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Institut de Génétique Moléculaire de Montpellier, CNRS-UMR 5535, IFR24, F-34293 Montpellier Cedex 5, France

Received 8 July 2002/Accepted 22 October 2002

Human T-cell leukemia virus (HTLV) envelope (Env) glycoproteins induce fusion, leading to rampant
syncytium formation in a broad range of cell lines. Here, we identified murine, hamster, canine, and porcine
cell lines that are resistant to HTLV-1 Env-induced syncytium formation. This resistance was not due to the
absence of functional receptors for HTLV Env, as these cells were susceptible to infection with HTLV
Env-pseudotyped virions. As murine leukemia virus (MLV) Env and HTLV Env present close structural
homologies (F. J. Kim, I. Seiliez, C. Denesvre, D. Lavillette, F. L. Cosset, and M. Sitbon, J. Biol. Chem.
275:23417-23420, 2000), and because activation of syncytium formation by MLV Env generally requires
cleavage of the R peptide in the cytoplasmic domain of the Env transmembrane (TM) component, we assessed
whether truncation of the cytoplasmic domain of HTLV Env would alleviate this resistance. Indeed, in all
resistant cell lines, truncation of the last 8 amino acids of the HTLV Env cytoplasmic domain (HdC8) was
sufficient to overcome resistance to HTLV Env-induced syncytium formation. Furthermore, HdC8-mediated
cell-to-cell infection titers varied according to the target cell lines and could be significantly higher than that
observed with HTLV Env on HeLa cells. These data indicate that a determinant located within the 8 carboxy-
terminal cytoplasmic amino acids of TM plays a distinct role in HTLV Env-mediated cell-to-cell infection and
syncytium formation.

Current understanding of fusion mediated by retroviral en-
velope (Env) glycoproteins suggests that interaction of the Env
surface (SU) component with a receptor(s) leads to conforma-
tional changes that unmask fusion determinants of the trans-
membrane (TM) subunit (29). The TM ectodomain is highly
conserved among retroviral Envs, whereas the carboxy-termi-
nal cytoplasmic domain is significantly more variable and has
been shown to modulate Env-mediated cell fusion and infec-
tion in various retroviruses (2, 10, 11, 13, 20–22, 25, 30), in-
cluding human T-cell leukemia virus (HTLV) (19).

HTLV infects and induces fusion with rampant syncytium
formation in a broad range of cell lines in vitro. However,
cell-free virus titers are generally poor, and infection by HTLV
occurs mostly by transmission through cell-to-cell contact (7,
18, 26). The factors and mechanisms underlying the apparently
paradoxical characteristics of highly fusogenic Env and poorly
infectious virions remain unclear. We describe several mam-
malian cell lines that are resistant to HTLV Env-mediated
syncytium formation, including the murine NIH 3T3 cell line
lacking thymidine kinase (TK�) originally derived from NIH
3T3 cells (28). Despite the lack of syncytium formation, these
syncytium formation-resistant cells were susceptible to HTLV
Env-mediated infection. Also, partial truncations in the HTLV
Env TM cytoplasmic domain overcame resistance to HTLV

Env-mediated syncytium formation in all of the resistant cell
lines tested.

MATERIALS AND METHODS

Construction of HTLV Env cytoplasmic tail truncation mutants. The parental
HTLV-1 and Friend murine leukemia virus (MLV) Env expression vectors
pCEL/H and pCEL/F were based on the MT2 strain of HTLV-1 (GenBank
M37747 and AAA46185) and the 57 strain of Friend MLV (GenBank X02794),
respectively. Three allelic restriction sites have been introduced in the two Envs,
at the SU/TM cleavage site, the amino terminus of the membrane-spanning
domain of the TM, and immediately after the Env stop codon, to facilitate
domain swapping (8, 9, 14). HTLV Env lacking the entire cytoplasmic domain,
H�C, and the Friend MLV R peptide truncation mutant pCEL/F�R have been
described previously (9, 14).

HTLV-1 TM-truncated mutants were obtained in pCEL/H after insertion of a
TAATATT sequence that combined an in-frame TAA stop codon with an over-
lapping AATATT SspI site. Stop codons were located immediately after codon
480 (HdC8) and 472 (HdC16). The 167-bp NsiI-PstI cassettes containing the
mutation were reintroduced into the parental pCEL/H Env vector and verified by
using ABI Prism sequencers.

Cell lines. We used the following cell lines: NIH 3T3 murine fibroblasts, NIH
3T3(TK�) murine fibroblasts, derived from NIH 3T3 murine fibroblasts after
selection with bromodeoxyuridine (28), A23 hamster fibroblasts, XC rat fibro-
blasts, D17 canine osteosarcoma cells, PK15 porcine kidney fibroblasts, COS
African green monkey kidney fibroblasts, HeLa human cervical carcinoma cells,
and 293T human fetal kidney cells expressing the simian virus 40 T antigen. The
NIH 3T3(Hygr), NIH 3T3(TK�)(Hygr), and HeLa(Hygr) hygromycin B-resistant
cell lines used as target cells in the coculture infection assay were generated after
stable transfection of the pSV/hygro plasmid and selection in 0.3 mg of hygro-
mycin B (InVitrogen) per ml. All cells were cultured in Dulbecco’s modified
Eagle’s medium (InVitrogen) supplemented with 10% fetal calf serum (Gibco),
2 mM L-glutamine, and penicillin-streptomycin at 37°C and 5% CO2 in a hu-
midified incubator.

Syncytium assay. Twenty-four hours prior to transfection, 2 � 105 NIH 3T3,
NIH 3T3(TK�), and other cells, when indicated, were seeded onto six-well tissue
culture plates (Nunc). Approximately 75% confluent monolayers were trans-
fected with 0.1 to 6 �g of pCEL/Env by using Lipofectamine Plus (InVitrogen).
Immediately after transfection, cells were detached, reseeded in 12-well or 6-well
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tissue culture plates, and cultured for an additional 24 to 48 h. Separate duplicate
wells were used for immunoblot analyses and for methanol fixation before May-
Grunwald-Giemsa staining. When indicated, cocultures were performed as de-
scribed previously (14), except May-Grunwald-Giemsa staining was performed.
Syncytia were quantified on a stereomicroscope from nine randomly selected
fields on a premarked grid and are represented as the mean number of syncytia
per field (� standard deviation). Mean number of nuclei per syncytium (�
standard deviation) was calculated by counting nuclei in five random syncytia in
each of the nine fields.

Cell-to-cell infection assay by coculture and hygromycin selection. Virions
consisting of MLV cores pseudotyped with HTLV-1 Env were produced after
transfection of 106 293T cells by a modified version of the calcium phosphate
method, with 1.5 �g of pCEL/Env, 1.5 �g of pCL/Gag-Pol, and 3 �g of
pCLMFG-LacZ, providing a packageable RNA coding for the lacZ gene marker
(16). The Moloney MLV-based pCL/Gag-Pol expression vector was derived from
pCL-Eco (16) by excising an env gene fragment between the ScaI and ClaI sites.

Following overnight transfection, 2 � 105 293T virion-producing cells were
used as infectious centers and cocultivated for 24 to 48 h with either 2 � 105

HeLa(Hygr), NIH 3T3(Hygr), or NIH 3T3(TK�)(Hygr) target cells in six-well
tissue culture plates. Most of the 293T virion-producing cells were then detached
by several cold washes with a phosphate-buffered saline solution, and the cocul-
tivated cells were subsequently trypsinized and reseeded at 1:4, 1:8, and 1:12
dilutions on new 35-mm culture dishes (Nunc) in medium containing 0.3 mg of
hygromycin B (InVitrogen) per ml to eliminate 293T producer cells. Cells were
washed, and hygromycin-containing selection medium was changed every 2 days
for approximately another 5 to 7 days, until the indicator target cells reached 90
to 100% confluence.

Target cells were fixed with 0.5% (wt/vol) glutaraldehyde in phosphate-buff-
ered saline and stained with a 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(X-Gal) solution to reveal �-galactosidase activity. Blue CFU, resulting from the
infection of hygromycin B-resistant target cells with MLV(HTLV-1) virions
produced by the 293T cells, were counted, and titers are expressed as CFU per
2 � 105 virion-producing cells, taking into account the respective dilutions of the
producer and target cells. Statistical significance of differences was determined
by using a pairwise Student’s t test. Data are represented as mean interference �

standard deviation.
Envelope expression and incorporation into virions. Twenty-four hours prior

to transfection, 2 � 106 to 5 � 106 293T cells were seeded in 100-mm culture
dishes. Transfections were performed as described above with 4 �g of pCL/Gag-
Pol, 8 �g of pCLMFG-LacZ, and 4 �g of the following pCEL/Env constructs: the
parental HTLV Env (pCEL/H), the HdC8, HdC16 and H�C TM truncation
mutants, or the pcDNA3.1 (InVitrogen) control vector with no env gene. Virion-
producing cell extracts were collected 48 h posttransfection in 1 ml of cell lysis
buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% sodium dodecyl sulfate
[SDS], 1.0% Nonidet P-40, 0.5% deoxycholate, and a cocktail of mammalian
protease inhibitors [Sigma]) and clarified by two successive centrifugations at
13,000 rpm for 10 min at 4°C in a microcentrifuge.

Approximately 20 �l of each extract, adjusted after normalization for protein
concentration by using the Bradford assay (Sigma), were subjected to electro-
phoresis on SDS–15% acrylamide gels, followed by transfer onto nitrocellulose
(Protran; Schleicher & Schuell). Membranes were blocked in phosphate-buff-
ered saline containing 5% powdered milk and 0.5% Tween 20, probed with a
1:100 dilution of the 5a rat anti-HTLV-1 TM monoclonal antibody (3) (a kind
gift of C. Carrington and T. Schulz), washed three times with phosphate-buffered
saline–0.1% Tween 20, and probed with the corresponding horseradish peroxi-
dase-conjugated anti-rat immunoglobulin before three additional washes and
detection by chemiluminescence were performed.

For pelleted virion preparations, HTLV Env-pseudotyped virions [MLV(H)]
were generated as described for the cell-to-cell infection assay. Three milliliters
of cell culture medium was recovered 48 h posttransfection, filtered through a
0.45-�m-pore-size filter, and ultracentrifuged on a 2-ml 20% sucrose cushion (in
Tris [pH 7.4], 100 mM NaCl, and 10 mM EDTA) at 24,000 rpm for 2 h in an
SW41 rotor (Beckman). The pellet was lysed in 50 �l of the cell lysis buffer and
electrophoresed in SDS–15% polyacrylamide (anti-TM immunoblots) and SDS-
12.5% polyacrylamide gels (anti-SU and anti-CA immunoblots) before transfer.
Immunoblot analyses were performed as described above, with the additional
detection of the MLV capsid (CA) protein with a 1:200 dilution of the rat R187
anti-CA monoclonal antibody (a kind gift of B. Chesebro) as described previ-
ously (1). Detection of mature SU and Env precursor was performed with a 1:100
dilution of the 1C11 mouse anti-HTLV-1 SU monoclonal antibody (Epitope).

RESULTS

Resistance of several cell lines to HTLV Env-mediated syn-
cytium formation. While most vertebrate cell lines are sensitive
to HTLV Env syncytium formation, we found several mamma-
lian adherent cell lines, including hamster A23, canine D17,
porcine PK15, and murine NIH 3T3(TK�) cells, to be resistant
to HTLV Env-mediated syncytium formation. We compared in
more detail the NIH 3T3(TK�) cell line with the parental NIH
3T3 cells. The two cell lines were equally sensitive to syncytium
formation by the Friend MLV ecotropic Env lacking the R
peptide (F�R) (Fig. 1A). A fusion-active form of the ampho-
MLV Env (A�R) and the vesicular stomatitis virus G glyco-
protein also induced equivalent numbers of large syncytia in
NIH 3T3(TK�) and NIH 3T3 cells (not shown).

Thus, although NIH 3T3(TK�) cells were not intrinsically
resistant to syncytium formation, no syncytia were observed
upon transfection with as much as 6 �g of HTLV Env expres-
sion vector (Fig. 1A). In contrast, introduction of only 1 �g of
the same vector in NIH 3T3 cells resulted in the formation of
several hundred clearly detectable syncytia per well (Fig. 1A
and Table 1). Since the NIH 3T3(TK�) as well as the nonmu-
rine A23, D17, and PK15 resistant cell lines were sensitive to
syncytium formation induced by the A�R Env and vesicular
stomatitis virus G proteins (not shown), resistance of these
four cell lines to syncytium formation was specific to the HTLV
Env.

We verified that lack of syncytium formation in NIH
3T3(TK�) cells was not due to lower levels of HTLV Env
expression (not shown) or to expression of nonfunctional Env,
since NIH 3T3(TK�) cells transfected with HTLV Env in-
duced significant syncytium formation with cocultured HeLa
cells (Fig. 1B). This coculture led to smaller fusion foci com-
pared to the rampant formation of large syncytia observed with
homogeneously susceptible cell cocultures (14). Furthermore,
the lack of syncytium formation in NIH 3T3(TK�) cells was
not due to the absence of functional HTLV receptors at the
surface of these cells, since a soluble form of HTLV Env
receptor-binding domain bound NIH 3T3(TK�) cells at least
as efficiently as NIH 3T3 cells (F. J. Kim, E. N. Garrido, N.
Manel, M. Sitbon, and J.-L. Battini, unpublished data). This
was further confirmed by the finding that both cell-free virion
titers (not shown) and cell-to-cell infection titers (Table 2) of
MLV(H) virion pseudotypes were similar for NIH 3T3 and
NIH 3T3(TK�) cells. Similarly, the A23, D17, and PK15 syn-
cytium-resistant cell lines were readily susceptible to infection
by MLV(H) virion pseudotypes (not shown).

Partial truncation of the HTLV Env cytoplasmic tail allows
syncytium formation in resistant cell lines. Since HTLV and
MLV Env have a common SU modular organization (14; F. J.
Kim, E. N. Garrido, N. Manel, M. Sitbon, and J.-L. Battini,
unpublished data), and since the carboxy-terminal R peptide of
the MLV TM cytoplasmic tail inhibits syncytium formation
(20, 21), we evaluated whether partial cleavage of the HTLV
Env cytoplasmic domain would reveal an effect similar to that
observed after cleavage of the MLV R peptide. Because no
consensus R peptide cleavage sequence could be identified in
the HTLV TM, the HdC8 and HdC16 cytoplasmic domain
truncation mutants were empirically generated by eliminating
the carboxy-terminal 8 and 16 amino acids, respectively, of the
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cytoplasmic domain, immediately carboxy terminal of serines
480 and 472 of the parental HTLV Env (Fig. 2A).

Both TM truncations led to significantly increased numbers
of syncytia in NIH 3T3 cells. Furthermore, transfection of
HdC8 and HdC16 resulted in the formation of syncytia in the
initially resistant NIH 3T3(TK�) cells (Fig. 2B), albeit to a
lesser extent than observed in parental NIH 3T3 cells (Table
1). Despite the more compact appearance of the NIH
3T3(TK�) syncytia (Fig. 2B), no significant differences were
observed in the number of nuclei per NIH 3T3 and NIH
3T3(TK�) syncytium formed by the parental, HdC8, and
HdC16 HTLV Envs. In all cases, the mean number of nuclei
per syncytium ranged from 11 to 18 (� 6 to 10). As expected
from a previous study using NIH 3T3 cells (9), the H�C mu-
tant, which lacked the entire cytoplasmic domain of the TM,
was also unable to induce syncytium formation in NIH

FIG. 1. Distinct susceptibility of NIH 3T3 and NIH 3T3(TK�) cells to HTLV Env-induced syncytium formation. (A) NIH 3T3 and NIH
3T3(TK�) cells were tested for their susceptibility to HTLV-1 Env (H)-induced syncytium formation. Cells were transfected with up to 6 �g of
envelope expression vector. As controls, both cell lines were transfected with vectors encoding either the parental, full-length Friend MLV Env
(F) or the fusogenic Friend MLV Env lacking the R peptide (F�R). Syncytia are observed as dark plaques. (B) NIH 3T3(TK�) cells transfected
with the HTLV-1 Env, NIH 3T3(TK�)�H, were tested for their ability to trigger syncytium formation with overlaid HeLa (left panel) and NIH
3T3(TK�) target cells (right panel).

TABLE 1. HTLV Env truncation mutants overcome resistance of
NIH 3T3(TK�) cells to HTLV Env-mediated syncytium formationa

Env
Mean no. of syncytiab � SD

NIH 3T3 NIH 3T3(TK�)

Mock �1 �1
H 276 � 15 �1
HdC8 457 � 7 83 � 5
HdC16 453 � 32 32 � 5
H�C �1 �1
F �1 �1
F�R 650 � 74 678 � 35

a NIH 3T3 and NIH 3T3(TK�) cells were transfected with 4 �g of pCEL/Env.
Data are from three experiments performed in duplicate and are represented as
mean � standard deviation.

b Syncytia containing at least four nuclei were counted in nine fields for each
experiment.
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3T3(TK�) cells. The ability of the HdC8 and HdC16 trunca-
tion mutants to induce syncytium formation was also observed
in the resistant A23, D17, and PK15 cell lines (not shown).

Cell-to-cell transmission of MLV virions pseudotyped with
parental and truncated HTLV Env. Infection by HTLV or
HTLV Env-pseudotyped virions has been shown to be signif-
icantly more efficient upon cell-to-cell contact than via cell-free
viral supernatants (7, 26). We therefore assayed transmission
of MLV virions pseudotyped with either the parental HTLV-1
Env, MLV(H), the HdC8 mutant MLV(HdC8), or the HdC16
mutant MLV(HdC16), using a cell-to-cell transmission assay.
Infection of hygromycin B-resistant target cells was assessed
following coculture with pseudotyped virion-producing 293T
cells. Input 293T cells were progressively eliminated by hygro-
mycin treatment, and CFU were quantified in the resistant
target cells. Although slightly more efficient on NIH 3T3(Hygr)
cells than on NIH 3T3(TK�)(Hygr) target cells, cell-to-cell
transmission of MLV(H) virions was similar (P 	 0.15) in the
two cell types, with titers ranging from 784 to 1,082 CFU
(mean � standard deviation, 947 � 151 CFU) and 608 to 888
CFU (mean, 712 � 153 CFU) per 2 � 105 virion-producing
cells, respectively (Table 2). This similar susceptibility to in-
fection was in striking contrast to the aforementioned distinct
susceptibilities of the two cell lines to HTLV Env-mediated
syncytium formation (Fig. 1 and Table 1).

Cell-to-cell transmission was undetectable with the H�C
pseudotypes, and despite their increased fusogenic properties,
the partially truncated HdC8 and HdC16 TM mutants dem-
onstrated decreased cell-to-cell transmission compared to pa-
rental HTLV Env-pseudotyped virions (Table 2). Lower infec-
tious titers of the HdC8 and HdC16 Env mutants were
observed on both NIH 3T3 and NIH 3T3(TK�) target cells,
with titers ranging between 353 and 576 CFU (mean, 448 �
115 CFU) and 304 and 360 CFU (mean, 326 � 30 CFU) in
NIH 3T3 cells and between 292 and 384 CFU (mean, 345 � 48
CFU) and 128 and 196 CFU (mean, 164 � 34 CFU) in NIH
3T3(TK�) cells, respectively (P � 0.03 in all cases, compared
to parental HTLV) (Table 2).

Coculture controls, as described elsewhere (F. J. Kim, E. N.
Garrido, N. Manel, M. Sitbon, and J.-L. Battini, unpublished
data), were performed in parallel and confirmed that LacZ-
positive blue colonies were indeed due to infection by

MLV(Env) virions and not to either Env-induced cell-to-cell
fusion or spontaneous transduction of target cells with the
pCLMFG-LacZ vector. Blue colonies above background were
not observed in the absence of virions or Env. Furthermore, no
blue colonies were observed in control experiments where hu-
man HeLa target cells were cocultured with virions
pseudotyped with ecotropic MLV Env (not shown).

Interestingly, when HeLa(Hygr) cells were used as target
cells in the cell-to-cell virion transmission assay, the highest
titers were reproducibly obtained with MLV(HdC8) virion
pseudotypes, with titers (per 2 � 105 virion-producing cells)
ranging from 6,752 to 13,128 CFU, versus 2,720 to 7,080 and
2,368 to 7,680 CFU with MLV(H) and MLV(HdC16) virion
pseudotypes, respectively (P � 0.02 compared to parental
HTLV and HdC16) (Table 2). As these data are in contrast to
those observed with NIH 3T3 and NIH 3T3(TK�) cells, it
appears that distinct properties of target cells modulate the
impact of the TM cytoplasmic domain truncation on cell-to-
cell infection.

Expression of parental and truncated HTLV Env and their
incorporation into viral particles. To assess whether infection
with the various HTLV Env-pseudotyped virions was modu-
lated by distinct incorporation of the mutant Env into virions,
the amount of H, HdC8, and HdC16 present in the MLV
particles was monitored by immunoblotting with an anti-TM
monoclonal antibody. This allowed detection of incorporated
Env irrespective of the level of SU shedding. Under these
conditions, we detected significant amounts of the mature pa-
rental and truncated TM incorporated in all virion prepara-
tions with the exception of the H�C TM mutant (Fig. 3, center
panel), which appeared to be expressed at a lower level than
the other Env constructs (Fig. 3, left panel). Accumulation of
slower-migrating uncleaved precursors in all virion prepara-
tions was assessed by dual anti-TM and anti-SU recognition.
Whether these forms were cell membrane- or virion-associated
Env precursor intermediates remains unclear. It is noteworthy
that low levels of cleaved SU were detected in all virion prep-
arations (Fig. 3, right panel), indicative of a labile SU/TM
association which may account for the low cell-free infectivity
of HTLV Env-harboring particles.

DISCUSSION

The HTLV Env induces the formation of syncytia and me-
diates infection of a broad range of vertebrate cell lines (26,
27), including murine NIH 3T3 cells (9, 26). Here, we report
several mammalian adherent cell lines that are specifically
resistant to HTLV Env-mediated syncytium formation. This
resistance was overcome by partial truncation of the TM cyto-
plasmic domain carboxy terminus (Fig. 2). Cytoplasmic do-
main truncation did not lead to increased production of ma-
ture Env in the resistant NIH 3T3(TK�) cell line, as monitored
with anti-TM antibody (not shown). Among other mecha-
nisms, the TM carboxy-terminal amino acids may influence the
kinetics of Env maturation, cell membrane interactions, and
stability of the SU-TM association.

We have previously proposed that lability of the SU-TM
association might explain the increased fusion ability of pro-
line-rich region mutants of the MLV Env SU (15). A weaker
SU-TM association would also favor infection by cell-to-cell

TABLE 2. Cell-to-cell transmission of HTLV-1 Env-pseudotyped
virions into NIH 3T3, NIH 3T3(TK�), and HeLa target cellsa

Pseudotyping Envb

No. of CFU in hygromycin-resistant target cells

NIH 3T3 NIH
3T3(TK�) HeLa

None �10 �10 �10
H 784–1,082 608–888 2,720–7,080
HdC8 353–576 292–384 6,752–13,128
HdC16 304–360 128–196 2,368–7,680
H�C �10 �10 �10

a Cell-to-cell transmission was evaluated by the number of LacZ-positive blue
CFU of the specified hygromycin-resistant target cells obtained after coculture
with 2 � 105 293T cells producing Env-pseudotyped lacZ virions. Data are
presented as the range of titers obtained in three independent experiments.

b Pseudotyped MLV cores were produced by 293T cells transiently transfected
with control plasmid DNA (none) or with parental (H) or HdC8, HdC16, or
H�C HTLV-derived Env truncation mutants (diagrammed in Fig. 2A).
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transmission due to the continuous production of enveloped
virions in close proximity to target cells, whereas infection by
cell-free virions lacking SU would be considerably reduced.
Truncation of the MLV R peptide has been shown to be

essential for MLV Env function (20, 21). However, it remains
to be determined whether equivalent cleavage occurs in bona
fide HTLV virions. Indeed, in the absence of a defined R
peptide consensus cleavage site, our truncation mutations were

FIG. 2. Truncation of HTLV-1 Env TM induces syncytium formation in NIH 3T3(TK�) cells. (A) Schematic representation of HTLV Env. The
SU and TM subunits are indicated. The HTLV-1 Env signal peptide, fusion peptide, and TM membrane anchor are shown as dotted boxes, from
the amino terminus to the carboxy terminus, respectively. Amino acid residues of the membrane anchor (anchor) and cytoplasmic domain (CD)
are shown, and the position of the last carboxy-terminal residue of each mutant is indicated with an arrowhead. Amino acid residue numbering
starts from the first signal peptide methionine of the HTLV-1 Env precursor. (B) Parental HTLV-1 Env (H) and truncation mutants lacking the
8 (HdC8) or 16 (HdC16) carboxy-terminal amino acids of the TM were tested for their ability to form syncytia after transfection in NIH 3T3 or
NIH 3T3(TK�) cells. Open arrows in the panels on the right point to syncytia.

VOL. 77, 2003 TM TRUNCATION ACTIVATES HTLV Env FUSION 967



introduced at arbitrary positions in the HTLV Env cytoplasmic
domain.

Among the syncytium-resistant cell lines, we extensively
studied the NIH 3T3(TK�) cell line, which was selected for
resistance to bromodeoxyuridine and lack of thymidine kinase
activity (28). However, neither bromodeoxyuridine resistance
nor lack of TK activity appeared to directly correlate with
resistance to HTLV Env-mediated syncytium formation. In-
deed, other bromodeoxyuridine-resistant cell lines recently de-
rived in our laboratory to address this point were readily sus-
ceptible to HTLV Env-induced syncytium formation (not
shown). Furthermore, introduction of the herpes simplex virus
type 1 tk gene in NIH 3T3(TK�) cells did not lead to HTLV
Env syncytium susceptibility (not shown).

Resistance to syncytium formation appeared to be limited to
HTLV Env, since NIH 3T3(TK�) (Fig. 1) and the other resis-
tant cell lines were fully susceptible to several other fusogenic
Envs, such as F�R (Fig. 1), A�R, and the vesicular stomatitis
virus G glycoprotein (not shown). Also, resistance was due
neither to lower expression levels of mature Env by NIH
3T3(TK�) cells (not shown) nor to a lack of functional HTLV
Env expression in these cells, as coculture with HeLa or NIH

3T3 target cells resulted in readily detectable syncytium for-
mation (Fig. 1B and data not shown). Furthermore, resistance
to syncytium formation was not due to the absence of HTLV
receptors, as NIH 3T3(TK�) cells bound a soluble form of the
HTLV Env receptor-binding domain (F. J. Kim, E. N. Garrido,
N. Manel, M. Sitbon, and J.-L. Battini, unpublished data) and
were infected by MLV(H) virions to levels similar to those
observed with NIH 3T3 cells (Table 2).

The two HTLV Env truncation mutants that overcame re-
sistance to syncytium formation were infectious for all cell
lines, as determined by our cell-to-cell transmission assay with
MLV-pseudotyped virions (Table 2 and data not shown). It is
noteworthy that both mutations resulted in either partial
(HdC8) or total (HdC16) deletion of the YSLI motif, which
has been described previously as being required for cell-to-cell
transmission of HTLV virions (6). This apparent discrepancy
between our results and the reported importance of the YSLI
motif in cell-to-cell transmission might be due to different
experimental parameters, including assay read-outs, use of
MLV versus HTLV cores, and the precise location of the TM
truncations.

The HTLV TM cytoplasmic domain truncation mutants de-

FIG. 3. Expression of HTLV-1 Env TM truncation mutants and their incorporation into virions. Equal amounts of cell extracts were obtained
from 2 � 106 to 5 � 106 293T cells cotransfected with 8 �g of an MLV-based lacZ reporter gene vector, 4 �g of the MLV p/CLGag-Pol expression
vector, and 4 �g of either an HTLV Env-derived expression vector (H, HdC8, HdC16, or H�C) or a control vector (Mock). The different HTLV
Env TM mutants are diagrammed in Fig. 2. Cell extracts were immunoblotted with the 5a anti-HTLV TM monoclonal antibody (3) (left panel).
Pelleted virions were obtained from supernatants of 293T transfectants after concentration by ultracentrifugation on a 20% sucrose cushion.
Resulting pellets were immunoblotted with either the 5a anti-HTLV TM monoclonal antibody (anti-TM, center panel) or the 1C11 anti-HTLV
SU monoclonal antibody (anti-SU, right panel). Respective levels of virion expression were controlled by immunoblotting with the R187 anti-MLV
capsid monoclonal antibody (a kind gift of B. Chesebro) (anti-CA, center panel). The positions of the HTLV-1 Env precursors (Pr Env), mature
TM, and mature SU envelope proteins are indicated.
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scribed here had distinct effects on cell-to-cell infection of NIH
and HeLa target cells. In HeLa target cells, MLV(HdC8) but
not MLV(HdC16) virion pseudotypes demonstrated consis-
tently increased coculture infection titers compared to parental
HTLV Env (Table 2). In contrast, virions that were pseudo-
typed with either mutant had decreased titers in NIH 3T3 cells.
These results most likely illustrate the fact that cell membrane
components, including adhesion molecules (4, 5, 12), cytoskel-
eton-associated proteins (24), lipids (23), and lipid raft com-
ponents (17), have distinct influences on HTLV Env-mediated
cell-to-cell fusion and virus transmission.

Our observations that NIH 3T3(TK�) cells are resistant to
HTLV Env-mediated syncytium formation but not to infection
reinforces the hypothesis that different factors are involved in
these two processes. In this regard, it is interesting that, as
monitored by time-lapse video microscopy, NIH 3T3(TK�)
cells were readily distinguishable from standard NIH 3T3 cells
in at least two aspects: (i) the NIH 3T3(TK�) cells were con-
siderably more mobile in culture and (ii) they exhibited a
relatively compact morphology, with more compact lammelli-
podia and increased filopodium formation (not shown). Our
data suggest that syncytium formation is not strictly dependent
upon receptor availability, but is likely to involve post-recep-
tor-binding membrane dynamics. We showed that a determi-
nant located within the 8 carboxy-terminal residues of the TM
cytoplasmic domain plays a major role in these dynamics.
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