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Human T-lymphotropic virus type 1 (HTLV-1) is the etiological agent of adult T-cell leukemia/lymphoma,
and it encodes a number of nonstructural proteins that are involved in virus replication and immune evasion.
The viral protein p12 previously has been characterized to interfere with major histocompatibility complex
class, ICAM-1, and ICAM-2 expression, and it activates STAT5. Using a previously established T-cell line
immortalized with an HTLV-1 molecular clone deleted for p12, we assessed the role of p12 in regulating cellular
growth and virus transmission. These cells were complemented for p12 expression by the transduction of a
lentivirus vector expressing p12. We report that p12 conferred a selective growth advantage in vitro and
increased the colony formation of human T cells in soft-agar assays. Consistently with previous studies, p12�

and p12� cell lines produced similar amounts of virus particles released into the supernatant of cultured cells,
although we found that p12 expression greatly enhanced virus transmission. Moreover, we found that inter-
leukin-2 (IL-2) stimulation also increased HTLV-1 transmission whether p12 was expressed or not, and
inversely, that the inhibition of Jak signaling significantly reduced HTLV-1 transmission. Intriguingly, IL-2/
Jak signaling was not associated with changes in viral gene expression, viral RNA encapsidation, the matu-
ration of the virus particle, cell-cell adherence, or Gag polarization and virological synapse formation. We do
demonstrate, however, that IL-2 stimulation and p12 expression significantly increased the rate of syncytium
formation, revealing a novel role for IL-2 signaling and Jak activation in HTLV-1 virus transmission.

The retrovirus human T-cell leukemia virus type 1
(HTLV-1) is the etiological agent of adult T-cell leukemia/
lymphoma (ATLL) (24, 57, 60), a lymphoproliferative disorder
with an extremely poor prognosis that develops in approxi-
mately 2 to 5% of infected individuals. The viral genome en-
codes structural and enzymatic proteins, the regulatory pro-
teins Tax and Rex, and additional small regulatory proteins (3,
8, 13, 37, 51). It still is unclear how HTLV-1 transforms human
T cells, although HTLV-1-infected cells display alterations in a
variety of cellular pathways. The oncoprotein Tax deregulates
numerous pathways, such as the cell cycle, NF-�B, p53, and
DNA repair pathways (28, 33, 39, 59). The virus also disrupts
the proapoptotic network and simultaneously increases cellu-
lar proliferation (52). The longevity and replicative potential of
HTLV-1-infected T cells also is increased through hTERT
promoter expression and telomerase activity (7, 19, 64). Col-
lectively, these events may lead to the accumulation of genetic
defects, although direct evidence demonstrating whether these
genetic alterations are virus related or are secondary events is
lacking.

HTLV-1 infects and immortalizes primary human T cells in
vitro, and after several months of culture, these cells become

transformed and are able to grow in the absence of interleu-
kin-2 (IL-2). IL-2 independence correlates in most cases with
the constitutive activation of the Janus activated kinase/signal
transducers and activators of transcription (Jak/STAT) path-
way (45, 69) and the decreased expression of src homology
2-containing tyrosine phosphatase 1 protein (44). In early
stages of ATLL, the viral proteins Tax and Rex are involved in
the upregulation of IL-2 and the IL-2 receptor (IL-2R) (16, 41,
43, 63), possibly leading to the autocrine proliferation of in-
fected cells. Although it is unknown whether these proteins
still are expressed at levels sufficient to maintain the activation
of the IL-2/IL-2R pathway in later stages of leukemia, ATLL
tumor cells always express high levels of the IL-2R� chain and
usually show constitutive Jak/STAT activation (65). One par-
ticular HTLV-1 protein, p12, is involved in IL-2/IL-2R signal-
ing and has been shown to interact with the IL-2R beta and
gamma chains and increases STAT5-dependent transcription
(53). p12 also has been shown to stimulate IL-2 production
from infected T cells (23). The expression of p12 in Jurkat T
cells elevates basal intracellular calcium and selectively acti-
vates the nuclear factor of activated T cells (NFAT), a down-
stream transcription factor in T lymphocytes (2). As a result,
p12 expression was found to enhance IL-2 production in T
lymphocytes in a calcium pathway-dependent manner.

The HTLV-1 p12 protein is a small hydrophobic protein that
localizes to the endoplasmic reticulum, the Golgi body, and
lipid rafts within the plasma membrane (26). The expression of
p12 in HTLV-1-infected cells has been demonstrated by the
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detection of both p12-encoding transcripts in cultured and ex
vivo cells from individuals infected with HTLV-1 and antibod-
ies and cytotoxic T lymphocytes to p12 peptides in vivo (20,
56). Importantly, the ablation of the splice acceptor site for the
singly spliced p12 mRNA from a molecular clone of HTLV-1
impaired viral infectivity in a rabbit model in vivo (15). This
may be related in part to the finding that p12 interferes with
major histocompatibility complex class I (MHC-I) heavy-chain
trafficking and may facilitate the escape of HTLV-1-infected
cells from host immune surveillance mechanisms (34). Recent
studies also show the inability of NK cells to eliminate HTLV-
1-infected CD4� T cells despite the downmodulation of
MHC-I molecules by HTLV-1 p12 (5). The authors found that
the diminished activity of NK cells toward HTLV-1-infected
cells was due to the decreased adherence between NK cells and
HTLV-1-infected cells, largely through the downregulation of
ICAM-1 and ICAM-2 by p12. p12 deletion also reduced virus
transmission in quiescent peripheral blood mononuclear cells
(PBMC) in the absence of IL-2 and mitogen stimulation (1).
The ability of the mutated virus to infect PBMC was restored
when mitogen was added to the culture system, indicating a
critical role of p12 for viral infection in quiescent T lympho-
cytes.

Here, we present evidence that p12 provides a proliferative
advantage to human T cells infected with HTLV-1 in limiting
IL-2 concentrations. We found that p12 increased virus trans-
mission, and this was mediated in part through the stimulation
of the IL-2R and the activation of the Jak/STAT pathway in
both IL-2-dependent and IL-2-independent HTLV-1-infected
cells. While there was no difference in the amount of virus
produced, viral genome encapsidation, virion maturation, or
Gag polarization, we found that signaling by p12 or IL-2
through the IL-2R increased the rate of membrane fusion
between infected cells and target cells. These data suggest that
p12 and IL-2R/Jak/STAT signaling affects virus transmission
and reveals a new role of the IL-2R/Jak pathway in retrovirus
transmission.

MATERIALS AND METHODS

Cell culture, reagents, and cell sorting. The cell lines A2 and R4 were estab-
lished using HTLV-1 infectious molecular clone ACH and its syngeneic clone
mutated for p12 as previously described (14). Cell lines were maintained in
RPMI 1640 medium (Invitrogen Carlsbad, CA) supplemented with 20% fetal
bovine serum (FBS), gentamicin, penicillin-streptomycin, and 40 U/ml IL-2.
BHK1E6 cells were described previously (4). BHK1E6, ECV, and 293T cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Cellgro)
supplemented with 10% FBS, gentamicin, and penicillin-streptomycin. BHK1E6
cells were transfected with 1 �g of pCMV-Tax (61) using Polyfect per the
manufacturer’s instructions (Qiagen). Pyridone-6 ([P6] Jak inhibitor 1) (1 �M;
Calbiochem), AG490 (50 �M; BioMol), and zidovudine (AZT) (30 �M; Sigma)
were included where indicated. Complementation for p12 expression in R4 cells
was obtained by infection with a lentivirus vector expressing p12IRES-GFP. Cells
containing a lentivirus vector expressing only p12 to complement R4 (designated
R4�p12 cells) were analyzed and sorted using green fluorescent protein (GFP)
as a marker to greater than 90% purity with a FACSAria (BD Biosciences).

p12 lentivirus vector production and purification. 293T cells were transfected
with 10 �g pHR�CMVp12IRES-GFP, 5 �g vesicular stomatitis virus G protein,
and 5 �g pDNL6 using calcium phosphate (Invitrogen) according to the manu-
facturer’s instructions as previously described (47, 53). The p12 virus was col-
lected in the supernatant for 4 days, concentrated by ultracentrifugation, and
resuspended in phosphate-buffered saline (PBS). Virus production was quanti-
fied using the RETROtek HTLV p19 antigen enzyme-linked immunosorbent
assay (ELISA) (Zepto Metrix Corp) as previously reported (50).

Proliferation and soft-agar colony formation assays. Cells were plated in
duplicate for each time point at identical concentrations of 5 � 106 cells/ml in
96-well plates with increasing IL-2 concentrations from 0 to 40 U/ml. Cells were
stained with trypan blue (Sigma) and then counted on days 0, 2, 4, 8, and 15. For
soft-agar colony formation assays, 0.8 million cells were added to semisolid
medium containing 0 to 40 U/ml of IL-2 and allowed to grow for 3 weeks. The
smallest colony observed at 40 U/ml of IL-2 (approximately 10 cells) was used as
a cutoff for all subsequent colony counts at all IL-2 concentrations; groups of
cells smaller than this were not counted as a colony. Results represent the
average numbers of colonies in 50 randomly chosen fields at �10 magnification.

Virus transmission and syncytium assays. BHK1E6 cells harboring a lacZ
reporter gene behind a Tax-responsive promoter were cocultured with HTLV-
1-infected lymphocytes for 48 h. Monolayers were washed with PBS and fixed
with 4% (wt/vol) paraformaldehyde, and cells were stained with 200 �g/ml
5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal). �-Galactosidase ex-
pression was visualized by bright-field microscopy. To inhibit Jak-STAT signal-
ing, cells were pretreated for 24 h with either P6 (1 �M) or AG490 (50 �M) prior
to coculture. To inhibit the HTLV-1 reverse transcriptase, cells were treated with
AZT (30 �M) for 1 h at 37°C prior to coculture. To assess syncytium formation,
5 � 105 ECV cells were cocultured with 1 � 106 lymphocytes for 48 h. Following
coculture, cells were washed twice with PBS, fixed with 4% (wt/vol) paraformal-
dehyde, and stained with 0.1% (wt/vol) crystal violet, and syncytia were visualized
by bright-field microscopy.

Electron microscopy. Cell or virus pellets were fixed overnight in 2% glutar-
aldehyde in 0.1 M cacodylate buffer, rinsed two times with buffer, and then
postfixed in 1% osmium tetroxide–0.1 M cacodylate buffer for 1 h. Samples then
were dehydrated through a series of graded ethanol solutions (30 to 100%) and
placed into half Embed 812 resin/half propylene oxide to infiltrate overnight.
Samples then were placed into complete Embed 812 resin (Electron Microscopy
Sciences Inc.) for 1 h and placed into the appropriate molds with fresh resin to
polymerize at 60°C overnight. Sections were cut at 70 to 80 nm on a Leica UCT
ultramictrotome, collected onto 300-mesh Cu thin bar grids, and stained with
uranyl acetate and lead citrate. Sections were examined and photographed using
a JEOL 100CXII transmission electron microscope at 80 kV.

Western blotting. Cell lysate or cell supernatant protein concentrations were
determined by a modified Bradford assay (Bio-Rad). Proteins were separated by
sodium dodecyl sulfate–12% polyacrylamide gel electrophoresis and transferred
to a polyvinyl difluoride membrane. Lysates were probed with either anti-p24 or
anti-env Sp2,3/4A (NIH Bioreagents Research and Reference Program), fol-
lowed by the addition of anti-mouse horseradish peroxidase (HRP) or anti-goat
HRP (Santa Cruz) and detection by enhanced chemiluminescence (GE Health-
care Life Sciences).

Cell adherence, migration, and Gag polarization. To assess cell adherence,
MT-2 cells were labeled with 5-chloromethylfluorescein diacetate ([CMFDA] 5
�M; Molecular Probes) for 30 min according to the manufacturer’s instructions.
Following washes, cells were cocultured with BHK1E6 cells for 4 h, and mono-
layers were washed with three washes of PBS to remove unbound cells. Cells then
were fixed with 4% paraformaldehyde and washed with PBS, and CMFDA-
labeled cells were visualized using a laser-scanning cytometer (iCys; Compucyte).

Cell migration was assessed essentially as described previously (40, 71). Cells
were incubated in the absence of IL-2 for 4 h and then added to the top of a 5-�m
polycarbonate membrane (Neuro Probe, Inc.) soaked with 10 �g/ml ICAM
(R&D Systems) in a chemotaxis chamber containing various amounts of IL-2 in
the lower chamber. Cells were allowed to migrate for 90 min and then fixed to the
membrane and stained with acid hematoxylin (Sigma). Membranes were cleared
with 100% xylenes (Sigma) and mounted using permount (Sigma). The migration
distance through the filter was measured in micrometers using the leading-front
technique. Data are representative of 50 fields each of duplicate experiments.

Gag polarization and cell fusion immunofluorescence. Gag polarization was
performed essentially as described previously (31). MT-2 cells or R4 cells were
cultured in the presence of IL-2 or P6 (1 �M) for 48 h, washed, and cocultured
with CMFDA-labeled Jurkat cells at a 1:1 ratio for 40 min. Cells were centri-
fuged using a cytospin, fixed with 4% paraformaldehyde, and permeabilized with
0.5% Triton X-100. Cells were stained with anti-p24, followed by costaining with
anti-mouse-Texas Red and 4�,6�-diamidino-2-phenylindole (DAPI) (Sigma).
Cells were mounted onto glass slides and visualized by laser-scanning confocal
microscopy (Zeiss). For fusion analysis, ECV or BHK1E6 cells were plated onto
glass coverslips and were transfected with red fluorescent protein (RFP) for 24 h
with Lipofectamine 2000 (Invitrogen). R4 cells were stained with CMFDA as
described above (Molecular Probes) and were cocultured with either ECV or
BHK1E6 cells for 36 h. Cells were fixed with 4% paraformaldehyde, permeab-
ilized with 0.5% Triton X-100, stained with DAPI, mounted, and visualized as
described above.
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RESULTS

Generation of HTLV-1 p12� and HTLV-1 p12� cell lines.
Previous studies have established that the small regulatory
proteins p12, p13, and p30 are dispensable for virus replication
and human T-cell immortalization by HTLV-1 (22). Addi-
tional studies also have shown that p12 alone is sufficient to
increase the proliferation of human PBMCs after the stimula-
tion of T-cell receptors with low concentrations of anti-CD3
and anti-CD28 antibodies (53). Moreover, the proliferative
advantage of p12-transduced PBMCs was evident mainly in
limiting concentrations of IL-2. However, these experiments
were performed in the absence of any other viral proteins.
Here, we used a previously established human T-cell line im-
mortalized with an HTLV-1 molecular clone, ACH, referred to
here as A2, and a cell line derived with the corresponding
isogenic molecular clone ablated for p12 expression, referred
to as R4 (14). To confirm that differences observed between

A2 and R4 are due to the absence of p12, we used a lentivirus
vector expressing only p12 to complement R4 (R4�p12). The
retroviral vector used (Fig. 1A) expresses a polycistronic
mRNA encoding the gene of interest and an internal ribosome
entry site (IRES) followed by GFP. In this context, GFP-
positive transduced cells expressing p12 could be sorted and
analyzed independently from nontransduced p12-negative cells
(Fig. 1B).

p12 stimulates cell proliferation in limiting concentrations
of IL-2. We investigated the proliferation of A2, R4, and
R4�p12 in media containing various concentrations of IL-2.
Our previous studies showed that, in p12-transduced PBMCs,
the increased basal level of STAT5 activation by p12 stimu-
lated cell proliferation at lower concentrations of exogenous
IL-2 (53). Experiments examining cell proliferation in the con-
text of other HTLV-1 genes, however, have not been done. To
address this, the HTLV-1-infected cell lines A2, R4, and

FIG. 1. Production of p12-expressing lentiviral vector and cells. (A) Schematic representation of the p12 IRES GFP construct. (B) Infection
efficiency in 293T cells following overnight infection with a p12-expressing lentiviral vector. Five hundred microliters of concentrated virus yields
nearly 100% GFP-positive cells. (C) A2 cells, which naturally express p12, R4 cells, which are devoid of p12, or R4 cells, expressing p12, were
cultured for up to 15 days in RPMI medium in the presence of 0, 5, 10, or 40 U/ml of IL-2. Cells were harvested at 2, 4, 8, and 15 days, stained
with trypan blue, and counted. Results are representative of two independent experiments done in triplicate, and standard deviations are shown
(P � 0.01). Arrows indicate differences in growth at 0 or 5 U of IL-2 in the presence or absence of p12. (D) p12 enhances colony formation at
low levels of IL-2. Average numbers of colonies formed by R4 with and without p12 following 3 weeks of growth in semisolid media with 0, 5, 10,
20, and 40 U IL-2/ml are shown. Results represent the average numbers of colonies in 50 randomly chosen fields at �4 magnification.
(E) Representative bright-field images of R4 and R4�p12 colonies grown in 0 U of IL-2, taken at �10 magnification.
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R4�p12 were divided into four aliquots and plated in triplicate
in 96-well plates in the presence or absence of 5, 10, or 40 U of
IL-2, and cell proliferation was monitored for 15 days. In the
absence of p12 expression, the long-term growth of R4 cells
was severely impaired in no or low concentrations of IL-2 (�5
U/ml) (Fig. 1C) compared to the growth of p12-expressing A2
cells. Differences in proliferation, however, were not detected
when cells were cultured in higher IL-2 concentrations, sug-
gesting that proliferative advantages conferred by p12 are com-
pensated for by IL-2 signaling. Of note, p12 does not appear to
offer any short-term proliferative advantage, which agrees with
previous observations (14). The long-term differences seen in
proliferation were due to the lack of p12 rather than genetic
differences between A2 and R4, since the complementation of
R4 with p12 (R4�p12) restored proliferation to levels seen
with A2 in the presence of 5 U or less of IL-2 (Fig. 1C).
Significantly, we observed a twofold increase in the prolifera-
tion of R4�p12 or A2 cells above that of R4 cells alone at
limiting concentrations of IL-2, suggesting that p12 overcomes
a proliferative disadvantage in the absence of IL-2.

Transforming activity of p12 in soft-agar colony formation
assay. It has been shown previously that HTLV-1 Tax exhibits
transforming activity and induces fibroblast colony formation
in soft agar (42). Although p12 alone cannot induce the for-
mation of colonies, it strongly potentiates the transforming
activity of the E5 oncoprotein (25). We sought to measure the
ability of p12, in the context of the HTLV-1 genome, to en-
hance colony formation in different concentrations of IL-2. R4
cells are IL-2 dependent and are not fully transformed, making
them suitable for assays in the absence of IL-2. R4 and
R4�p12 cells were seeded in soft agar, and colonies were
counted after 14 days. In large amounts of IL-2, both R4 and
R4�p12 cells formed multiple large colonies in soft agar, and
the number and sizes of the colonies were not statistically
different (Fig. 1D). The expression of p12, however, facilitated
the formation of numerous large colonies when cells were
seeded in media containing low levels of IL-2, or even in media
without IL-2. In contrast, almost no colonies were observed
with R4 cells alone in the absence of IL-2 (Fig. 1D), and any
colonies observed were much smaller in size than typical
R4�p12 colonies (Fig. 1E). These data suggest that p12 not
only stimulates proliferation but also synergizes with other
viral genes to increase the colony formation potential of
HTLV-1.

p12 expression increases cell-cell virus transmission. An
increase in the proliferation of virus-producing cells often is
associated with an increase in viral particle production and the
subsequent infection of target cells. We therefore assessed
whether p12 expression had an effect on HTLV-1 transmission.
We used R4 and R4�p12 as the virus producer cell lines and
BHK1E6 as a reporter cell line, which previously has been
characterized to measure HTLV-1 transmission (4). BHK1E6
cells are permissive to HTLV-1 and are stably transfected with
the HTLV-1 long terminal repeat (LTR) fused to the �-galac-
tosidase gene, and infection can be monitored by X-Gal stain-
ing. When p12 was expressed in R4 cells and cocultured with
BHK1E6 target cells, the number of infected target cells was
increased more that twofold compared to the level for R4 cells
lacking p12 (Fig. 2A). The ability of p12 to increase virus
transmission also was dose dependent, as an increasing num-

ber of virus-producing cells resulted in the increased infection
of the reporter BHK1E6 cell line (Fig. 2A). In agreement with
previous reports, HTLV virus transmission from T cells re-
quired cell-cell contact (35), as fresh cell supernatants did not
give rise to LacZ positivity (data not shown). Intriguingly,
when R4 cells either expressing or lacking p12 were cocultured
with BHK1E6 in the absence of IL-2, virus transmission was
reduced nearly threefold compared to that of cells cultured in
the presence of IL-2 (Fig. 2B). The removal of IL-2 from the
culture media of R4 cells did not affect R4 survival, as assessed
by trypan blue exclusion (data not shown). To preclude the
possibility that this effect of IL-2 on virus transmission was
limited to the R4 cell line, we also used the MT-2 cell line,
which is an HTLV-1-transformed cell line that is not depen-
dent on IL-2 for growth but expresses high levels of CD25
(IL-2R alpha chain). Interestingly, virus transmission mediated
by MT-2 cells, which occurs in the absence of IL-2, also was

FIG. 2. HTLV-1 p12 and IL-2 increase virus transmission in vitro.
(A) BHK1E6 cells were cocultured with R4 cells or R4 cells expressing
p12 in the presence or absence of IL-2. Cells were fixed and stained
with X-Gal, and LacZ-positive cells were counted. Standard deviations
are shown. *, P � 0.01. (B) BHK1E6 cells were cocultured with either
R4 cells or p12-expressing R4 cells in the absence or presence of IL-2
and were fixed and stained with X-Gal as described for panel A.
(C) MT-2 cells were cultured in the presence or absence of IL-2,
cocultured with BHK1E6 cells, and stained as described for panel A.
(D) MT-2 cells were treated with 10 �M AZT, cocultured with
BHK1E6 cells, and stained as described above.
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increased twofold in the presence of IL-2 (Fig. 2C). Signifi-
cantly, the inclusion of the reverse transcriptase inhibitor AZT,
which prevents the viral reverse transcriptase from generating
a provirus, inhibited virus transmission by MT-2 cells, demon-
strating that LacZ expression requires virus uncoating and the
integration of the HTLV-1 genome (Fig. 2D) and is not due to
the transfer of Tax protein to the target BHK1E6 cells.

Inhibition of IL-2R/Jak signaling decreases virus transmis-
sion. Since virus transmission mediated by both R4 and MT-2
cells was significantly increased in the presence of IL-2 (Fig.
2C) and both IL-2 and p12 induce Jak/STAT activation, we
hypothesized that this increase in virus transmission is the
result of Jak/STAT activation through the IL-2R. We therefore
tested the ability of two known antagonists of Jak/STAT sig-
naling, P6 and AG490, to modulate HTLV-1 virus transmis-
sion. Interestingly, the inclusion of either P6 or AG490 inhib-
ited HTLV-1 transmission by both R4 cells and MT-2 cells
(Fig. 3A and B), suggesting that Jak/STAT signaling is involved
in virus transmission. The inclusion of these inhibitors did not
affect cell viability (data not shown) and did not inhibit the
Tax-mediated transactivation of the HTLV-1 LTR and the
activation of the LacZ reporter gene in BHK1E6 cells follow-
ing the transient transfection of Tax (Fig. 3C).

p12 increases chemotaxis but not cell adherence or virion
morphology. The increase in virus transmission due to p12
expression or IL-2 stimulation was independent of an increase

in virus production, as an ELISA to detect the viral p19 Gag
protein showed similar amounts of p19 present in the super-
natant of R4 and R4�p12 cells (Fig. 4A). Viral Gag p24
expression in cell pellets or in the supernatants from infected
cells also was unchanged in the presence or absence of either
IL-2 or Jak/STAT inhibitors (Fig. 4B). We also tested the
encapsidation of the viral genome by performing quantitative
real-time RT-PCR to detect the HTLV-1 genome from puri-
fied viral particles, but we did not observe any significant
difference between controls and IL-2-stimulated samples, sug-
gesting that variations in genome encapsidation are not in-
volved (data not shown).

One defining characteristic of HTLV-1-infected T cells is
that cell-to-cell contact is required for the efficient transmis-
sion of virus particles to target cells. We addressed the ability
of infected cells to adhere to target cells by labeling HTLV-1-
infected producer cells with a green fluorescent dye, cocultur-
ing them with BHK1E6 cells, and quantifying the number of
adherent producer cells using a fluorescent scanning cytome-
ter. The culturing of cells in the presence or absence of IL-2
had no effect on the ability of HTLV-1-infected cells to adhere
to BHK1E6 monolayers (Fig. 4C and D), suggesting that ad-
herence is unaffected by IL-2 signaling. The electron micros-
copy of virus particles released from either MT-2 or R4 cells in
the presence or absence of IL-2 also showed no significant
difference in virion morphology, as the majority of particles
possessed an electron-dense core, which contains the viral
RNA (Fig. 4E) (67).

Cell-free infection with purified HTLV-1 particles from T
cells is extremely inefficient compared to virus transmission
through cell-cell contact. p12 increases cell-to-cell spread, and
such a mechanism has been shown to be relevant to de novo
T-cell infection following p12-induced LFA-1 clustering on T
cells via calcium-dependent signaling (36). HTLV-1-infected
lymphocytes also have been shown to produce cell surface
protrusions (70) that are similar to those seen during cell
spreading. As a result, we hypothesized that p12 increases
chemotaxis as a method to facilitate virus transmission. Cell
migration was analyzed using a polycarbonate membrane that
served as a barrier to discriminate migratory cells from non-
migratory cells (71). Migrating cells are able to extend protru-
sions in the presence of a chemoattractant and pass through
the pores of the polycarbonate membrane. Finally, the cells are
removed from the top of the membrane, and the migratory
cells are stained and quantified. The migration distance
through the filter was measured in micrometers using the lead-
ing-front technique as previously described (40). Our data
demonstrate that p12 expression increased the ability of cells
to migrate through filters (Fig. 4F) both in the presence and
absence of IL-2.

IL-2- and Jak-dependent virus transmission is independent
of Gag polarization but increases the rate of membrane fusion.
Recent studies have shown that the cell-cell transmission of
HTLV can occur through a virological synapse, where viral
core proteins such as Gag are polarized at the site of cell-cell
contact (31). We tested the ability of Gag to cluster at the
virological synapse in the presence or absence of IL-2. Jurkat
cells were labeled with the green fluorescent dye CMFDA and
were cocultured with R4 or MT-2 cells for 40 min. Cells were
fixed and stained with anti-p24 to label Gag, and synapse

FIG. 3. Inhibition of Jak/STAT signaling decreases HTLV-1 infec-
tivity. (A and B) MT-2 cells (A) or R4 cells (B) were treated with P6
or AG490 for 24 h and were cocultured with BHK16 cells for an
additional 48 h. Cells were fixed and stained with X-Gal, and LacZ-
positive cells were counted. (C) Jak/STAT signaling is not required for
the Tax-mediated expression of LacZ in BHK1E6 cells. Cells were
transfected with 1 �g of pCMV-Tax in the presence of dimethylsul-
foxide (DMSO), AG490, or P6 for 24 h, fixed, and stained with X-Gal.
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formation was evaluated by immunofluorescence. As seen in
Fig. 5, treatment with IL-2 or the Jak/STAT inhibitor P6 had
no observable effect on Gag polarization. At least 100 conju-
gates from each sample were analyzed, with approximately
60% of all conjugates from each sample displaying the polar-
ization of Gag (data not shown).

Since free HTLV virions are essentially noninfectious and
virus transmission can occur through cell-cell contact and fu-
sion (21, 30, 46), we addressed the ability of IL-2 and p12 to
regulate membrane fusion induced by R4 cells using a syncy-
tium assay. R4 cells grown in the absence of IL-2 and cocul-
tured with ECV cells induced the formation of small multinu-
clear syncytia. R4 cells cultured in the presence of IL-2 and
cocultured with ECV cells, however, induced the formation of
nearly three times the number of syncytia, suggesting that
signaling through the IL-2 pathway increases the ability of
infected cells to undergo membrane fusion (Fig. 6A and C). To
verify that membrane fusion occurs between R4 and ECV
cells, we examined the transfer of soluble RFP from transiently
transfected ECV cells to CMFDA-labeled green R4 cells. As
seen in Fig. 6B, RFP was readily transferred to R4 cells within
syncytia. This was in stark contrast to the complete lack of
transfer of RFP from BHK1E6 cells to R4 cells, as BHK cells
do not exhibit membrane fusion or syncytium formation (Fig.
6B) (4). In addition to increasing the number of syncytia,
treatment with IL-2 also increased the average number of
nuclei seen in each syncytium (data not shown). Similar results
were shown in R4 cells expressing p12, as these cells also
displayed a nearly threefold increase in syncytium formation

FIG. 4. Neither p12 nor IL-2 signaling alters Gag expression, virus production, or cell adherence. (A) Supernatants from R4 or R4 cells expressing
p12 were analyzed by ELISA to detect Gag p19 expression. (B) Extracellular virus and cell-associated (intracellular) protein preparations from R4 cells
treated with IL-2, P6, or AG490 were analyzed by Western blotting (WB) for Gag p24 expression. (C and D) IL-2 has no effect on the adherence of
HTLV-1-infected cells to target cells. MT-2 cells (1 � 106) grown in the presence or absence of IL-2 were stained with CMFDA, cocultured with a
BHK1E6 monolayer for 4 h, analyzed by laser-scanning cytometry (C), and quantified (D). (E) Electron microscopy of virus particles released from MT-2
cells grown in the presence or absence of IL-2 (scale bar 	 100 nm); 1 representative image of 20 is shown. (F) Chemotaxis of R4 or R4�p12 cells toward
increasing amounts of IL-2 was performed as described in Materials and Methods. The distance migrated is indicated in micrometers, and standard
deviations are shown. *, P � 0.001.

FIG. 5. IL-2 expression does not affect Gag polarization and synapse
formation. R4 or MT-2 cells were cultured in the presence or absence of IL-2
or P6 for 48 h and were cocultured with CMFDA-labeled Jurkat cells for 40
min. Cells were fixed and stained with Gag-specific antisera (�-Gag) and were
visualized by confocal microscopy. DIC, differential interference contrast.
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(Fig. 6D). To demonstrate the involvement of the Jak/STAT
pathway during IL-2 stimulation in syncytium formation, the
inclusion of Jak/STAT inhibitors inhibited the formation of
syncytia by upwards of threefold (Fig. 6E), indicating that
Jak/STAT activation plays a significant role in syncytium for-
mation. While previous work has shown that the envelope
protein from HTLV-1 is responsible for cell fusion, flow cy-
tometry and Western blot analysis failed to detect any signifi-
cant change in Env expression or cleavage in the presence or
absence of IL-2 (Fig. 6F and G), suggesting that IL-2 and
Jak/STAT signaling enhance virus transmission and syncytium
formation without altering envelope protein expression.

DISCUSSION

The importance of p12 in HTLV-1 transmission and persis-
tence was demonstrated first by the selective ablation of p12
from an HTLV-1 proviral clone that prevented virus transmis-
sion in vivo and in quiescent PBMCs in the absence of IL-2 (1,
15). Our results support the observations that p12 also is im-
portant for virus transmission in vitro, and this likely occurs
through the induction of the IL-2/Jak/STAT signaling pathway.
p12 expression also enhanced cell proliferation in the absence
of IL-2, suggesting that Jak/STAT activation is important for
both HTLV-1-mediated cell growth and virus transmission.
Although p12 expression is dispensable for HTLV-1 T-cell
immortalization and growth in vitro, our results indicate that
p12 increases the proliferation of HTLV-1-infected cells at low

IL-2 concentrations, particularly between 8 and 15 days post-
treatment (Fig. 1C).

Despite the fact that no significant difference in the amount
of virus produced between HTLV-1 p12� and p12
 cells was
seen (Fig. 4A), we found that p12 expression and IL-2/Jak
signaling significantly increased virus transmission in coculture
assays (Fig. 2), suggesting that IL-2 signaling through the Jak/
STAT pathway plays a role in the transmission of HTLV-1 to
uninfected target cells. While our investigation demonstrated
that p12 increases the chemotaxis of HTLV-1-infected cells, we
did not see a difference in cell adherence, Gag polarization,
synapse formation, viral RNA encapsidation, or virion struc-
ture. We did, however, observe an increase in syncytium for-
mation between IL-2-stimulated or p12-expressing HTLV-1-
infected cells and ECV cells. These data suggest that IL-2 and
p12 affect the maturation of the viral envelope. Cell-cell con-
tact and fusion events are complex and are not well under-
stood. Certain cell types readily undergo fusion, other cell
types are nonfusiogenic, and still other cell types remarkably
have been shown to undergo cell fusion without any apparent
increase in virus transmission or the resulting trans-activation
of reporter constructs (17, 18, 29, 32). It has been hypothesized
that membrane fusion between producer and target cells oc-
curs through a process of at least two steps following binding
(17), so it will be of interest to see whether p12 expression and
IL-2 signaling affect any of the various steps involving fusion
and virus transmission. Syncytium formation and virus trans-

FIG. 6. Membrane fusion and syncytium formation is enhanced by p12 expression and IL-2. (A) ECV cells were cocultured with R4 cells in the
presence or absence of IL-2 for 48 h, fixed, and stained with crystal violet, and cells were visualized by bright-field microscopy. (B) R4 cells were stained
with green CMFDA and cocultured with either ECV or BHK1E6 cells transfected with red fluorescent protein (RFP). Cells were fixed, stained with
DAPI, and visualized by immunofluorescence. (C) Multinucleated syncytia depicted in panel A were counted from 30 fields of view from experiments
performed in triplicate, and data are presented as the average number of syncytia per field of view (f.o.v.). Standard deviations are shown, and asterisks
indicate P � 0.01. (D) R4 cells or R4 cells expressing p12 were cocultured with ECV cells for 48 h, fixed, stained, and visualized as described for panel
C. (E) Inhibition of Jak/STAT signaling inhibits syncytium formation. R4 cells were treated with P6 or AG490, cocultured with ECV cells, fixed, stained,
and counted as described for panel C. (F) R4 cells cultured for 48 h in the presence or absence of IL-2 were fixed, stained with anti-Env, and analyzed
by flow cytometry. (G) Cell lysates from cells cultured as described for panel F were analyzed by Western blotting (WB) with anti-Env antibody.
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mission also are regulated by multiple cell surface proteins,
further complicating these events (11, 17, 18, 27, 29, 32).

Several other possibilities explain the effect of p12/IL-2/Jak
signaling on the increase in HTLV-1 transmission. Recent
studies have shown that p12 localizes to lipid rafts at the
plasma membrane, and that the disruption of lipid rafts alters
virus transmission (12, 54, 58, 68). Since the IL-2R is a known
component of lipid rafts, lipid raft formation induced by IL-2/
Jak/STAT signaling may be required for the efficient transmis-
sion of HTLV. Alternatively, Jak/STAT activation induced by
p12 and IL-2 may regulate host or viral proteins involved in
virus transmission. Indeed, we observed an almost threefold
increase in syncytium formation in the presence of p12 or IL-2,
but no change was seen in the expression of Env, which is
intimately involved in syncytium formation. The human disc
large protein (Dlg1) has been shown to interact with the en-
velope protein from HTLV-1, and this interaction is required
for syncytium formation (9, 62). Env also is known to undergo
a number of other changes, including disulfide isomerization
and a series of glycosylation events, that are required for syn-
cytium formation (38, 55). Whether such posttranslational
modifications rely on the activity of nonstructural viral proteins
such as p12 or are regulated by IL-2 and Jak/STAT signaling
remains to be investigated.

Virus transmission from HTLV-1-infected T cells occurs
through a virological synapse, whereby the microtubule-orga-
nizing center (MTOC) and other cytoskeletal components of
the cell are reorganized and polarized following contact with
an uninfected cell (31). Our observation that the stimulation of
the IL-2R (CD25) has an effect on HTLV-1 transmission is
intriguing. Recently, to identify the cell surface signal that
triggers MTOC polarization during virological synapse forma-
tion, Barnard et al. coated latex beads with monoclonal anti-
bodies against a variety of T-cell surface molecules (6). They
found ICAM-1 to be one such surface molecule that could be
stimulated to induce MTOC rearrangement (6). Tax expres-
sion increases the expression of ICAM-1, and the cross-linking
of cell surface ICAM-1 leads to MTOC polarization (48, 49,
66), while p12 appears to induce LFA-1 clustering on the cell
surface (36). It has been postulated that Tax and p12 play
different regulatory roles in regulating the expression of cell
surface markers, which may control synapse formation and
subsequent virus transmission (49). Since the IL-2R physically
associates with ICAM-1 in the plasma membrane (10), it is
possible that the activation and cross-linking of the IL-2R by
IL-2 or p12 expression activates microtubule polarization in-
directly via its association with ICAM-1. Previous studies also
showed that HTLV-1 Gag protein appears to be transported to
the MTOC by a microtubule-dependent process (48), which is
similar to observations involving a number of other viruses.
The further analysis of the ability of p12- and IL-2-dependent
signaling to induce changes in HTLV-1 infectivity may lead to
the development of future antiretroviral therapeutic strategies
to limit virus replication. Overall, our results show that signal-
ing through the IL-2R/Jak pathway increases the transmission
potential and syncytium formation ability of HTLV-1-infected
cells and demonstrate a novel role for IL-2/Jak signaling in
retrovirus transmission.
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