a transient gain-of-function assay based on
glucose transport, HRBD binding and HTLV Env-mediated
retroviral infection.

We developed several approaches in order to
vary GLUT1 availability at the cell surface. Upon transient
transfection of GLUT1 cDNA in several mammalian cell
lines, we observed a striking elevation of HTLV Env
binding and HTLV Env-mediated infection (45). Based on
this observation, we further confirmed the role of GLUT1
as an HTLV Env receptor using two additional assays.
First, we evaluated the ability of GLUT1 to specifically
restore HTLV Env-mediated infection after blocking the
HTLV Env receptor with Env itself (figure 5C). In this
interference assay, the HTLV RBD is expressed in cells
concomitantly with receptor candidates. Upon expression
of the HRBD, the availability of the receptor decreases
leading to a drop in viral titers of at least 2 logs. This drop
was totally abolished upon cotransfection of GLUT1 but
not the GLUT3 isoform, demonstrating a direct effect of
GLUT1, independent of its glucose transport activity, in
restoring HTLV RBD binding and HTLV Env-mediated
infection (45). Furthermore, in a second assay, we used
small interfering RNAs to down-modulate endogenous
levels of GLUT1 RNA (figure 5D). Following this down-
modulation, HTLV Env binding and Env-mediated
infection were significantly reduced, while binding and
infection mediated by the amphotropic MLV Env were not
reduced. In this system as well, introduction of GLUT1, but
not the GLUT3 isoform, fully restored HTLV Env binding
and infection (45). In theses systems, GLUT1 was found to
serve as cell surface receptor for both HTLV-1 and -2
infection (45) and unpublished observations).
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Figure 5. Schematic representation of assays designed to downmodulate GLUT1 transport and expression. Three techniques
were used to inhibit GLUT-1 availability or expression in 293T cells. Cells were (A) not treated; or treated with (B) cytochalasin
B which inhibits glucose transport activity by interacting with the cytoplasmic face of GLUT1; (C) an interfering HTLV RBD
that saturates vesicular or plasma membrane GLUT1 via direct binding to the transporter; and (D) interfering RNAs directed
against the 3’ untranslated region of the GLUT1 mRNA. In all three of the latter conditions, HTLV Env-mediated binding and
infection were significantly reduced as compared to the non treated cells. Moreover, binding and infection could be reestablished
by overexpressing GLUT-1, but not the related glucose transporter GLUT-3, in conditions C and D. N: Nucleus; V: Vesicle.

Immunoprecipitation of HTLV RBD with an
HTLV Env antibody was accompanied by an efficient pull-
down of GLUT1, confirming the close physical interaction
between the HTLV RBD and GLUT1 (45). Further
analyses of GLUT1-HRBD complexes may lead to the
identification of additional partners, such as potential
coreceptors. In this regard, it will be interesting to compare
pull-down experiments performed with entire SU
immunoadhesins (31, 91), and different forms of truncated
HTLV SU or chimeric HTLV-MLV Env (44, 45, 78).

GLUT1 physically interacts with an amino
terminal RBD fragment of approximately 160 residues that
we identified as the minimal receptor-binding domain (78).
Furthermore, we identified a conserved tyrosine residue
(Y114 for HTLV-1 and Y110 for HTLV-2) as required for
receptor binding (45, 78), and our preliminary results
suggest that HTLV-1 and -2 RBD interact with the same
surface epitope of GLUT1. Thus, the same motifs and
probably the same conformations govern the interaction
between GLUT1 and the HTLV-1 and HTLV-2 SU.
However, this does not preclude differences in their
respective affinities for GLUT1 or differences in the
recruitment of other membrane-associated cellular factors,
including potential coreceptors. In this regard, it is
interesting to note that upon transfection of GLUT1, the
increased binding of an HTLV-1 HRBD appeared

relatively homogenous whereas HTLV-2 HRBD binding
reached higher levels but was more heterogeneous (N.
Manel, unpublished observations). Thus, it is possible that
other molecules differentially modulate the binding of
HTLV-1 and -2 envelopes.

6. LYMPHOCYTE ACTIVATION AND GLUT1-
DEPENDENT METABOLISM

Using the HRBD, we were not able to detect
surface GLUT1 expression on the vast majority of freshly
isolated CD4 or CD8 T lymphocytes (99). This is either
due to a true absence of surface GLUT1 or to the level of
sensitivity of our tagged-HRBD that does not allow
detection of low amounts of this protein. Our conclusion
that the vast majority of primary human T lymphocytes
express low or absent levels of GLUT1 is supported by data
wherein GLUT1 expression was not detected in freshly
isolated human T cells using a polyclonal rabbit anti-
GLUT1 antibody, directed against the intracellular
carboxy-terminal domain (108). Nath et al. did detect
HTLV receptor expression, i.e. GLUT1, on primary human
T lymphocytes using an SU immunoadhesin on
lymphocytes isolated by counter elutriation, wherein the
cells were subjected to a high speed centrifugation for an
extended time period, followed by positive selection with
CD4 or CD8 antibodies (91). Moreover, when these authors
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assessed GLUT1 expression in lymphocytes isolated via
negative selection and in the absence of elutriation, only a
very low percentage of T cells bound the HTLV SU
immunoadhesin (91). In this regard, it is important to note
that several recent studies, including work performed in our
own laboratory, have shown that the choice of blood
coagulant as well as the method used to isolate T
lymphocytes can modulate surface expression of receptors
pertinent to T lymphocyte function (109).

The observation that glucose metabolism
increases upon T lymphocyte activation was reported over
30 years ago (110-113). Soon thereafter, it was also shown
that mitogen stimulation increases glucose transport in
thymocytes (114). Indeed, in 1978 Whitesell and Regen
reported that the thymus contains two populations of cells ;
quiescent cells where the glucose transport equilibrates
with a half-time of 30-50 minutes and "active" cells where
the half-time is approximately 1 minute (115). While
glucose transport is crucial to the survival, differentiation
and proliferation of thymocytes and mature T lymphocytes,
the vast majority of studies concerning glucose metabolism
in these cells were performed in the late seventies and early
eighties, thus precluding studies of GLUT members.

The first glucose transporter (GLUT1) was
identified by Mueckler et al. in 1985 (116), and in 1994,
Mookerjee and colleagues assessed the expression and
subcellular distribution of different GLUT isoforms in
primary human T lymphocytes (108). They found that
GLUT1 was not expressed on quiescent human T
lymphocytes but was induced, predominantly at the plasma
membrane, by 24 hours post mitogen stimulation. While
other GLUT isoforms (GLUT-2 and GLUT-3) were found to
be expressed on quiescent T cells, the importance of GLUT1
in T cell activation was strongly suggested by the finding that
only its expression was correlated directly with glucose
transport activity (108). Later was shown that the
serine/threonine kinase Akt induces glucose uptake and
cellular glycolysis in 3T3-L1 fibroblasts. This occurs via a
translocation of the insulin-responsive GLUT-4 transporter to
the plasma membrane and an increase in the synthesis of
GLUT1 (117). Studies such as these, performed in several
cell systems, were then transposed to T lymphocytes. Indeed,
very recently, increased glycolysis due to expression of an
activated Akt in murine T cells was shown to result in
increased size, resistance to death-by-neglect, and T-cell
malignancy (118). Under normal conditions, GLUT1 protein
does not appear to be expressed in quiescent murine T cells
(119, 120), as is the case for their human counterparts. After
the original description that thymocytes can be divided into
two groups with regards to glucose transport (115), A.
Singer’s group explored the molecular basis of this process
and showed that there is a large heterogeneity in GLUT1
expression in murine thymocyte subsets (121). Moreover,
stimulation of thymocytes with the IL-7 cytokine results in a
significant increase in GLUT1 expression and an associated
upregulation of the anti-apoptotic Bcl-2 protein (121). Thus,
it appears that GLUT1 expression plays a role in the survival,
proliferation and transformation of T lymphocytes.

It is important to note that in the vast majority of

these studies, total cellular GLUT1 expression, and not
surface GLUT1, was assessed because of a lack of reagents
directed against the extracellular portion of GLUT1. While
several commercially-available antibodies have been
advertised as recognizing extracellular GLUT1, none of
these antibodies were found to be reliable in our hands
(unpublished data). Many of our studies, assessing the
surface expression of GLUT1 on human T lymphocytes,
were performed using tagged HRBD even before our
identification of the HTLV receptor as GLUT1. Our data,
demonstrating that expression of the HTLV receptor is
associated with T cell survival and proliferation, is in
complete agreement with that reported for GLUT1. The
identification of GLUT1 as the HTLV receptor and the
HRBD tools that we derived will help to further explore
HTLV infection and the physiological consequences of
GLUT1 expression in different human lymphocyte subsets.

7. IMPACT OF HTLV ENV-GLUT1 INTERACTIONS
ON METABOLISM

Glucose provides a key supply of energy and
carbon and glucose transport is a universally conserved
property of living organisms. In vertebrates, GLUT1
appears to be the main glucose transporter and its presence
at the cell surface as a functional glucose transporter is
influenced at many levels. Each GLUT1 molecule harbors
two glucose binding sites. The current model of GLUT1
topology (reviewed in (122) proposes that the two binding
sites face opposite sides of the cell membrane and that they
are in reverse conformation with regards to glucose
binding. In the “in” state of the GLUT1 molecule, it is the
cytoplasmic site that binds glucose, whereas in the “out”
state glucose binding occurs at the exofacial glucose
binding site. A functional transporter is thought to be a
GLUT1 dimer, with each monomer in opposite “in” and
“out” states, and their opposite states maintained by
simultaneous flipping. GLUT1 expression is induced by
various treatments (reviewed in (123), including glucose
starvation (124, 125), hypoxia (126), inhibition of
oxydative phosphorylation (127) and osmotic stress (128).
Under stress, GLUT1 is induced at several levels: increased
rate of transcription (129), stabilization of the mRNA
(130), and unmasking of glucose binding sites on the
GLUT1 molecule (131).

The first level of regulation of GLUT1 depends
on its availability at the plasma membrane (132, 133). In in
vitro models of insulin-induced increase in glucose uptake,
GLUT4 massively translocates to the plasma membrane,
and although to a lesser extent, translocation of GLUT1
from intracellular pools is also triggered (134, 135).
GLUT1 translocation is also accompanied by increased
transcription (136) and translation (137). GLUT1 induction
by insulin varies with the cell line used and seems to be
inversely proportional to the amount of GLUT1 already
present at the membrane (138). Another level of
modulation is exerted directly on cell surface-associated
GLUT1 molecules. GLUT1 binds intracellular ATP (139)
in the absence of hydrolysis, which results in inhibition of
GLUT1-mediated glucose uptake (140), due to alterations
in susbtrate binding affinity (141).
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Figure 6. Impact of HTLV Env on glucose metabolism. In control cells grown in in vitro culture (A), glucose is taken up by cells
and is then converted to pyruvate through glycolysis. Because cells are grown under limited O2 availability, 95% of the pyruvate
is degraded into lactate, which is then secreted together with protons via the monocarboxylate transporter (MCT) leading to
acidification of the culture medium. CD147, tightly associated with the main transporter MCT1, is shown. In the presence of
HTLV Env (B), glucose transport into cells is strongly decreased, and glycolysis is hampered as observed by the significantly
decreased production of lactate and a lack of acidification of the culture medium. Note that although several HTLV Env are
depicted as being bound to GLUT1 in this figure, the precise stoichiometry of HTLV Env binding per GLUT1 molecule is not
known. N: Nucleus; V: Vesicle.

As indicated earlier, in classical mammalian cell
culture systems, cells have adapted from in vivo respiration
to in vitro fermentation, thus relying primarily on
glycolysis to maintain their ATP pool (142). Although the
selective pressure that drives this switch remains to be fully
elucidated, the limited availability of O2 in culture medium
provides a reasonable explanation. This fermentative
adaptation to reduced oxygenation has been proposed to be
a key step in the in vivo development of tumors (143). To
fuel fermentation, glucose is the preferential metabolite,
and under these conditions, GLUT1 plays a key role as the
major glucose transporter (116). Following HTLV Env
expression, glucose uptake is reduced due to the binding of
HTLV envelope to GLUT1. Reduction of intracellular
glucose in cultured cells reduces the glycolysis and thus

production of its end-product, lactate. In culture, most of
the lactate is released with protons via the MCT1/CD147
symporter system (102, 103) and figure 6). Therefore, a
decrease in lactate production is accompanied by a drop in
the acidification of the culture medium (figure 6). Protons
co-secreted with lactate from fermentation are thought to
account for 95% of the evolution of extracellular medium
pH in ex vivo cultures (J. Pouyssegur, personal
communication). As such, the inhibition of GLUT1 activity
by HTLV envelope expression or by GLUT1 siRNA (our
unpublished observations) prevents the color change of the
pH indicator, phenol red, commonly added to the culture
medium.

Interestingly, a switch to galactose as a source of
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carbon tends to bias cell metabolism toward respiration (see
for instance (144). When substituting galactose for glucose,
we observed that HTLV Env binding increases, thus
mimicking glucose starvation (our unpublished
observations). Under these culture conditions, the induction
of GLUT1 at the surface of 293T or HeLa cells is
maintained during several weeks of culture and multiple
passages (our unpublished observations).

The exact mechanism by which HRBD inhibits
GLUT1 is unclear. To date we have not been able to inhibit
glucose transport by adding exogenous HRBD to the cell
culture medium. This might be due to insufficient amounts
of soluble HRBD molecules produced by HRBD-
transfected 293T cells (our main source of soluble HRBD),
or because inhibition occurs only upon intracellular
production of HRBD. Therefore, it remains to be
determined whether binding of HTLV Env and HRBD to
GLUT1 inhibits its transport activity, directly by
competitive binding with glucose or by inducing
conformational changes in GLUT1. Alternatively, GLUT1
inhibition by intracellular HRBD may alter GLUT1
trafficking, resulting in decreased cell surface-associated
GLUT1 molecules. The first model is currently supported
by our observation that bound tagged HRBD protein can be
readily detected at the cell surface of HRBD-producing
cells (our unpublished observations) arguing in favor of the
presence of significant amounts of HRBD-GLUT1 complex
at the cell surface.

Since GLUT1 and glucose transport occupy a
central place in cell metabolism, HRBD-GLUT1
interactions also influence the balance of other essential
metabolites upstream of lactate production, at all levels of
glycolysis. Interestingly, GLUT1 can transport ascorbic
acid under certain conditions (see (145) for a review).
Potential alteration of this transport by HRBD-harboring
HTLV derivatives could exert an influence on in vivo cell
survival and integrity of the host organism, due to the role
of vitamin C (ascorbate) in counteracting oxidative damage
of proteins. Also, type 2 adenosine receptor agonists were
found to inhibit the cell binding of HTLV virions (146).
Although the effect of these compounds on Env-receptor
interactions remains to be assessed, the fact that GLUT1 is
an adenine nucleotide binding protein under an ATP
feedback control regulation (147) may open new alleys for
exploring the role of these nucleoside receptors in the early
steps of retroviral infection.

In the experimental systems we used, HTLV Env
and HRBD proteins were produced by transient
transfection. We were unable to obtain stable HTLV Env
expression, even when using cell lines that were resistant to
syncytia formation, such as the NIH3T3(TK-) described
above. Attempts to derive such HTLV-expressing cells
failed even when the HTLV SU-derived truncated HRBD
was used in conjunction with other hexoses than glucose,
confirming the essential function of GLUT1 in cell culture.
Therefore, the question of the adaptive processes that allow
HTLV-producing cell lines like MT-2, to maintain glucose
uptake activity and GLUT1 expression remains
unanswered. While it is clear that the HTLV envelope is

expressed at the surface of such cell lines, as demonstrated
by their ability to form syncytia with other cells, they might
be expressed at a sufficiently low level as not to block
GLUT1 activity. Alternatively, HTLV-producing cell lines
might rely on another glucose transporter.

In vivo, only a few cells, among which are
muscle cells, rely on anaerobic glycolysis for energy
production. Interestingly, when thymocytes undergo
proliferation, a transition from aerobic to anaerobic
metabolism occurs, despite the presence of O2. This
phenomenon has been referred to as the Crabtree effect
(148). At this stage of lymphocyte differentiation, glucose
utilization increases 18-fold (148). Furthermore,
proliferating thymocytes are strictly dependent on glucose,
in contrast to hepatoma cells or human primary fibroblasts,
for which uridine can be substituted (149). It is thus
tempting to propose that in the course of an HTLV
infection, an HTLV Env block of GLUT1 activity in
infected thymocytes would provide a strict selective
pressure, and potentially promote the emergence of
tumorigenic T lymphocyte clones.

8. CONCLUSIONS AND PERSPECTIVES

8.1. Determinants of HTLV Env-GLUT1 interactions
The identity of the HTLV Env receptor remained

elusive for approximately two decades and the search was
hampered by the fact that HTLV entry can take place in all
established vertebrate cell lines. This long search has been
the source of numerous speculations as to the nature of the
receptor, including the possibility that a dedicated cellular
receptor may not be required for HTLV infection or that
many different receptors can be used by HTLV. Based on
the elucidation of the modular organization of the receptor
binding domain (HRBD) and the generation of new tools
which comprised only this region of the HTLV Env (44,
78), we obtained new clues that were key to our finding
that GLUT1 is a receptor for HTLV Env. The first clue was
based on the MLV-related organization of the HTLV SU
(44, 78, 90) and figures 1 and 3). Since all identified Env
receptors of MLV and related mammalian retroviruses are
transporter-like multimembrane spanning molecules, or
their chaperone molecules, we hypothesized that the HTLV
receptor would belong to this class of cell surface
molecules (table 1). The second clue was that expression of
the HTLV Env receptor corresponded to an early marker of
T cell activation (99). The third major clue was that
transfection of HRBD blocks extracellular acidification and
lactate accumulation which, in vitro, are both closely
dependent on the integrity of the glycolytic pathway.
Although GLUT1 appears to a primary HTLV receptor, it
is not excluded that other cell surface molecules can be
used by HTLV for infection, or alternatively, can potentiate
infection.

Experiments of Env cross-interference to
superinfection showed that HTLV-1 and -2 and STLV-1
use a common receptor (66, 150). We also observed this
phenomenon when using HTLV-1 and -2 HRBD in cross-
interference assays based on their cell surface binding (45,
78). Accordingly, the Tyr residue at position 114 of the
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HTLV-1 SU, that we identified as a major determinant for
receptor-binding (45, 78), is also conserved among all
known strains of PTLV-1 and 2. To our knowledge, no Env
interference assays have been performed with STLV-2 and
STLV-3 strains. However, the high level of conservation of
this residue and its surrounding residues in all reported
PTLV strains (unpublished observations) augurs for the
same receptor usage for all PTLV.

In addition to PTLV, the Deltaretrovirus genus
comprises BLV for which the nature of the Env receptor
remains uncertain. Given the close relationship between
these two viral species (151, 152), the search for a BLV
Env receptor that belongs to the multimembrane spanning
molecules seems reasonable. It is interesting to note that
despite a strikingly different organization of the HIV SU,
whose RBD is constituted of a complex array of non
contiguous determinants (153), multimembrane spanning
molecules (chemokine receptors) serve as HIV Env
coreceptors (154). Furthermore, cellular partners of GLUT1
appear to be recruited during HTLV entry as coreceptors
(D. Ghez, Y. Lepelletier, C. Pique and O. Hermine,
personal communication). It is tempting to speculate that
many retroviruses have coreceptors but under conditions
where the coreceptor is ubiquitously expressed, they have
not been recognized to play this role. In the case of HTLV,
further documentation of the interactions between Env,
GLUT1 and additional partners will likely benefit from
finer mapping of the respective interacting determinants.
To this aim, we are currently testing HTLV Env-derived
peptides as well as GLUT chimeras, constructed between
GLUT1 and other GLUT isoforms, for their abilities to
physically interact and modulate infection.

8.2. HTLV Env infection and GLUT1 expression: How
to conciliate ubiquity and restricted distribution?

One of the recurrent paradoxes in the HTLV field
is the restricted tissue distribution of the virus as opposed to
the wide range of Env-mediated tropism in cell culture.
Indeed, the HTLV Env-mediated tropism in vitro is one of
the widest of all known retroviruses. Accordingly, GLUT1
is a molecule that is expressed on almost all dividing or
metabolically active cells, hence its general expression on
established cell lines. Although no definitive explanation
can ultimately conciliate this apparent discrepancy, a whole
array of observations hint to adequate explanations.

Retroviral tropism depends on viral entry, and for
that purpose on Env-receptor interactions. However, a
whole sequence of post-entry events leading to particle
assembly and release are modulated by the cellular context
and can thereby restrict in vivo tropism. Whether such
restriction(s) play a role in the constitution of the in vivo
reservoir of HTLV remains to be assessed and may benefit
from the use of animal models (35). Another level of
explanation comes from a more relative perception of the in
vivo GLUT1 "ubiquity". Indeed, there are considerable
differences in the levels of cell surface GLUT1 expression
in different tissues. These differences constitute the basis
for the in vivo detection of highly metabolically active and
glycolysis-dependent cancer cells, by tracking GLUT1
activity with positron emission tomography after injection

of 2-(18F)fluoro-2-deoxy-D-glucose, a non-metabolized
glucose analogue (for a review see (155, 156). Precise
analyses concerning the number of cell-surface GLUT1
molecules and viral particles that are required to initiate a
successful viral entry, as well as the availability of potential
coreceptor molecules in different cellular contexts, is likely
to provide further information on the in vivo distribution of
HTLV. It will be of interest to monitor, in experiments such
as those described by Igakura et al. (46), the respective
localizations of cell surface-expressed GLUT1 and Env
molecules, as compared to other viral components, during
cell-to-cell contacts between different cell types of infected
and non-infected cells. Additional explanations for the in
vivo tropism include the potential elimination of
productively infected cells by the immune system (157,
158) and the fact that, like most retroviruses, HTLV
infection of T cells requires cell division for integration,
replication and further spreading. The ensemble of these
restrictions will most likely efficiently limit the in vivo
expansion of an HTLV infection.

We believe that the interaction of HTLV Env
with GLUT1 is likely to be detrimental in certain cells with
respect to metabolic function and membrane structures (see
for instance (29, 45). This hypothesis is supported by the
observations that virion components are extremely difficult
to detect in the blood of infected patients and that virion
production by T cells from asymptomatic as well as ATL
patients is not readily detectable (157, 158) and O.
Hermine, personal communication). Thus, productively
infected cells may be rapidly eliminated in vivo. This would
result in an in vivo distribution that would be confined to
those cells which have by-passed these expected
restrictions. We may therefore ask what makes
lymphocytes are able to sustain HTLV infection for long
periods rather than question why non-lymphoid cells are
not able to be stably infected with the virus.

8.3. New insights into HTLV-mediated pathogenesis
The relatively low incidence of ATL among

HTLV-infected patients (<5%) and the long latency
observed before disease onset (20-40 years) mirror the
multivariable nature of the leukemogenic process (159). As
mentioned above, selection pressures are likely to include
Env-GLUT1 interactions. In this context, it is conceivable
that lymphoid cells are more likely to survive such
pressures because of their ability to switch from a GLUT1-
dependent status, when activated, to a GLUT1-independent
survival state under conditions of quiescence (108) and
figure 7). The ultimate emergence of leukemogenic clones
may then result from additional effects such as those
produced by Tax and other HTLV components (50, 160),
and from potential mutations compensating for GLUT1
impairments brought on by recurrent HTLV Env
expression. Closer assessment of GLUT1-associated
parameters in the lymphocytes of asymptomatic patients
and patients at different stages of ATL will allow us and
others to determine the validity of this hypothesis.

The identification of GLUT1 as a receptor for
HTLV Env and the ability of HTLV Env to block glucose
transport may have considerable consequences on neurological
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Figure 7. Model of GLUT1 expression during in vivo T cell activation. The vast majority of peripheral T-cells (>95%) are in the
G0 phase of the cell cycle. Resting naïve T cells do not express GLUT1 at their plasma membrane and transport glucose at low
basal levels. Upon activation through the T cell receptor (TCR), GLUT1 expression is strongly increased, concomitant with a
significantly augmented glucose transport. Activated T cells acquire the phenotype of memory T cells and a small percentage
survives and returns to a resting state. These quiescent memory T cells, like their naïve counterparts, do not express significant
levels of GLUT1. GLUT1 expression during early stages of T lymphocyte differentiation remains to be determined.

function as exemplified by the neurodegenerescence
associated with HTLV infection (157, 161). In this context,
it is particularly relevant that the brain is strictly dependent
on glucose consumption and moreover, that its usage relies
on glycolysis. This process hinges on GLUT1 as shown by
the fact that mutations in the GLUT1 gene lead to an
impairment of glucose transport that is the cause of a severe
cerebral deficiency (162). Moreover, the major clinical
symptoms in patients with heterozygous GLUT1 mutations
are neurological, with infantile seizures, developmental
delay, microcephaly and ataxia (163). Astrocytes are the
natural intermediate between brain vessels and neurons (see
(164) and a generally accepted scenario of astrocyte-neuron
carbohydrate exchanges is that most of the circulating
glucose in the brain blood is consumed by glial cells via
GLUT1. The glucose is converted into lactate by
fermentation, in an aerobic environment, and the secreted
lactate constitutes the major energy source for neurons
(165-167). Interestingly, HTLV-1 infected lymphocytes
have been shown to alter astrocytic functions (for instance
see (168). HTLV Env-mediated impairment of glucose
transport may therefore impact on neurons through a
dysfunction of glucose metabolism in glial cells, such as
astrocytes and oligodendrocytes. Finally, since ascorbic
acid transport appears to prevent oxidative damage leading
to cerebral degenerative processes and GLUT1 relays this
transport under certain conditions (169), the presence of
HTLV Env in the brain capillary and endothelial cells may
favor the triggering of neurodegenerative processes such as
those associated with HTLV infection (157). Evaluation of
the impact of HTLV Env on ascorbic acid transport in these
different cell types should bring additional clues.

Since contact between neuronal cellular
components and HTLV-infected cells is likely to occur
through the blood flow, the observation that GLUT1 is
particularly abundantly expressed on human erythrocytes

may bear some significance to HTLV-mediated
neurodegeneresence. Thus, approximatvely 15,000 GLUT1
molecules can be detected at the surface of a single mature
human erythrocyte, corresponding to 5% of the entire cell
membrane (123), while only 700 molecules are present on a
rat erythrocyte (138). Whether HTLV particles can be
titered out from the circulation by red blood cells opens to
new horizons. For instance, it becomes important to
determine whether there is a potential link between the
relatively rapid development of TSP/HAM after blood
contamination (170) and the ability of human erythrocytes
to bind HTLV virions. This could potentially occur via
viral transfer from lymphoid and red blood cells to
endothelial cells of blood vessels. This infection would in
turn decrease local glucose uptake by endothelial cells and
glial cells, leading to a disturbance of metabolic exchanges
such as those described in the "astrocyte-neuron lactate
shuttle" (165). In this perspective, to determine whether
bound particles enter red cells or remain at their surface and
can be passed on to new cells may become of a major
significance. To this regard it is important to note that
erythrocyte-associated GLUT1 has a different
electrophoretic migration pattern than GLUT1 from other
cells, due to different glycosylation, as well as different
kinetic properties (122, 171). Whether such differences
prevent viral entry in erythrocytes and allow red cells to
circulate virions to other organs could be addressed ex
vivo. Consequently, it will be important to assess whether
GLUT1 glycosylation modulates HTLV entry.

The abundance of GLUT1 on erythrocytes is a
property that humans share with bats (172) and sea
mammals (173). This property correlates with, respectively,
high glucose metabolism of human in the central nervous
system, the ability of bats to undertake sustained flight, and
maximization of glucose delivery under hypoxic stress,
respectively. In contrast, GLUT1 appears to be expressed at
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Figure 8. Distribution of GLUT1 on human HeLa cells. The receptor binding domain of HTLV Env was fused to the green
fluorescent protein (EGFP) in order to track the distribution of GLUT1. HeLa cells were transfected with this fusion protein. The
pattern of fluorescence indicates that GLUT1 is enriched at cell contacts (A). In isolated cells, GLUT1 is enriched at the
extremity of membrane extensions (B).

significantly lower levels on non-human primate
erythrocytes, as shown by immunoelectronmicroscopy of
brain erythrocytes (174). As such, while STLV-1 most
likely also recognizes GLUT1 as a receptor (150) and our
unpublished observations), viral dynamics and viral
dissemination in relation with erythrocyte binding are
likely to be fundamentally different between human and
monkeys.

8.4. HRBD as a marker for GLUT1 surface expression
EGFP-tagged HRBD binds diffusely to

fibroblasts with a preferential accumulation at cell-cell
contact areas (figure 8A), and filopodiae-like structures
(figure 8B). Labeling of cells with transfected or externally
added tagged-HRBD-containing conditioned media
allowed the detailed visualization of filopodiae extending
tens of microns from the main cell plasma membrane

(figure 8B). These observations illustrate the close
association of a major metabolic transporter, such as
GLUT1, in the construction of membrane structures
involved in cell-cell contact and "explorative" extensions.
This likely reflects the adaptive plasticity conferred to the
cell by these two synergic architectural and metabolic
functions under local changes of resources. The exploration
of the association between resource availability and the
construction of different types of membrane extensions
may provide a new angle at studying cell adaptation and
differentiation at a metabolic and an architectural level. The
tools derived from HRBD will undoubtedly be useful for
these investigations.

8.5. HRBD-GLUT1interactions as diagnostic and
therapeutical tools

As mentioned above, glucose uptake via GLUT1
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activity is the basis for the in vivo detection of tissues with
high metabolic activities and tumors (155, 156). Specific
detection of cell surface-expressed GLUT1 molecules has
been hampered by its high level of conservation, and the
lack of reliable reagents recognizing exofacial GLUT1
determinants (M. Mueckler, personal communication).
Therefore, conditioned medium containing HRBD-derived
molecules constitutes such a convenient source of non-
toxic reagents that can be used to easily detect cell surface
GLUT1. Thus, these tools can be used to monitor GLUT1
expression in relation to various physiopathological
conditions. Finally, as endogenous expression of HRBD
will generally exert a toxic effect due to the inhibition of
GLUT1, its ectopic expression may help eliminating
GLUT1-overexpressing tumor cells (see for instance (155,
156).

9. ACKNOWLEDGMENTS

We wish to thank P. Castelnau, C. Denesvre, R.
K. Naviaux, J. Pouyssegur, and P. Sonigo for stimulating
discussions, M. Mueckler, and K. S. Jones, for personal
communications, D. Ghez, Y. Lepelletier, C. Pique and O.
Hermine for helpful discussion and sharing unpublished
data on HTLV coreceptors, M.-C. Dokhelar, J. Mercier, G.
Py, J. Jarvik, and H. Stockinger for sharing materials and
reagents, our collaborators, the past and present members
of our laboratories, and P. Travo for their expert support.
We are indebted to P. Jeanteur and J.-M. Blanchard for
their continuous support and the tremendous environment
provided in IGM Montpellier. N.M. was successively
funded by the Ecole Normale Superieure de Lyon and the
Ministere de la Recherche (AC), S.K. was funded by the
European Community and the CNRS, F.J.K. was funded by
an award from the Philippe Foundation and successive
fellowships from the Association pour la Recherche sur le
Cancer (ARC) and the Fondation de France, and L. S and
M. L are funded by a fellowship from ANRS and AFM,
respectively. N.T., M.S. and J.-L.B. are supported by
INSERM. This work was supported by successive grants
from the CNRS ATIPE program and the Jeune Equipe
program (M.S.), FRM ARC, and AFM, (M.S. and N.T),
ANRS (J.-L. B., M.S. and N.T), the March of Dimes
(N.T.), and the Fondation de France (M.S.).

10. REFERENCES

1. Marechal, V., M. C. Prevost, C. Petit, E. Perret, J. M.
Heard and O. Schwartz: Human immunodeficiency virus
type 1 entry into macrophages mediated by
macropinocytosis. J Virol 75, 22, 11166-77 (2001)

2. Marechal, V., F. Clavel, J. M. Heard and O. Schwartz:
Cytosolic Gag p24 as an index of productive entry of
human immunodeficiency virus type 1. J Virol 72, 3, 2208-
12 (1998)

3. Hunter, E. and R. Swanstrom: Retrovirus envelope
glycoproteins. Curr Top Microbiol Immunol 157, 187-253
(1990)

4. Barnett, A. L. and J. M. Cunningham: Receptor binding

transforms the surface subunit of the mammalian C-type
retrovirus envelope protein from an inhibitor to an activator
of fusion. J Virol 75, 19, 9096-105 (2001)

5. Lavillette, D., A. Ruggieri, S. J. Russell and F. L. Cosset:
Activation of a cell entry pathway common to type C
mammalian retroviruses by soluble envelope fragments. J
Virol 74, 1, 295-304 (2000)

6. Qian, Z. and L. M. Albritton: An aromatic side chain is
required at residue 8 of SU for fusion of ecotropic murine
leukemia virus. J Virol 78, 1, 508-12 (2004)

7. Dalgleish, A. G., P. C. Beverley, P. R. Clapham, D. H.
Crawford, M. F. Greaves and R. A. Weiss: The CD4 (T4)
antigen is an essential component of the receptor for the
AIDS retrovirus. Nature 312, 5996, 763-7 (1984)

8. Klatzmann, D., E. Champagne, S. Chamaret, J. Gruest,
D. Guetard, T. Hercend, J. C. Gluckman and L.
Montagnier: T-lymphocyte T4 molecule behaves as the
receptor for human retrovirus LAV. Nature 312, 5996, 767-
8 (1984)

9. Hein, S., V. Prassolov, Y. Zhang, D. Ivanov, J. Lohler, S.
R. Ross and C. Stocking: Sodium-dependent myo-inositol
transporter 1 is a cellular receptor for Mus cervicolor M813
murine leukemia virus. J Virol 77, 10, 5926-32 (2003)

10. Overbaugh, J., A. D. Miller and M. V. Eiden: Receptors
and entry cofactors for retroviruses include single and
multiple transmembrane-spanning proteins as well as newly
described glycophosphatidylinositol-anchored and secreted
proteins. Microbiol Mol Biol Rev 65, 3, 371-89 (2001)

11. Tailor, C. S., D. Lavillette, M. Marin and D. Kabat:
Cell surface receptors for gammaretroviruses. Curr Top
Microbiol Immunol 281, 29-106 (2003)

12. Hinuma, Y., K. Nagata, M. Hanaoka, M. Nakai, T.
Matsumoto, K. I. Kinoshita, S. Shirakawa and I. Miyoshi:
Adult T-cell leukemia: antigen in an ATL cell line and
detection of antibodies to the antigen in human sera. Proc
Natl Acad Sci USA 78, 10, 6476-80 (1981)

13. Poiesz, B. J., F. W. Ruscetti, A. F. Gazdar, P. A. Bunn,
J. D. Minna and R. C. Gallo: Detection and isolation of
type C retrovirus particles from fresh and cultured
lymphocytes of a patient with cutaneous T-cell lymphoma.
Proc Natl Acad Sci USA 77, 12, 7415-9 (1980)

14. Van Dooren, S., M. Salemi and A. M. Vandamme:
Dating the origin of the African human T-cell lymphotropic
virus type-i (HTLV-I) subtypes. Mol Biol Evol 18, 4, 661-
71 (2001)

15. Slattery, J. P., G. Franchini and A. Gessain: Genomic
evolution, patterns of global dissemination, and interspecies
transmission of human and simian T-cell leukemia/lymphotropic
viruses. Genome Res 9, 6, 525-40 (1999)

16. Meertens, L. and A. Gessain: Divergent simian T-cell



Glucose transporter GLUT1 as the HTLV receptor

3234

lymphotropic virus type 3 (STLV-3) in wild-caught Papio
hamadryas papio from Senegal: widespread distribution of
STLV-3 in Africa. J Virol 77, 1, 782-9 (2003)

17. Meertens, L., R. Mahieux, P. Mauclere, J. Lewis and A.
Gessain: Complete sequence of a novel highly divergent
simian T-cell lymphotropic virus from wild-caught red-
capped mangabeys (Cercocebus torquatus) from
Cameroon: a new primate T-lymphotropic virus type 3
subtype. J Virol 76, 1, 259-68 (2002)

18. Goubau, P., M. Van Brussel, A. M. Vandamme, H. F.
Liu and J. Desmyter: A primate T-lymphotropic virus,
PTLV-L, different from human T-lymphotropic viruses
types I and II, in a wild-caught baboon (Papio hamadryas).
Proc Natl Acad Sci USA 91, 7, 2848-52 (1994)

19. Vincent, M. J., F. J. Novembre, V. F. Yamshchikov, H.
M. McClure and R. W. Compans: Characterization of a
novel baboon virus closely resembling human T-cell
leukemia virus. Virology 226, 1, 57-65 (1996)

20. Richardson, J. H., A. J. Edwards, J. K. Cruickshank, P.
Rudge and A. G. Dalgleish: In vivo cellular tropism of
human T-cell leukemia virus type 1. J Virol 64, 11, 5682-7
(1990)

21. Ijichi, S., M. B. Ramundo, H. Takahashi and W. W.
Hall: In vivo cellular tropism of human T cell leukemia
virus type II (HTLV-II). J Exp Med 176, 1, 293-6 (1992)

22. Clapham, P., K. Nagy, R. Cheingsong-Popov, M. Exley
and R. A. Weiss: Productive infection and cell-free
transmission of human T-cell leukemia virus in a
nonlymphoid cell line. Science 222, 1125-1127 (1983)

23. Fujino, T., T. Fujiyoshi, S. Yashiki, S. Sonoda, H.
Otsuka and Y. Nagata: HTLV-I transmission from mother
to fetus via placenta. Lancet 340, 8828, 1157 (1992)

24. Hayami, M., H. Tsujimoto, A. Komuro, Y. Hinuma and
K. Fujiwara: Transmission of adult T-cell leukemia virus
from lymphoid cells to non-lymphoid cells associated with
cell membrane fusion. Gann 75, 2, 99-102 (1984)

25. Hoffman, P. M., S. Dhib-Jalbut, J. A. Mikovits, D. S.
Robbins, A. L. Wolf, G. K. Bergey, N. C. Lohrey, O. S.
Weislow and F. W. Ruscetti: Human T-cell leukemia virus
type I infection of monocytes and microglial cells in
primary human cultures. Proc Natl Acad Sci USA 89, 24,
11784-8 (1992)

26. Hoxie, J. A., D. M. Matthews and D. B. Cines:
Infection of human endothelial cells by human T-cell
leukemia virus type I. Proc Natl Acad Sci USA 81, 23,
7591-5 (1984)

27. Ho, D. D., T. R. Rota and M. S. Hirsch: Infection of
human endothelial cells by human T-lymphotropic virus
type I. Proc Natl Acad Sci USA 81, 23, 7588-90 (1984)

28. Sutton, R. E. and D. R. Littman: Broad host range of

human T-cell leukemia virus type 1 demonstrated with an
improved pseudotyping system. J Virol 70, 10, 7322-6
(1996)

29. Kim, F. J., N. Manel, Y. Boublik, J. L. Battini and M.
Sitbon: Human T-cell leukemia virus type 1 envelope-
mediated syncytium formation can be activated in resistant
Mammalian cell lines by a carboxy-terminal truncation of
the envelope cytoplasmic domain. J Virol 77, 2, 963-9
(2003)

30. Trejo, S. R. and L. Ratner: The HTLV receptor is a
widely expressed protein. Virology 268, 1, 41-8 (2000)

31. Jassal, S. R., R. G. Pohler and D. W. Brighty: Human
T-Cell Leukemia Virus Type 1 Receptor Expression among
Syncytium-Resistant Cell Lines Revealed by a Novel
Surface Glycoprotein-Immunoadhesin. J Virol 75, 17,
8317-28 (2001)

32. Koyanagi, Y., Y. Itoyama, N. Nakamura, K.
Takamatsu, J. Kira, T. Iwamasa, I. Goto and N. Yamamoto:
In vivo infection of human T-cell leukemia virus type I in
non-T cells. Virology 196 1, 25-33 (1993)

33. Lal, R. B., S. M. Owen, D. L. Rudolph, C. Dawson and
H. Prince: In vivo cellular tropism of human T-
lymphotropic virus type II is not restricted to CD8+ cells.
Virology 210, 2, 441-7 (1995)

34. Casoli, C., A. Cimarelli and U. Bertazzoni: Cellular
tropism of human T-cell leukemia virus type II is enlarged
to B lymphocytes in patients with high proviral load.
Virology 206, 2, 1126-8 (1995)

35. Kazanji, M., A. Ureta-Vidal, S. Ozden, F. Tangy, B. de
Thoisy, L. Fiette, A. Talarmin, A. Gessain and G. de The:
Lymphoid organs as a major reservoir for human T-cell
leukemia virus type 1 in experimentally infected squirrel
monkeys (Saimiri sciureus): provirus expression,
persistence, and humoral and cellular immune responses. J
Virol 74, 10, 4860-7 (2000)

36. Loureiro, P., S. O. Southern, P. J. Southern and M. S.
Pombo-de-Oliveira: Clinicopathological studies of a patient
with adult T-cell leukemia and pseudogynecomasty. Am J
Hematol 65, 3, 256-9 (2000)

37. Daenke, S., S. A. McCracken and S. Booth: Human T-
cell leukaemia/lymphoma virus type 1 syncytium formation
is regulated in a cell-specific manner by ICAM-1, ICAM-3
and VCAM-1 and can be inhibited by antibodies to integrin
beta2 or beta7. J Gen Virol 80, Pt 6, 1429-36 (1999)

38. Nisole, S. and A. Saib: Early steps of retrovirus
replication cycle. Retrovirology 1, 9 (2004)

39. Bieniasz, P.D.: Restriction factors: a defense against
retroviral infection. Trends Microbiol 11 6, 286-91 (2003)

40. Agadjanyan, M.G., M. A. Chattergoon, I. Petrushina,
M. Bennett, J. Kim, K.E. Ugen, T. Kieber-Emmons and



Glucose transporter GLUT1 as the HTLV receptor

3235

D.B. Weiner: Monoclonal antibodies define a cellular
antigen involved in HTLV-I infection. Hybridoma 17, 1, 9-
19 (1998)

41. Derse, D., S. A. Hill, P. A. Lloyd, H. Chung and B. A.
Morse: Examining human T-lymphotropic virus type 1
infection and replication by cell-free infection with
recombinant virus vectors. J Virol 75, 18, 8461-8 (2001)

42. Hanon, E., J. C. Stinchcombe, M. Saito, B. E. Asquith,
G. P. Taylor, Y. Tanaka, J. N. Weber, G. M. Griffiths and
C. R. Bangham: Fratricide among CD8(+) T lymphocytes
naturally infected with human T cell lymphotropic virus
type I. Immunity 13, 5, 657-64. (2000)

43. Pique, C., D. Pham, T. Tursz and M. C. Dokhelar: The
cytoplasmic domain of the human T-cell leukemia virus
type I envelope can modulate envelope functions in a cell
type-dependent manner. J Virol 67, 1, 557-61 (1993)

44. Kim, F. J., I. Seiliez, C. Denesvre, D. Lavillette, F. L.
Cosset and M. Sitbon: Definition of an amino-terminal
domain of the human T-cell leukemia virus type 1 envelope
surface unit that extends the fusogenic range of an
ecotropic murine leukemia virus. J Biol Chem 275, 31,
23417-20 (2000)

45. Manel, N., F. J. Kim, S. Kinet, N. Taylor, M. Sitbon
and J. L. Battini: The Ubiquitous Glucose Transporter
GLUT-1 Is a Receptor for HTLV. Cell 115, 4, 449-59
(2003)

46. Igakura, T., J. C. Stinchcombe, P. K. Goon, G. P.
Taylor, J. N. Weber, G. M. Griffiths, Y. Tanaka, M. Osame
and C. R. Bangham: Spread of HTLV-I between
lymphocytes by virus-induced polarization of the
cytoskeleton. Science 299, 5613, 1713-6 (2003)

47. Denesvre, C., C. Carrington, A. Corbin, Y. Takeuchi, F.
L. Cosset, T. Schulz, M. Sitbon and P. Sonigo: TM domain
swapping of murine leukemia virus and human T-cell
leukemia virus envelopes confers different infectious
abilities despite similar incorporation into virions. J Virol
70, 7, 4380-6 (1996)

48. Lee, H., K. B. Idler, P. Swanson, J. J. Aparicio, K.
K. Chin, J. P. Lax, M. Nguyen, T. Mann, G. Leckie, A.
Zanetti, G. Marinucci, I. S. Y. Chen and J. D.
Rosenblatt: Complete nucleotide sequence of HTLV-II
isolate NRA: comparison of envelope sequence
variation of HTLV-II isolates from U.S. blood donors
and U.S. and Italian i.v. drug users. Virology 196, 1, 57-
69 (1993)

49. Miyoshi, I., I. Kubonishi, S. Yoshimoto, T. Akagi, Y.
Ohtsuki, Y. Shiraishi, K. Nagata and Y. Hinuma: Type C
virus particles in a cord T-cell line derived by co-
cultivating normal human cord leukocytes and human
leukaemic T cells. Nature 294, 5843, 770-1 (1981)

50. Mortreux, F., A. S. Gabet and E. Wattel: Molecular and
cellular aspects of HTLV-1 associated leukemogenesis in

vivo. Leukemia 17, 1, 26-38 (2003)

51. Johnson, D. C. and M. T. Huber: Directed egress of
animal viruses promotes cell-to-cell spread. J Virol 76, 1,
1-8 (2002)

52. Sitbon, M., J. Nishio, K. Wehrly, D. Lodmell and B.
Chesebro: Use of a focal immunofluorescence assay on live
cells for quantitation of retroviruses: distinction of host
range classes in virus mixtures and biological cloning of
dual-tropic murine leukemia viruses. Virology 141, 1, 110-
8 (1985)

53. Derse, D. and G. Heidecker: Virology. Forced entry--or
does HTLV-I have the key? Science 299, 5613, 1670-1 (2003)

54. Southern, S. and P. Southern: Cellular mechanism for
milk-borne transmission of HIV and HTLV. Adv Exp Med
Biol 503, 183-90 (2002)

55. Levy, J. A: The multifaceted retrovirus. Cancer Res 46,
11, 5457-68 (1986)

56. Rawat, S. S., M. Viard, S. A. Gallo, A. Rein, R.
Blumenthal and A. Puri: Modulation of entry of enveloped
viruses by cholesterol and sphingolipids (Review). Mol
Membr Biol 20, 3, 243-54 (2003)

57. Weissenhorn, W., A. Dessen, L. J. Calder, S. C.
Harrison, J. J. Skehel and D. C. Wiley: Structural basis for
membrane fusion by enveloped viruses. Mol Membr Biol
16, 1, 3-9 (1999)

58. Weiss, R. A: Cellular receptors and viral glycoproteins
involved in retrovirus entry. The retroviridae, Eds.: J.A.
Levy. Vol. 2. New York: Plenum. 1-108 (1993)

59. Weiss, R. A: HIV receptors and cellular tropism.
IUBMB Life 53, 4-5, 201-5 (2002)

60. McClure, M. O., M. A. Sommerfelt, M. Marsh and R.
A. Weiss: The pH independence of mammalian retrovirus
infection. J Gen Virol 71, Pt 4, 767-73 (1990)

61. Timar, J., K. Nagy, D. Robertson, P. Clapham and R.
A. Weiss: Ultrastructure and immunoelectron microscopy
of human T-cell leukaemia virus type I-producing
lymphoid and non-lymphoid human tumour cells. J Gen
Virol 68, Pt 4, 1011-20 (1987)

62. Mothes, W., A. L. Boerger, S. Narayan, J. M.
Cunningham and J. A. Young: Retroviral entry mediated by
receptor priming and low pH triggering of an envelope
glycoprotein. Cell 103, 4, 679-89 (2000)

63. Edouard, E., E. Legrand, T. Astier-Gin, R. Dalibart, S.
Geoffre, P. Dalbon, B. Guillemain and D. Londos-
Gagliardi: Characterization of monoclonal antibodies
directed against the gp46 of human T-cell leukemia virus
type I. Leukemia 8, Suppl 1, S60-4 (1994)

64. Clarke, M. F., E. P. Gelmann and M. S. Reitz, Jr.:



Glucose transporter GLUT1 as the HTLV receptor

3236

Homology of human T-cell leukaemia virus envelope gene
with class I HLA gene. Nature 305, 5929, 60-2 (1983)

65. Kohtz, D. S., A. Altman, J. D. Kohtz and S. Puszkin:
Immunological and structural homology between human T-
cell leukemia virus type I envelope glycoprotein and a
region of human interleukin-2 implicated in binding the
beta receptor. J Virol 62, 2, 659-62 (1988)

66. Sommerfelt, M. A., B. P. Williams, P. R. Clapham, E.
Solomon, P. N. Goodfellow and R. A. Weiss: Human T cell
leukemia viruses use a receptor determined by human
chromosome 17. Science 242, 4885, 1557-9 (1988)

67. Tajima, Y., K. Tashiro and D. Camerini: Assignment of
the possible HTLV receptor gene to chromosome 17q21-
q23. Somat Cell Mol Genet 23, 3, 225-7 (1997)

68. Denesvre, C., P. Sonigo, A. Corbin, H. Ellerbrok and
M. Sitbon: Influence of transmembrane domains on the
fusogenic abilities of human and murine leukemia
retrovirus envelopes. J Virol 69, 7, 4149-57 (1995)

69. Feng, R., M. Tanaka, H. Abe, N. Arashi, B. Sun, K.
Uchida and M. Miwa: Human T-cell leukemia virus type 1
can infect a wide variety of cells in mice. Jpn J Cancer Res
90, 1, 48-54 (1999)

70. Imai, T., K. Fukudome, S. Takagi, M. Nagira, M.
Furuse, N. Fukuhara, M. Nishimura, Y. Hinuma and O.
Yoshie: C33 antigen recognized by monoclonal antibodies
inhibitory to human T cell leukemia virus type 1-induced
syncytium formation is a member of a new family of
transmembrane proteins including CD9, CD37, CD53, and
CD63. J Immunol 149, 9, 2879-86 (1992)

71. Fukudome, K., M. Furuse, T. Imai, M. Nishimura, S.
Takagi, Y. Hinuma and O. Yoshie: Identification of
membrane antigen C33 recognized by monoclonal
antibodies inhibitory to human T-cell leukemia virus type 1
(HTLV-1)-induced syncytium formation: altered
glycosylation of C33 antigen in HTLV-1-positive T cells. J
Virol 66, 3, 1394-401 (1992)

72. Pique, C., C. Lagaudriere-Gesbert, L. Delamarre, A. R.
Rosenberg, H. Conjeaud and M. C. Dokhelar: Interaction of
CD82 tetraspanin proteins with HTLV-1 envelope
glycoproteins inhibits cell-to-cell fusion and virus
transmission. Virology 276, 2, 455-65 (2000)

73. Gavalchin, J., N. Fan, M. J. Lane, L. Papsidero and B.
J. Poiesz: Identification of a putative cellular receptor for
HTLV-I by a monoclonal antibody, Mab 34-23. Virology
194, 1, 1-9 (1993)

74. Sagara, Y., Y. Inoue, H. Shiraki, A. Jinno, H. Hoshino
and Y. Maeda: Identification and mapping of functional
domains on human T-cell lymphotropic virus type 1
envelope proteins by using synthetic peptides. J Virol 70, 3,
1564-9 (1996)

75. Sagara, Y., C. Ishida, Y. Inoue, H. Shiraki and Y.

Maeda: 71-kilodalton heat shock cognate protein acts as a
cellular receptor for syncytium formation induced by
human T-cell lymphotropic virus type 1. J Virol 72, 1, 535-
41 (1998)

76. Fang, D., Y. Haraguchi, A. Jinno, Y. Soda, N. Shimizu
and H. Hoshino: Heat shock cognate protein 70 is a cell
fusion-enhancing factor but not an entry factor for human
T-cell lymphotropic virus type I. Biochem Biophys Res
Commun 261, 2, 357-63. (1999)

77. Guerrero, C. A., D. Bouyssounade, S. Zarate, P. Isa, T.
Lopez, R. Espinosa, P. Romero, E. Mendez, S. Lopez and
C. F. Arias: Heat shock cognate protein 70 is involved in
rotavirus cell entry. J Virol 76, 8, 4096-102 (2002)

78. Kim, F. J., N. Manel, E. Garrido, C. Valle, M. Sitbon
and J. L. Battini: HTLV-1 and -2 Envelope SU Subdomains
and Critical Determinants in Receptor Binding.
Unpublished results (2004)

79. Uchiyama, T., T. Ishikawa and A. Imura: Cell adhesion
molecules in HTLV-I infection. J Acquir Immune Defic
Syndr Hum Retrovirol 13, Suppl 1, S114-8 (1996)

80. Hildreth, J. E., A. Subramanium and R. A. Hampton:
Human T-cell lymphotropic virus type 1 (HTLV-1)-
induced syncytium formation mediated by vascular cell
adhesion molecule-1: evidence for involvement of cell
adhesion molecules in HTLV-1 biology. J Virol 71, 2,
1173-80 (1997)

81. Niyogi, K. and J. E. Hildreth: Characterization of new
syncytium-inhibiting monoclonal antibodies implicates
lipid rafts in human T-cell leukemia virus type 1 syncytium
formation. J Virol 75, 16, 7351-61 (2001)

82. Sagara, Y., Y. Inoue, E. Kojima, C. Ishida, H. Shiraki
and Y. Maeda: Phosphatidylglycerol participates in
syncytium formation induced by HTLV type 1-bearing
cells. AIDS Res Hum Retroviruses 17, 2, 125-35 (2001)

83. Pinon, J. D., P. J. Klasse, S. R. Jassal, S. Welson, J.
Weber, D. W. Brighty and Q. J. Sattentau: Human T-Cell
Leukemia Virus Type 1 Envelope Glycoprotein gp46
Interacts with Cell Surface Heparan Sulfate Proteoglycans.
J Virol 77, 18, 9922-30 (2003)

84. Benit, L., P. Dessen and T. Heidmann: Identification,
phylogeny, and evolution of retroviral elements based on
their envelope genes. J Virol 75, 23, 11709-19 (2001)

85. Sitbon, M., L. d'Auriol, H. Ellerbrok, C. Andre, J.
Nishio, S. Perryman, F. Pozo, S. F. Hayes, K. Wehrly, P.
Tambourin, F. Galibert and B. Chesebro: Substitution of
leucine for isoleucine in a sequence highly conserved
among retroviral envelope surface glycoproteins attenuates
the lytic effect of the Friend murine leukemia virus. Proc
Natl Acad Sci USA 88, 13, 5932-6 (1991)

86. Sanders, D. A., Z. Li, S. Kayman, R. Kopelman and A.
Pinter: Characterization of a labile SU-TM disulfide bond



Glucose transporter GLUT1 as the HTLV receptor

3237

that is involved in processing of MuLV envelope protein. in
Retroviruses. Cold Spring Harbor, New York: Cold Spring
Harbor laboratory (1995)

87. Battini, J. L., O. Danos and J. M. Heard: Receptor-
binding domain of murine leukemia virus envelope
glycoproteins. J Virol 69, 2, 713-9 (1995)

88. Battini, J. L., J. M. Heard and O. Danos: Receptor
choice determinants in the envelope glycoproteins of
amphotropic, xenotropic, and polytropic murine leukemia
viruses. J Virol 66, 3, 1468-75 (1992)

89. Heard, J. M. and O. Danos: An amino-terminal
fragment of the Friend murine leukemia virus envelope
glycoprotein binds the ecotropic receptor. J Virol 65, 8,
4026-32 (1991)

90. Kim, F. J., N. Manel, J.-L. Battini and M. Sitbon:
Emergence of vertebrate retroviruses and envelope capture.
Virology 318, 1, 183-191 (2004)

91. Nath, M. D., F. W. Ruscetti, C. Petrow-Sadowski and
K. S. Jones: Regulation of the cell-surface expression of an
HTLV-I binding protein in human T cells during immune
activation. Blood 101, 8, 3085-92 (2003)

92. Goon, P. K., T. Igakura, E. Hanon, A. J. Mosley, A.
Barfield, A. L. Barnard, L. Kaftantzi, Y. Tanaka, G. P.
Taylor, J. N. Weber and C. R. Bangham: Human T cell
lymphotropic virus type I (HTLV-I)-specific CD4+ T cells:
immunodominance hierarchy and preferential infection
with HTLV-I. J Immunol 172, 3, 1735-43 (2004)

93. Valentin, H., I. Lemasson, S. Hamaia, H. Casse, S.
Konig, C. Devaux and L. Gazzolo: Transcriptional
activation of the vascular cell adhesion molecule-1 gene in
T lymphocytes expressing human T-cell leukemia virus
type 1 Tax protein. J Virol 71, 11, 8522-30 (1997)

94. Yamamoto, A., H. Hara and T. Kobayashi: Induction of
the expression of gag protein in HTLV-I infected
lymphocytes by anti-ICAM 1 antibody in vitro. J Neurol
Sci 151, 2, 121-6 (1997)

95. Fujino, T. and Y. Nagata: HTLV-I transmission from
mother to child. J Reprod Immunol 47, 2, 197-206 (2000)

96. Kadereit, S., M. M. Kozik, G. R. Junge, R. E. Miller, L.
F. Slivka, L.S. Bos, K. Daum-Woods, R. M. Sramkoski, J.
W. Jacobberger and M. J. Laughlin: Cyclosporin A effects
during primary and secondary activation of human
umbilical cord blood T lymphocytes. Exp Hematol 29, 7,
903-9 (2001)

97. Hassan, J. and D. J. Reen: Human recent thymic
emigrants--identification, expansion, and survival
characteristics. J Immunol 167, 4, 1970-6 (2001)

98. Dardalhon, V., S. Jaleco, S. Kinet, B. Herpers, M.
Steinberg, C. Ferrand, D. Froger, C. Leveau, P. Tiberghien,
P. Charneau, N. Noraz and N. Taylor: IL-7 differentially

regulates cell cycle progression and HIV-1-based vector
infection in neonatal and adult CD4+ T cells. Proc Natl
Acad Sci USA 98, 16, 9277-82. (2001)

99. Manel, N., S. Kinet, J. L. Battini, F. J. Kim, N. Taylor
and M. Sitbon: The HTLV receptor is an early T-cell
activation marker whose expression requires de novo
protein synthesis. Blood 101, 5, 1913-8 (2003)

100. Yasunaga, J., T. Sakai, K. Nosaka, K. Etoh, S.
Tamiya, S. Koga, S. Mita, M. Uchino, H. Mitsuya and M.
Matsuoka: Impaired production of naive T lymphocytes in
human T-cell leukemia virus type I-infected individuals: its
implications in the immunodeficient state. Blood 97, 10,
3177-83 (2001)

101. Poole, R. C. and A. P. Halestrap: Transport of lactate
and other monocarboxylates across mammalian plasma
membranes. Am J Physiol 264, 4, Pt 1, C761-82 (1993)

102. Kirk, P., M. C. Wilson, C. Heddle, M. H. Brown, A. N.
Barclay and A. P. Halestrap: CD147 is tightly associated with
lactate transporters MCT1 and MCT4 and facilitates their cell
surface expression. Embo J 19, 15, 3896-904 (2000)

103. Garcia, C. K., J. L. Goldstein, R. K. Pathak, R. G.
Anderson and M. S. Brown: Molecular characterization of
a membrane transporter for lactate, pyruvate, and other
monocarboxylates: implications for the Cori cycle. Cell 76,
5, 865-73 (1994)

104. Wu, X. and H. H. Freeze: GLUT14, a duplicon of
GLUT3, is specifically expressed in testis as alternative
splice forms. Genomics 80, 6, 553-7 (2002)

105. Joost, H. G. and B. Thorens: The extended GLUT-
family of sugar/polyol transport facilitators: nomenclature,
sequence characteristics, and potential function of its novel
members (review). Mol Membr Biol 18, 4, 247-56 (2001)

106. Kayano, T., C. F. Burant, H. Fukumoto, G. W. Gould,
Y. S. Fan, R. L. Eddy, M. G. Byers, T. B. Shows, S. Seino
and G. I. Bell: Human facilitative glucose transporters.
Isolation, functional characterization, and gene localization
of cDNAs encoding an isoform (GLUT5) expressed in
small intestine, kidney, muscle, and adipose tissue and an
unusual glucose transporter pseudogene-like sequence
(GLUT6). J Biol Chem 265, 22, 13276-82 (1990)

107. Augustin, R., M. O. Carayannopoulos, L. O. Dowd, J.
E. Phay, J. F. Moley and K. H. Moley: Identification and
characterization of human glucose transporter-like protein-
9 (GLUT9): alternative splicing alters trafficking. J Biol
Chem 279, 16, 16229-36 (2004)

108. Chakrabarti, R., C. Y. Jung, T. P. Lee, H. Liu and B.
K. Mookerjee: Changes in glucose transport and transporter
isoforms during the activation of human peripheral blood
lymphocytes by phytohemagglutinin. J Immunol 152, 6,
2660-8 (1994)

109. Bernard, F., S. Jaleco, V. Dardalhon, M. Steinberg, H.



Glucose transporter GLUT1 as the HTLV receptor

3238

Yssel, N. Noraz, N. Taylor and S. Kinet: Ex vivo isolation
protocols differentially affect the phenotype of human
CD4+ T cells. J Immunol Methods 271, 1-2, 99-106 (2002)

110. Cooper, E. H., P. Barkhan and A. J. Hale: Observations
on the proliferation of human leucocytes cultured with
phytohaemagglutinin. Br J Haematol 9, 101-11 (1963)

111. Hedeskov, C. J: Early effects of phytohaemagglutinin
on glucose metabolism of normal human lymphocytes.
Biochem J 110, 2, 373-80 (1968)

112. Roos, D. and J. A. Loos: Changes in the carbohydrate
metabolism of mitogenically stimulated human peripheral
lymphocytes. I. Stimulation by phytohaemagglutinin.
Biochim Biophys Acta 222, 3, 565-82 (1970)

113. Peters, J. H. and P. Hausen: Effect of
phytohemagglutinin on lymphocyte membrane transport. 2.
Stimulation of "facilitated diffusion" of 3-O-methyl-
glucose. Eur J Biochem 19, 4, 509-13 (1971)

114. Whitesell, R. R., R. A. Johnson, H. L. Tarpley and D.
M. Regen: Mitogen-stimulated glucose transport in
thymocytes. Possible role of Ca++ and antagonism by
adenosine 3':5'-monophosphate. J Cell Biol 72, 2, 456-69
(1977)

115. Whitesell, R. R. and D. M. Regen: Glucose transport
characteristics of quiescent thymocytes. J Biol Chem 253,
20, 7289-94 (1978)

116. Mueckler, M., C. Caruso, S. A. Baldwin, M. Panico, I.
Blench, H. R. Morris, W. J. Allard, G. E. Lienhard and H.
F. Lodish: Sequence and structure of a human glucose
transporter. Science 229, 4717, 941-5 (1985)

117. Kohn, A. D., S. A. Summers, M. J. Birnbaum and R.
A. Roth: Expression of a constitutively active Akt Ser/Thr
kinase in 3T3-L1 adipocytes stimulates glucose uptake and
glucose transporter 4 translocation. J Biol Chem 271, 49,
31372-8 (1996)

118. Rathmell, J. C., R. L. Elstrom, R. M. Cinalli and C. B.
Thompson: Activated Akt promotes increased resting T cell
size, CD28-independent T cell growth, and development of
autoimmunity and lymphoma. Eur J Immunol 33, 8, 2223-
32 (2003)

119. Rathmell, J. C., M. G. Vander Heiden, M. H. Harris,
K. A. Frauwirth and C. B. Thompson: In the absence of
extrinsic signals, nutrient utilization by lymphocytes is
insufficient to maintain either cell size or viability. Mol
Cell 6, 3, 683-92 (2000)

120. Frauwirth, K. A., J. L. Riley, M. H. Harris, R. V.
Parry, J. C. Rathmell, D. R. Plas, R. L. Elstrom, C. H. June
and C. B. Thompson: The CD28 signaling pathway
regulates glucose metabolism. Immunity 16, 6, 769-77
(2002)

121. Yu, Q., B. Erman, A. Bhandoola, S. O. Sharrow and

A. Singer: In vitro evidence that cytokine receptor signals
are required for differentiation of double positive
thymocytes into functionally mature CD8(+) T cells. J Exp
Med 197, 4, 475-87 (2003)

122. Hruz, P. W. and M. M. Mueckler: Structural analysis
of the GLUT1 facilitative glucose transporter (review). Mol
Membr Biol 18, 3, 183-93 (2001)

123. Mueckler, M: Facilitative glucose transporters. Eur J
Biochem 219, 3, 713-25 (1994)

124. Haspel, H. C., E. W. Wilk, M. J. Birnbaum, S. W.
Cushman and O. M. Rosen: Glucose deprivation and
hexose transporter polypeptides of murine fibroblasts. J
Biol Chem 261, 15, 6778-89 (1986)

125. Walker, P. S., J. A. Donovan, B. G. Van Ness, R. E.
Fellows and J. E. Pessin: Glucose-dependent regulation of
glucose transport activity, protein, and mRNA in primary
cultures of rat brain glial cells. J Biol Chem 263, 30, 15594-
601 (1988)

126. Bashan, N., E. Burdett, H. S. Hundal and A. Klip:
Regulation of glucose transport and GLUT1 glucose
transporter expression by O2 in muscle cells in culture. Am
J Physiol 262, 3, Pt 1, C682-90 (1992)

127. Shetty, M., J. N. Loeb and F. Ismail-Beigi:
Enhancement of glucose transport in response to inhibition
of oxidative metabolism: pre- and posttranslational
mechanisms. Am J Physiol 262, 2, Pt 1, C527-32 (1992)

128. Barros, L. F., S. A. Baldwin and M. Griffiths: Rapid
activation of GLUT1 by osmotic stress. Biochem Soc Trans
25, 3, 485S (1997)

129. Shetty, M., N. Ismail-Beigi, J. N. Loeb and F. Ismail-
Beigi: Induction of GLUT1 mRNA in response to
inhibition of oxidative phosphorylation. Am J Physiol 265,
5, Pt 1, C1224-9 (1993)

130. Maher, F. and L. C. Harrison: Stabilization of glucose
transporter mRNA by insulin/IGF-1 and glucose
deprivation. Biochem Biophys Res Commun 171, 1, 210-5
(1990)

131. Barnes, K., J. C. Ingram, O. H. Porras, L. F. Barros, E.
R. Hudson, L. G. Fryer, F. Foufelle, D. Carling, D. G.
Hardie and S. A. Baldwin: Activation of GLUT1 by
metabolic and osmotic stress: potential involvement of
AMP-activated protein kinase (AMPK). J Cell Sci 115, Pt
11, 2433-42 (2002)

132. Suzuki, K. and T. Kono: Evidence that insulin causes
translocation of glucose transport activity to the plasma
membrane from an intracellular storage site. Proc Natl
Acad Sci USA 77, 5, 2542-5 (1980)

133. Cushman, S. W. and L. J. Wardzala: Potential
mechanism of insulin action on glucose transport in the
isolated rat adipose cell. Apparent translocation of



Glucose transporter GLUT1 as the HTLV receptor

3239

intracellular transport systems to the plasma membrane. J
Biol Chem 255, 10, 4758-62 (1980)

134. Harrison, S. A., J. M. Buxton, B. M. Clancy and M. P.
Czech: Insulin regulation of hexose transport in mouse
3T3-L1 cells expressing the human HepG2 glucose
transporter. J Biol Chem 265, 33, 20106-16 (1990)

135. Calderhead, D. M., K. Kitagawa, L. I. Tanner, G. D.
Holman and G. E. Lienhard: Insulin regulation of the two
glucose transporters in 3T3-L1 adipocytes. J Biol Chem
265, 23, 13801-8 (1990)

136. Walker, P. S., T. Ramlal, V. Sarabia, U. M. Koivisto,
P. J. Bilan, J. E. Pessin and A. Klip: Glucose transport
activity in L6 muscle cells is regulated by the coordinate
control of subcellular glucose transporter distribution,
biosynthesis, and mRNA transcription. J Biol Chem 265, 3,
1516-23 (1990)

137. Taha, C., Z. Liu, J. Jin, H. Al-Hasani, N. Sonenberg
and A. Klip: Opposite translational control of GLUT1 and
GLUT4 glucose transporter mRNAs in response to insulin.
Role of mammalian target of rapamycin, protein kinase b,
and phosphatidylinositol 3-kinase in GLUT1 mRNA
translation. J Biol Chem 274, 46, 33085-91 (1999)

138. Harrison, S. A., J. M. Buxton, A. L. Helgerson, R. G.
MacDonald, F. J. Chlapowski, A. Carruthers and M. P.
Czech: Insulin action on activity and cell surface
disposition of human HepG2 glucose transporters
expressed in Chinese hamster ovary cells. J Biol Chem 265,
10, 5793-801 (1990)

139. Carruthers, A. and A. L. Helgerson: The human
erythrocyte sugar transporter is also a nucleotide binding
protein. Biochemistry 28, 21, 8337-46 (1989)

140. Carruthers, A: Anomalous asymmetric kinetics of
human red cell hexose transfer: role of cytosolic adenosine
5'-triphosphate. Biochemistry 25, 12, 3592-602 (1986)

141. Lachaal, M., R. A. Spangler and C. Y. Jung:
Adenosine and adenosine triphosphate modulate the
substrate binding affinity of glucose transporter GLUT1 in
vitro. Biochim Biophys Acta 1511, 1, 123-33 (2001)

142. Neermann, J. and R. Wagner: Comparative analysis of
glucose and glutamine metabolism in transformed
mammalian cell lines, insect and primary liver cells. J Cell
Physiol 166, 1, 152-69 (1996)

143. Warburg, O: On the origin of cancer cells. Science
123, 309-14 (1956)

144. Rossignol, R., R. Gilkerson, R. Aggeler, K. Yamagata,
S. J. Remington and R. A. Capaldi: Energy substrate
modulates mitochondrial structure and oxidative capacity in
cancer cells. Cancer Res 64, 3, 985-93 (2004)

145. Liang, W. J., D. Johnson and S. M. Jarvis: Vitamin C
transport systems of mammalian cells. Mol Membr Biol 18,

1, 87-95 (2001)

146. Hague, B., T. Zhao and T. Kindt: Binding of HTLV-1
virions to T cells occurs by a temperature and calcium-
dependent process and is blocked by certain type 2
adenosine receptor antagonists. Virus Res 93, 1, 31-9
(2003)

147. Levine, K. B., E. K. Cloherty, N. J. Fidyk and A.
Carruthers: Structural and physiologic determinants of
human erythrocyte sugar transport regulation by adenosine
triphosphate. Biochemistry 37, 35, 12221-32 (1998)

148. Greiner, E. F., M. Guppy and K. Brand: Glucose is
essential for proliferation and the glycolytic enzyme
induction that provokes a transition to glycolytic energy
production. J Biol Chem 269, 50, 31484-90 (1994)

149. Wice, B. M. and D. Kennell: Ribose-1-P is the
essential precursor for nucleic acid synthesis in animal cells
growing on uridine in the absence of sugar. J Biol Chem
257, 5, 2578-83 (1982)

150. Sommerfelt, M. A. and R. A. Weiss: Receptor
interference groups of 20 retroviruses plating on human
cells. Virology 176, 1, 58-69 (1990)

151. Johnston, E. R., L. M. Albritton and K. Radke:
Envelope proteins containing single amino acid
substitutions support a structural model of the receptor-
binding domain of bovine leukemia virus surface protein. J
Virol 76, 21, 10861-72 (2002)

152. Callebaut, I., D. Portetelle, A. Burny and J. P.
Mornon: Identification of functional sites on bovine
leukemia virus envelope glycoproteins using structural and
immunological data. Eur J Biochem 222, 2, 405-14 (1994)

153. Hsu, S. T. and A. M. Bonvin: Atomic insight into the
CD4 binding-induced conformational changes in HIV-1
gp120. Proteins 55, 3, 582-93 (2004)

154. Rojo, D., K. Suetomi and J. Navarro: Structural
biology of chemokine receptors. Biol Res 32, 4, 263-72
(1999)

155. Bourguet, P: [2002 Standards, Options and
Recommendations for the use of [18F]-FDG (PET-FDG) in
cancerology]. Bull Cancer 90, Spec No, S1-109 (2003)

156. Bourguet, P., M. P. Blanc-Vincent, A. Boneu, L.
Bosquet, B. Chauffert, C. Corone, F. Courbon, A.
Devillers, H. Foehrenbach, J. D. Lumbroso, P. Mazselin, F.
Montravers, J. L. Moretti and J. N. Talbot: Summary of the
Standards, Options and Recommendations for the use of
positron emission tomography with 2-[18F]fluoro-2-deoxy-
D-glucose (FDG-PET scanning) in oncology (2002). Br J
Cancer 89, Suppl 1, S84-91 (2003)

157. Barmak, K., E. Harhaj, C. Grant, T. Alefantis and B.
Wigdahl: Human T cell leukemia virus type I-induced
disease: pathways to cancer and neurodegeneration.



Glucose transporter GLUT1 as the HTLV receptor

3240

Virology 308, 1, 1-12 (2003)

158. Bangham, C. R: The immune control and cell-to-cell
spread of human T-lymphotropic virus type 1. J Gen Virol
84, Pt 12, 3177-89 (2003)

159. El-Sabban, M. E., R. A. Merhi, H. A. Haidar, B.
Arnulf, H. Khoury, J. Basbous, J. Nijmeh, H. de The, O.
Hermine and A. Bazarbachi: Human T-cell lymphotropic
virus type 1-transformed cells induce angiogenesis and
establish functional gap junctions with endothelial cells.
Blood 99, 9, 3383-9 (2002)

160. Gatza, M. L., J. C. Watt and S. J. Marriott: Cellular
transformation by the HTLV-I Tax protein, a jack-of-all-
trades. Oncogene 22, 33, 5141-9 (2003)

161. Yao, J. and B. Wigdahl: Human T cell lymphotropic
virus type I genomic expression and impact on intracellular
signaling pathways during neurodegenerative disease and
leukemia. Front Biosci 5, D138-68 (2000)

162. Gordon, N. and R. W. Newton: Glucose transporter
type1 (GLUT-1) deficiency. Brain Dev 25, 7, 477-80
(2003)

163. De Vivo, D. C., R. R. Trifiletti, R. I. Jacobson, G. M.
Ronen, R. A. Behmand and S. I. Harik: Defective glucose
transport across the blood-brain barrier as a cause of
persistent hypoglycorrhachia, seizures, and developmental
delay. N Engl J Med 325, 10, 703-9 (1991)

164. Meeks, J. P. and S. Mennerick: Feeding hungry
neurons: astrocytes deliver food for thought. Neuron 37, 2,
187-9 (2003)

165. Pellerin, L. and P. J. Magistretti: Food for thought:
challenging the dogmas. J Cereb Blood Flow Metab 23, 11,
1282-6 (2003)

166. Pellerin, L. and P. J. Magistretti: Glutamate uptake
into astrocytes stimulates aerobic glycolysis: a mechanism
coupling neuronal activity to glucose utilization. Proc Natl
Acad Sci USA 91, 22, 10625-9 (1994)

167. Voutsinos-Porche, B., G. Bonvento, K. Tanaka, P.
Steiner, E. Welker, J. Y. Chatton, P. J. Magistretti and L.
Pellerin: Glial glutamate transporters mediate a
functional metabolic crosstalk between neurons and
astrocytes in the mouse developing cortex. Neuron 37, 2,
275-86 (2003)

168. Szymocha, R., C. Brisson, A. Bernard, H. Akaoka, M.
F. Belin and P. Giraudon: Long-term effects of HTLV-1 on
brain astrocytes: sustained expression of Tax-1 associated
with synthesis of inflammatory mediators. J Neurovirol 6,
4, 350-7 (2000)

169. Mukhopadhyay, C. K., M. K. Ghosh and I. B.
Chatterjee: Ascorbic acid prevents lipid peroxidation and
oxidative damage of proteins in guinea pig extrahepatic
tissue microsomes. Mol Cell Biochem 142, 1, 71-8

(1995)

170. Ferreira, O. C., Jr., V. Planelles and J. D. Rosenblatt:
Human T-cell leukemia viruses: epidemiology, biology,
and pathogenesis. Blood Rev 11, 2, 91-104 (1997)

171. Zuo, S., U. Hellman and P. Lundahl: On the
oligomeric state of the red blood cell glucose transporter
GLUT1. Biochim Biophys Acta 1618, 1, 8-16 (2003)

172. Craik, J. D. and D. Markovich: Rapid GLUT-1
mediated glucose transport in erythrocytes from the grey-
headed fruit bat (Pteropus poliocephalus). Comp Biochem
Physiol A Mol Integr Physiol 126, 1, 45-55 (2000)

173. Craik, J. D., J. D. Young and C. I. Cheeseman: GLUT-
1 mediation of rapid glucose transport in dolphin (Tursiops
truncatus) red blood cells. Am J Physiol 274, 1, Pt 2, R112-
9 (1998)

174. Cornford, E. M., S. Hyman, M. E. Cornford and R. T.
Damian: Glut1 glucose transporter in the primate choroid
plexus endothelium. J Neuropathol Exp Neurol 57, 5, 404-
14 (1998)

175. Albritton, L. M., L. Tseng, D. Scadden and J. M.
Cunningham: A putative murine ecotropic retrovirus
receptor gene encodes a multiple membrane-spanning
protein and confers susceptibility to virus infection. Cell
57, 4, 659-66 (1989)

176. Miller, D. G., R. H. Edwards and A. D. Miller:
Cloning of the cellular receptor for amphotropic murine
retroviruses reveals homology to that for gibbon ape
leukemia virus. Proc Natl Acad Sci USA 91, 1, 78-82
(1994)

177. van Zeijl, M., S. V. Johann, E. Closs, J. Cunningham,
R. Eddy, T. B. Shows and B. O'Hara: A human
amphotropic retrovirus receptor is a second member of the
gibbon ape leukemia virus receptor family. Proc Natl Acad
Sci USA 91, 3, 1168-72 (1994)

178. Tailor, C. S., A. Nouri, C. G. Lee, C. Kozak and D.
Kabat: Cloning and characterization of a cell surface
receptor for xenotropic and polytropic murine leukemia
viruses. Proc Natl Acad Sci USA 96, 3, 927-32 (1999)

179. Battini, J. L., J. E. Rasko and A. D. Miller: A human
cell-surface receptor for xenotropic and polytropic murine
leukemia viruses: possible role in G protein-coupled signal
transduction. Proc Natl Acad Sci USA 96, 4, 1385-90
(1999)

180. Yang, Y. L., L. Guo, S. Xu, C. A. Holland, T.
Kitamura, K. Hunter and J. M. Cunningham: Receptors for
polytropic and xenotropic mouse leukaemia viruses
encoded by a single gene at Rmc1. Nat Genet 21, 2, 216-9
(1999)

181. O'Hara, B., S. V. Johann, H. P. Klinger, D. G. Blair,
H. Rubinson, K. J. Dunn, P. Sass, S. M. Vitek and T.



Glucose transporter GLUT1 as the HTLV receptor

3241

Robins: Characterization of a human gene conferring
sensitivity to infection by gibbon ape leukemia virus. Cell
Growth Differ 1, 3, 119-27 (1990)

182. Rasko, J. E., J. L. Battini, R. J. Gottschalk, I. Mazo
and A. D. Miller: The RD114/simian type D retrovirus
receptor is a neutral amino acid transporter. Proc Natl Acad
Sci USA 96, 5, 2129-34 (1999)

183. Tailor, C. S., A. Nouri, Y. Zhao, Y. Takeuchi and D.
Kabat: A sodium-dependent neutral-amino-acid transporter
mediates infections of feline and baboon endogenous
retroviruses and simian type D retroviruses. J Virol 73, 5,
4470-4 (1999)

184. Quigley, J. G., C. C. Burns, M. M. Anderson, E. D.
Lynch, K. M. Sabo, J. Overbaugh and J. L. Abkowitz:
Cloning of the cellular receptor for feline leukemia virus
subgroup C (FeLV-C), a retrovirus that induces red cell
aplasia. Blood 95, 3, 1093-9 (2000)

185. Ericsson, T. A., Y. Takeuchi, C. Templin, G. Quinn,
S. F. Farhadian, J. C. Wood, B. A. Oldmixon, K. M.
Suling, J. K. Ishii, Y. Kitagawa, T. Miyazawa, D. R.
Salomon, R. A. Weiss and C. Patience: Identification of
receptors for pig endogenous retrovirus. Proc Natl Acad Sci
USA 100, 11, 6759-64 (2003)

186. Deng, H., R. Liu, W. Ellmeier, S. Choe, D. Unutmaz,
M. Burkhart, P. Di Marzio, S. Marmon, R. E. Sutton, C. M.
Hill, C. B. Davis, S. C. Peiper, T. J. Schall, D. R. Littman
and N. R. Landau: Identification of a major co-receptor for
primary isolates of HIV-1. Nature 381, 6584, 661-6 (1996)

187. Alkhatib, G., C. Combadiere, C. C. Broder, Y. Feng,
P. E. Kennedy, P. M. Murphy and E. A. Berger: CC CKR5:
a RANTES, MIP-1alpha, MIP-1beta receptor as a fusion
cofactor for macrophage-tropic HIV-1. Science 272, 5270,
1955-8 (1996)

188. Feng, Y., C. C. Broder, P. E. Kennedy and E. A.
Berger: HIV-1 entry cofactor: functional cDNA cloning of
a seven-transmembrane, G protein-coupled receptor.
Science 272, 5263, 872-7 (1996)

189. Dragic, T., V. Litwin, G. P. Allaway, S. R. Martin, Y.
Huang, K. A. Nagashima, C. Cayanan, P. J. Maddon, R. A.
Koup, J. P. Moore and W. A. Paxton: HIV-1 entry into
CD4+ cells is mediated by the chemokine receptor CC-
CKR-5. Nature 381, 6584, 667-73 (1996)

190. Ross, S. R., J. J. Schofield, C. J. Farr and M. Bucan:
Mouse transferrin receptor 1 is the cell entry receptor for
mouse mammary tumor virus. Proc Natl Acad Sci USA 99,
19, 12386-90 (2002)

191. Bates, P., J. A. Young and H. E. Varmus: A receptor
for subgroup A Rous sarcoma virus is related to the low
density lipoprotein receptor. Cell 74, 6, 1043-51 (1993)

192. Adkins, H. B., J. Brojatsch, J. Naughton, M. M. Rolls,
J. M. Pesola and J. A. Young: Identification of a cellular

receptor for subgroup E avian leukosis virus. Proc Natl
Acad Sci USA 94, 21, 11617-22 (1997)

193. Brojatsch, J., J. Naughton, M. M. Rolls, K. Zingler
and J. A. Young: CAR1, a TNFR-related protein, is a
cellular receptor for cytopathic avian leukosis-sarcoma
viruses and mediates apoptosis. Cell 87, 5, 845-55 (1996)

194. Rai, S. K., F. M. Duh, V. Vigdorovich, A.
Danilkovitch-Miagkova, M. I. Lerman and A. D. Miller:
Candidate tumor suppressor HYAL2 is a
glycosylphosphatidylinositol (GPI)-anchored cell-surface
receptor for jaagsiekte sheep retrovirus, the envelope
protein of which mediates oncogenic transformation. Proc
Natl Acad Sci USA 98, 8, 4443-8 (2001)

195. Anderson, M. M., A. S. Lauring, C. C. Burns and J.
Overbaugh: Identification of a cellular cofactor required for
infection by feline leukemia virus. Science 287, 5459,
1828-30 (2000)

Key Words: HTLV, Envelope, Receptor; GLUT1, T
lymphocyte, Glucose, Metabolism, TSP/HAM, ATL,
Neuropathogenesis, Leukemia, Review

Send correspondence to: Dr Marc Sitbon, Institut de
Génétique Moléculaire de Montpellier, CNRS UMR 5535/IFR
122, F-34293 Montpellier Cedex 5, France, Tel: 33-467-61-36-
40, Fax: 33-467-04-02-31, E-mail: sitbon@igm.cnrs-mop.fr


