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Abstract
Cell-to-cell transmission of retroviruses, such as human T lymphotropic virus type 1 (HTLV-1), is
well documented, but the roles of viral regulatory or other nonstructural proteins in the modulation
of T cell adhesion are incompletely understood. In this study we tested the role of the HTLV-1
accessory protein, p12I, on LFA-1-mediated cell adhesion. p12I is critical for early HTLV-1 infection
by causing the release of calcium from the endoplasmic reticulum to activate NFAT-mediated
transcription. We tested the role of this novel viral protein in mediating LFA-1-dependent cell
adhesion. Our data indicated that T cells expressing a mutant HTLV-1 provirus that does not produce
p12I mRNA (ACH.p12I) exhibited reduced LFA-1-mediated adhesion compared with wild-type
HTLV-1-expressing cells (ACH). Furthermore, the expression of p12I in Jurkat T cells using
lentiviral vectors enhanced LFA-1-mediated cell adhesion, which was inhibited by the calcium
chelator BAPTA-AM, the calcium channel blocker SK&F 96365, and calpeptin, an inhibitor of the
calcium-dependent protease calpain. Similar to the intracellular calcium mobilizer, thapsigargin, the
expression of p12I in Jurkat T cells induced cell surface clustering of LFA-1 without changing the
level of integrin expression. Our data are the first to indicate that HTLV-1 p12I, in addition to
enhancing T cell activation, promotes cell-to-cell spread by inducing LFA-1 clustering on T cells
via calcium-dependent signaling.

Human T lymphotropic virus type 1 (HTLV-1),4 the first identified human retrovirus, infects
~15–25 million people worldwide (1) and causes adult T cell leukemia/lymphoma and other
lymphocyte-mediated diseases (2–5). The primary targets for HTLV-1 infection are CD4+ T
cells, although CD8+ T cells, B cells, and macrophages also can be infected (4,6). HTLV-1 is
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naturally transmitted in a highly cell-associated manner via beast milk, semen, and blood (2,
7,8). Thus, cell-to-cell contact is required for efficient HTLV-1 transmission both in vivo (9)
and in vitro (10,11). Furthermore, HTLV-1 transmission occurs directly through cell-to-cell
junctions (virological synapse) that mimic immunological synapses (12,13). HTLV-1-infected
cells have reorganized microtubule-organizing centers (MTOC) near points of cell contacts
(14). At these sites, structural proteins, such as Gag, along with the HTLV-1 genome aggregate
and transfer from infected to target lymphocytes. Interestingly, microtubule re-organization is
triggered by Abs to ICAM-1 (CD54) or the IL-2R (CD25) (14,15). Although HTLV-1 Tax
contributes to microtubule reorganization (12–15), it is unclear whether other viral proteins,
known to be important in the early events of infection, modulate cell-to-cell contact to
accomplish viral transmission.

The HTLV-1 genome encodes structural and enzymatic (Gag, Pol, and Env), regulatory (Tax
and Rex), and nonstructural or accessory (p12I, p27I, p13II, and p30II) proteins (16–20).
HTLV-1 nonstructural proteins are important in viral replication and viral spread in vivo (18,
20–23). A highly conserved pX open reading frame I-encoded protein, p12I, is expressed during
the natural viral infection (24,25) and is critical for the establishment of HTLV-1 infection in
nonactivated T cells in vitro and in animal models (26,27). p12I localizes to the endoplasmic
reticulum (ER) and Golgi apparatus and releases calcium from ER stores to trigger NFAT-
mediated transcription, leading to IL-2 production and T cell activation (21,28–30).

One of the key events of T cell activation is modulation of the expression of adhesion molecules
such as LFA-1, which mediates lymphocyte adherence to the vascular wall and lymphocyte
migration into tissues and contributes to the immunological synapse (31). LFA-1 is a
heterodimeric transmembrane molecule composed of a unique α subunit (αL; CD11a) and a
β2 subunit (CD18) (32,33). Activation of LFA-1 is tightly controlled by inside-out signaling,
which is induced by ligation of the TCR or certain chemokine receptors (32–35). LFA-1-
mediated T cell adhesion results from either increasing the affinity for its ligand, ICAM-1, or
clustering of LFA-1 (avidity) on the cell membrane (32–35). Although recent studies suggested
that talin, Rap1, and RapL proteins are required for regulation of LFA-1 expression (31,36),
the detailed mechanism of signaling leading to increased affinity is unclear (34). Under
experimental conditions, divalent cations, such as Mn2+ or Mg2+, and activating Abs can induce
affinity activation of LFA-1 (34). The signaling pathways that result in increased integrin lateral
mobility and clustering include proteins such as Vav-1 (guanine exchange factor), adhesion
and degranualtion-promoting adaptor protein, Src kinase-associated protein of 55kDa (adaptor
protein), and Rap1 (small GTPase) (34,37–40). Protein kinase C activation by phorbol esters
can also trigger integrin clustering by interacting with the β2 subunit (34,40). Furthermore,
integrin clustering can be induced by elevated cytoplasmic calcium via TCR activation or
treatment with calcium mobilizers, such as ionomycin and thapsigargin (TG) (41). Calcium-
mediated LFA-1 activation also requires the calcium-dependent protease calpain (41).
Interestingly, the HTLV-1 accessory protein p12I mimics the function of TG and induces
calcium release from ER stores to activate T cells (29).

In this study we tested whether the expression of HTLV-1 p12I could activate LFA-1-mediated
T cell adhesion in a calcium-dependent manner. LFA-1-mediated adhesion of wild-type
HTLV-1 (ACH) T cells was greater than that of T cells expressing a proviral clone lacking
p12I (ACH.p12). The expression of p12I in Jurkat T cells also enhanced LFA-1-mediated cell
adhesion, which was inhibited by the calcium chelator BAPTA-AM, the calcium channel
blocker SK&F 96365, and calpeptin, an inhibitor of the calcium-dependent protease calpain.
Similar to the effects of TG, the expression of p12I in Jurkat T cells induced cell surface
clustering of LFA-1 without changing LFA-1 expression. Our data indicate that p12I induces
LFA-1 clustering on T cells via calcium-dependent signaling, which would promote spread of
HTLV-1 to target T cells.
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Materials and Methods
Cell lines

ACH.2 and ACH.p12.4 cell lines were generated from the outgrowth of immortalized PBMC
previously transfected with molecular clones of HTLV-1 (ACH and ACH.p12I) (29,42). The
ACH.p12I plasmid has a mutation resulting in complete ablation of p12I mRNA expression
without affecting the expression of other viral genes (26). ACH.2p and ACH.p12.4p cells were
infected cell lines created by coculturing naive human PBMC with lethally gamma-irradiated
(10,000 rad) ACH.2 and ACH.p12.4 cells, respectively. Target PBMC were preactivated for
4 days with human IL-2 (10 U/ml) and PHA (2 μg/ml). ACH.2, ACH.p12.4, ACH.2p, and
ACH.p12.4p cells were maintained in RPMI 1640 supplemented with 15% FBS, L-glutamine
(0.3 mg/ml), penicillin (100 U/ml), streptomycin (100 μg/ml), and rIL-2 (10 U/ml). Viral p19
Ag production from the ACH.2, ACH.p12.4, ACH.2p, and ACH.p12.4p cell lines was
measured in cell culture supernatants by ELISA in quadruplicate samples (Zeptomatrix)
according to the manufacturer’s protocol. Jurkat T cells (clone E6-1; American Type Culture
Collection; catalog no. TIB-152) were maintained in RPMI 1640 (Invitrogen Life
Technologies) supplemented with 10% FBS, 100 μg of streptomycin-penicillin per ml, and 2
mM L-glutamine. For lentivirus production, the 293T cell line (American Type Culture
Collection), which stably expresses the SV40 T Ag, was maintained in DMEM (Invitrogen
Life Technologies) supplemented with 10% FBS, 100 μg/ml streptomycin-penicillin, and 2
mM L-glutamine.

Recombinant lentivirus production and infection of Jurkat T cells
Recombinant lentiviruses were prepared as previously described (21). A lentivisus vector
containing a posttranscriptional regulatory element of woodchuck hepatitis virus, pWPT-
IRES-GFP (empty plasmid), was generated by cloning an internal ribosome entry site (IRES)
sequence (pHR′CMV/Tax1/enhanced GFP (eGFP); G. Feuer, State University of New York,
Syracuse, NY) into pWPT-GFP (D. Trono, University of Geneva, Geneva, Switzerland).
pWPT-p12I-hemagglutinin (p12IHA)-IRES-GFP was generated by cloning p12IHA from
pME-p12I (G. Franchini, National Cancer Institute, National Institutes of Health, Bethesda,
MD) into pWPT-IRES-GFP. To generate recombinant virus, 293T cells (5 × 106) were
transfected with 2 μg of pHCMV-G, 10 μg of pCMVΔR8.2, and 10 μg of pWPT-p12IHA-
IRES-GFP or pWPT-IRES-GFP using calcium phosphate. Supernatants were collected 24, 48,
and 72 h after transfection and filtered through a 0.2-μm pore size filter. To obtain viral pellets,
supernatants were centrifuged at 6500 × g for 16 h at 4°C, then pellets were suspended in
DMEM overnight at 4°C. The concentrated virus was aliquoted and stored at −80°C. After
determination of viral titer, Jurkat T cells were infected with recombinant virus at a multiplicity
of infection of 3 in the presence of 8 μg/ml polybrene (Sigma-Aldrich) and spin-infected at
2700 rpm for 1 h at 25°C. The expression of eGFP and p12I was confirmed by flow cytometry,
Western blot, or RT-PCR (21). For detection of p12I mRNA, cellular RNA was isolated using
RNAqueous (Ambion). RNA was converted to cDNA using the RT system (Promega) and was
amplified with AmpliTaq DNA polymerase (PerkinElmer) using
CCTCTTTCTCCCGCTCTTTT (forward) and GGCCAAGCTAGC GTAATCTG (reverse)
primers. Transduced Jurkat T cells (control and p12I-expressing cells) were used for
experiments 10 – 60 days after infection, when expression of eGFP was >85% as determined
by flow cytometric analysis.

Cell adhesion to immobilized ICAM-1
Cell adhesion assays were performed as described previously (41,43). Briefly, recombinant
human ICAM-1/Fc chimera (R&D Systems) in PBS (0.5 μg/well) was used for coating 96-
well tissue culture plates overnight at 4°C. Nonspecific binding was blocked with BSA in PBS
for 1 h at room temperature, followed by three washes in PBS and one wash with RPMI 1640
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or HEPES buffer (20 mM HEPES, 140 mM NaCl, and 2 mg/ml glucose (pH 7.4)) for MgCl2/
EGTA stimulation. Cells (2 × 105 in 50 μl of RPMI 1640 or HEPES buffer) were added to each
well in the presence or the absence of 50 μl of integrin stimulatory or inhibitory reagents (2×
final concentrations) as indicated in Results and figure legends. Ionomycin (Sigma-Aldrich),
TG (Calbiochem), PMA (Sigma-Aldrich), and MgCl2-EGTA were used as stimuli to test
LFA-1-mediated adhesion. The intracellular calcium chelator BAPTA-AM (Invitrogen Life
Technologies), the calcium release-activated calcium channel blocker SK&F 96365
(Calbiochem), and the calpain inhibitor calpeptin (Calbiochem) were used for LFA-1
inhibition. The plates were incubated on ice for 20 min, centrifuged for 1 min at 30 × g, and
incubated for 30 min at 37°C. The plates were washed carefully with prewarmed RPMI 1640
or HEPES buffer three times. The percentage of attached cells was calculated by viable cell
staining with tetrazolium dye (CellTiter 96 Cell Proliferation Assay; Promega). Statistical
differences between groups were determined using the Wilcoxon Mann-Whitney test, because
we assumed that differences between the two groups were not normally distributed. A value
of p < 0.05 was considered significant.

Flow cytometry and soluble ICAM-1Fc binding assay
Flow cytometric analysis of the expression of cell surface markers CD11a and CD18 was
performed as previously described (42). R-PE-conjugated anti-CD11a and FITC-conjugated
anti-CD18 Abs were used according to the manufacturer’s recommendations (Southern
Biotechnology Associates). For soluble ICAM-1 Fc (sICAM-1) binding assay, cells were
washed with RPMI 1640 or HEPES buffer and resuspended in 50 μl of stimulator (2× final
concentrations) containing medium or HEPES buffer. Cells were mixed with 50 μl of
recombinant human ICAM-1 Fc chimera (R&D Systems) at a final concentration 5 μg/ml and
incubated for 30 min at 37°C. Subsequently, the cells were washed twice in ice-cold 0.2% BSA
and 0.2% sodium azide in PBS and incubated with R-PE-conjugated goat anti-human IgG Fc-
specific Ab (Jackson ImmunoResearch Laboratories) for 20 min on ice. Cells were washed
twice in ice-cold 0.2% BSA and 0.2% sodium azide in PBS and fixed in 1% paraformaldehyde.
The fluorescence of cells was measured by FACScan (BD Biosciences) analysis.

Confocal microscopy to detect LFA-1 distribution
For detection of LFA-1 distribution on the surface of T cells by confocal microscopy, Jurkat
T cells were attached to coverslips coated with a 0.01% solution of poly-L-lysine (Sigma-
Aldrich). Cells were incubated for 30 min at 37°C with or without stimulation, then fixed with
0.5% paraformaldehyde for 10 min. After washing once with PBS and three times with RPMI
1640, cells were stained with R-PE-conjugated CD11a Ab (Southern Biotechnology
Associates) for 30 min at 37°C, washed once with RPMI 1640, mounted, and analyzed using
the Leica TCS SP2 AOBS confocal system. Leica confocal software (Leica Lite) was used to
quantify the fluorescence signal on cell membranes representing LFA-1 clustering as described
previously (41). Student’s t test was used for statistical analysis of differences between two
groups.

Results
LFA-1-mediated adhesion in HTLV-1-immortalized T cells lacking p12I expression

To examine the role of p12I in LFA-1-mediated cell adhesion, we first conducted adhesion
assays using wild-type HTLV-1 (ACH cell line; ACH.2 and ACH.2p) and T cells lacking
p12I expression (ACH. p12I; ACH.p12.4 and ACH.p12.4p). We generated newly infected
ACH.2p and ACH.p12.4p cells by coculturing preactivated naive human PBMC with lethally
irradiated ACH.2 and ACH.p12.4, respectively, to rule out the influence of specific clonal
effects during in vitro culture. Virus replication, measured by viral p19 Ag ELISA, was similar
among ACH.2, ACH.p12.4, ACH.2p, and ACH.p12.4p cells (Fig. 1A). These results are
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consistent with previous studies that indicated that p12I is not required for HTLV-1 replication
in activated T cells or immortalized T cell lines (26,44).

LFA-1-mediated T cell binding can result either from increased affinity for ICAM-1 or
clustering of LFA-1 on the cell surface (32–35). LFA-1 clustering can be activated by TCR
signaling, phorbol ester stimulation, or increased intracellular calcium levels (32–35). TG- and
PMA-induced LFA-1-mediated adhesion of the wild-type ACH cell lines, ACH.2 and ACH.
2p, was 2-fold greater compared with that of unstimulated cells (Fig. 1B). T cells lacking
p12I expression (ACH.p12.4 and ACH.p12.4p) did not respond to the LFA-1 clustering
reagents, TG or PMA (Fig. 1B). Mg2+/EGTA treatment, which resulted in an increase in LFA-1
affinity in vitro, increased ACH.2 and ACH.2p cell adhesion up to 50 – 60%, but did not induce
significant adhesion in ACH.p12.4 and ACH.p12.4p cells (Fig. 1B). The failure of ACH.p12.4
and ACH.p12.4p cells to respond to reagents that cause LFA-1 clustering and enhance T cell
adhesion could be explained by these cells having either lowered LFA-1 expression or
decreased binding affinity.

ACH.p12I cells express LFA-1, but have decreased binding of sICAM-1
To examine whether lowered LFA-1-mediated adhesion in ACH.p12 cells was due to changes
in LFA-1 expression, we performed flow cytometric analysis using anti-CD11a and anti-CD18
Abs. There was no significant difference in integrin expression on the cell surface among ACH.
2, ACH.2p, ACH.p12.4, and ACH.p12.4p (Fig. 2A).

T cell binding to sICAM-1 is increased only when LFA-1 affinity is enhanced by agonists such
as Mg2+ stimulation. In contrast, LFA-1 clustering on T cells is stimulated by reagents that
stimulate calcium release from cell stores, such as TG, or reagents that induce TCR signaling,
such as PMA (41,43). We therefore tested ACH wild-type and ACH.12 mutant T cells for their
sI-CAM-1-binding properties using flow cytometry to measure LFA-1 affinity. As expected,
none of the clustering stimulants (TG and PMA) exhibited any induction of sICAM-1 binding
in any of the cell lines (Fig. 2B). Mg2+-stimulated wild-type ACH, ACH.2 and ACH.2p, cells
had enhanced sICAM-1 binding compared with the ACH.p12I cell lines, ACH.p12.4 and
ACH.p12.4p (Fig. 2B). These data were consistent with our Mg2+/EGTA experiments using
immobilized ICAM-1 (Fig. 1B).

p12I expression in Jurkat T cells did not affect LFA-1 affinity
To test whether HTLV-1 p12I expression specifically influenced LFA-1-mediated T cell
adhesion, we stably expressed p12I in Jurkat T cells using recombinant lentiviruses (21). All
empty control and p12I-expressing Jurkat T cells were >85% GFP positive (Fig. 3A). The
expression of HTLV-1 p12I also was confirmed by p12I mRNA amplification by RT-PCR
(Fig. 3B) and immunoprecipitation using polyclonal HA-1 Ab (data not shown).

Soluble ICAM binding was tested using both empty control and p12I Jurkat T cells. As
expected, TG and PMA, which activate LFA-1 clustering, did not induce sICAM-1 binding
(Fig. 3A). Mg2+/EGTA treatment, which stimulates LFA-1 affinity, was used to compare
sICAM-1 binding in empty control and p12I Jurkat T cells. Our data indicated no significant
difference in LFA-1 affinity between the two cell types (Fig. 3A). These data demonstrated
that p12I expression does not affect LFA-1 affinity.

Expression of p12I in Jurkat T cells induced LFA-1 clustering
Calcium mobilizers, such as ionomycin and TG, enhance LFA-1-mediated T cell adhesion by
affecting LFA-1 clustering (34,41). Because HTLV-1 p12I functionally mimics TG by
increasing intracellular calcium release from ER stores, we tested whether p12I expression
might affect LFA-1 clustering. Jurkat T cells that stably expressed p12I exhibited enhanced
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cell adhesion to ICAM-1 molecules compared with empty vector-transduced control Jurkat T
cells in all untreated and TG, ionomycin, PMA and Mg2+/EGTA treatment groups (Fig. 4A).
Because p12I did not affect LFA-1 affinity (Fig. 3), the enhancement observed in Mg2+/EGTA-
treated p12I Jurkat T cells was probably due to preclustered LFA-1 in p12I-expressing cells.

To clarify whether p12I expression affected clustering of or conformational changes in LFA-1,
we measured the fold increase in cell adhesion over that in untreated cells in the empty control
and p12I Jurkat T cells that were treated with increasing concentrations of TG, ionomycin,
PMA, or Mg2+(Fig. 4, B–E). As expected, the calcium mobilizers, TG and ionomycin, induced
increased cell adhesion in a dose-dependent manner at lower concentrations and led to
decreased cell adhesion at higher concentrations in both cell types (Fig. 4, B and C). Peak
adhesion by TG and ionomycin was observed between 2.5 and 5 μM and 0.5 and 1 μM,
respectively, similar to a previous report (41). Another LFA-1 clustering agent, PMA, also
induced a dose-dependent increase in adhesion to ICAM-1 at lower concentrations, but
adhesion was saturated at higher concentrations in both cell types (Fig. 4D). At the lower
concentrations, p12I Jurkat T cell adhesion was higher than that in empty control Jurkat T cells
after TG, ionomycin, or PMA stimulation (Fig. 4, B–D), suggesting that p12I expression on
Jurkat T cells reduced the threshold required for activation of LFA-1 clustering.

As expected, Mg2+ also induced a dose-dependent increase and saturation of cell adhesion in
both cell types; however, the fold increase over untreated cells was not significantly different
between empty control and p12I Jurkat T cells (Fig. 4E). The affinity of both cell types was
increased to a similar level by Mg2+, suggesting that the expression of p12I did not affect LFA-1
affinity. These data indicated that enhanced LFA-1-mediated cell adhesion in p12I Jurkat T
cells was due to enhanced LFA-1 clustering rather than increased affinity.

HTLV-1 p12I-mediated LFA-1 activation is calcium dependent
LFA-1 clustering requires signaling pathways leading to the elevation of calcium and activation
of calpain, a calcium-dependent protease (41). To determine whether LFA-1-activation
induced by p12I was dependent on calcium-mediated signaling pathways, we performed cell
adhesion assays using inhibitors such as the intracellular calcium chelator BAPTA-AM, the
calcium channel blocker SK&F 96365, and the calpain inhibitor calpeptin (Fig. 5). As expected,
all inhibitors abolished TG- and PMA-induced cell adhesion in both cell types (Fig. 5). These
results suggested that LFA-1 clustering, due to p12I, was dependent on both intracellular and
extracellular calcium as well as calpain. In contrast to TG and PMA stimulation, cell adhesion
induced by Mg2+/EGTA was not blocked completely by the inhibitors (Fig. 5). These data
were consistent with a previous report that increases in Mg2+-induced affinity were not altered
by calcium channel blockers or calpain inhibitors (41).

HTLV-1 p12I modulated surface distribution of LFA-1
To confirm that the membrane distribution of LFA-1 was altered in p12I-expressing Jurkat T
cells, we measured LFA-1 expression by confocal microscopy using R-PE-conjugated CD11a.
Untransduced mock Jurkat T cells were either untreated or treated with 1 μM TG as a control
experiment. A higher intensity of LFA-1 fluorescence was frequently observed in TG-treated
cells (Fig. 6A). Similar to TG treatment, p12I expression in Jurkat T cells had more than 2-fold
enhanced fluorescence, indicating increased LFA-1 clustering on the cell membranes (Fig.
6B). Increased LFA-1 fluorescence in p12I-expressing Jurkat T cells was not due to increased
cell surface expression of LFA-1. Cell surface expression of CD11a was measured by flow
cytometry and was not significantly different between empty control and p12I-expressing
Jurkat T cells (Fig. 6C). These data indicated that p12I expression altered LFA-1 cell surface
distribution, favoring clustering of the adhesion molecule without changing total LFA-1 cell
surface expression, and were consistent with our cell adhesion and sICAM-1 binding assays.
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Discussion
In this study we found that HTLV-1 p12I expression in T cells altered LFA-1-mediated T cell
adhesion to ICAM-1. Abrogation of p12I expression in HTLV-1 infected cells (ACH.p12I)
resulted in decreased LFA-1-mediated cell adhesion due to a reduced affinity of LFA-1
compared wild-type HTLV-1-infected cells. To identify the specific role of p12I in LFA-1-
mediated cell adhesion, we stably expressed p12I in Jurkat T cells using lentiviral vectors. The
expression of p12I increased LFA-1-mediated cell adhesion to ICAM-1 by inducing clustering
of LFA-1 on Jurkat T cells. Our data are consistent with previous reports from our group and
others (26–28,45) that demonstrated the important role of HTLV-1 p12I in T cell activation
and cell-to-cell transmission during the early stages of HTLV-1 infection.

The important roles of LFA-1 and ICAM-1 in HTLV-1 cell-to-cell transmission were indicated
in a recent study by Barnard et al. (14). By cross-linking with Abs to cell surface molecules,
they identified that LFA-1 and ICAM-1 were involved in triggering MTOC polarization, which
is characteristic of HTLV-1-induced virological synapses. Our data suggested that p12I may
synergize to modify cell adhesion and contribute to MTOC polarization by increasing cell
adhesion through clustered LFA-1. Interestingly, the transmission of other viruses is also
enhanced by the LFA-1/ICAM-1 interaction. For example, measles virus infection induced
increased LFA-1 expression on monocytes, resulting in enhanced viral transmission to
endothelial cells (14,46). Furthermore, LFA-1 activation of T cells increased their
susceptibility to HIV-1 infection (47,48).

The results of our study support our previous findings, which demonstrated that T cells
expressing ACH. p12I have reduced viral infectivity when cocultured with quiescent T cells
(27). ACH.p12I cells do not exhibit efficient cell-to-cell contact and therefore are
disadvantaged for cell-to-cell transmission. This tenet would explain in part data indicating
that HTLV-1 p12I is required for in vivo viral infectivity in rabbits (26). The early block of
infection observed in this animal study could be explained by inadequate LFA-1 activation on
HTLV-1-infected cells, which would inhibit the ability of HTLV-1 to spread to nonactivated
target cells. Our findings are also consistent with reports that HTLV-1 infection is established
by early viral spread to T cells, but subsequently maintained by clonal expansion of T cells
(49–51). If the virus lacks the ability to rapidly spread from infected cells to its targets early
in the infection, it is likely that HTLV-1 infection is eliminated by a robust immune response
(52).

The observed affinity reduction in ACH.p12I cells might have resulted from alteration of
inside-out signaling. Although signaling pathways that regulate LFA-1 affinity are
incompletely defined compared with that of LFA-1 clustering modulation (34), transient
affinity increases in LFA-1 and α1β4 are induced by chemokine stimulation (53,54). In addition,
the lymphocyte-specific protein tyrosine kinase, Lck, has been identified as a critical enzyme
to maintain the high affinity status of integrin α1β4 (55). Interestingly, the expression of the
lck gene was down-regulated by the HTLV-1 accessory protein p30II (56). Thus, a balance of
HTLV-1 regulatory and accessory protein expression is probably required to ensure cell-to-
cell transmission of the virus.

HTLV-1 p12I expression in Jurkat T cells induced LFA-1-mediated cell adhesion in a calcium-
dependent manner. p12I mimics TG, which is an LFA-1 clustering agent, by releasing calcium
from ER stores and increasing intracellular calcium concentration without activation of the
TCR signaling pathway (29). We cannot rule out the possibility that p12I may activate LFA-1-
mediated adhesion via chemokine secretion, which can increase affinity and induce clustering.
We have reported that p12I enhanced IL-2 production through NFAT activation (28,30,45).
IL-2 produced by HTLV-1-infected cells may activate LFA-1 on both infected and target cells
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in an autocrine or paracrine manner in the local tissue microenvironment in vivo (30,45). The
data from our study together with the findings of these previous studies suggest that p12I

expression in HTLV-1-infected T lymphocytes lowers the threshold of calcium signaling
events to promote T cell activation and cell-to-cell transmission.

In summary, our data indicate that HTLV-1 p12I expression induced LFA-1-mediated T cell
adhesion to ICAM-1 by activating LFA-1 clustering in a calcium-dependent manner. Our data
demonstrate that p12I enhances HTLV-1 cell-to-cell transmission during the early stages of
infection by activating LFA-1-mediated adhesion and supporting formation of the HTLV-1
virological synapse.
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FIGURE 1.
LFA-1-mediated adhesion is reduced in ACH.p12I cell lines. A, p19 Ag production from ACH.
2, ACH.p12.4, ACH.2p, and ACH.p12.4p cell lines was measured by ELISA. Supernatants
were collected 24 days after infection. Values are the mean ± SEM of triplicate samples and
represent two independent experiments. B, Cells were treated with TG (5 μM), PMA (50 ng/
ml), or Mg2+/EGTA (5 mM/1 mM) and incubated on ICAM-1 Fc-coated, 96-well plates for
30 min at 37°C. The proportion of adhesion was measured as a percentage of the total cells
added per well. Values are the mean ± SEM of triplicate samples and represent four independent
experiments. Significantly reduced adhesion was observed in TG-, PMA-, and Mg2+/EGTA-
treated ACH.p12.4 and ACH.p12.4p cell lines (by Wilcoxon Mann-Whitney test, p < 0.05).
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FIGURE 2.
ACH.p12I cells have decreased binding of sICAM-1 without alteration of LFA-1 expression.
A, Flow cytometry specific for LFA-1 molecules CD11a and CD18 was performed on ACH.
2, ACH.p12.4, ACH.2p, and ACH.p12.4p cell lines (106 cells/sample). B, Soluble ICAM-1Fc
binding assay was performed on ACH.2, ACH.p12.4, ACH.2p, and ACH.p12.4p cell lines.
Cells were treated with TG (5 μM), PMA (50 ng/ml), or Mg2+/EGTA(5 mM/1 mM) and
incubated with sICAM-1Fc for 30 min at 37°C. Bound sICAM-1 was detected with R-PE-
conjugated goat anti-human IgG Fc-specific Ab and analyzed by flow cytometry. Data are
expressed as the mean fluorescence intensity. This figure is representative of two experiments.
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FIGURE 3.
p12I stable expression in Jurkat T cells did not alter LFA-1 affinity. A, Flow cytometric analysis
for both GFP expression and sI-CAM-1 binding was performed in empty control and p12I-
expressing Jurkat T cells. Both samples were >85% GFP positive, indicating high transduction
efficiency. Soluble ICAM-1Fc binding was measured concurrently. Cells were treated with
TG (5 μM), PMA (50 ng/ml), or Mg2+/EGTA (5 mM/1 mM) and incubated with sI-CAM-1
Fc for 30 min at 37°C. Bound sICAM-1 was detected with R-PE-conjugated, goat anti-human
IgG Fc-specific Ab and analyzed by flow cytometry. B, RT-PCR was performed using total
cellular RNA isolated from mock, empty control, and p12I-expressing Jurkat T cells 30 and
60 days after infection with lentiviral vectors.
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FIGURE 4.
Expression of p12I in Jurkat T cells induced LFA-1-mediated cell adhesion. Adhesion to
immobilized ICAM-1 was performed using empty control and p12I-expressing Jurkat T cells.
A, Cells were treated with TG (5 μM), ionomycin (0.5 μM), PMA (50 ng/ml), or Mg2+/EGTA
(5 mM/1 mM) and incubated with ICAM-1 Fc for 30 min at 37°C. Adhesion was measured as
a percentage of the total cells added per well. Values are the mean ± SEM of triplicate samples
and represent three independent experiments. A value of p < 0.05 (by Wilcoxon Mann-Whitney
U test) was considered significant. B–E, Cells were treated with increasing concentrations of
TG (B), ionomycin (C), PMA (D), and Mg2+ (E; with constant 1 mM EGTA) and incubated
for the adhesion assay. The fold increase was calculated by dividing the percentages of adhered
cells in the presence of each treatment with that of untreated cell adhesion. This figure is
representative of two experiments.
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FIGURE 5.
HTLV-1 p12I-mediated LFA-1 activation is inhibited by calcium signal inhibitors. Empty
control and p12I-expressing Jurkat T cells were pretreated with BAPTA-AM (50 μM), SK&F
96365 (100 μM), or calpeptin (100 μg/ml) for 30 min at 37°C, and an adhesion assay was
performed in the presence or the absence of TG (5 μM), PMA (50 ng/ml), or Mg2+/EGTA (5
mM/1 mM) stimulation.
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FIGURE 6.
Expression of p12I in Jurkat T cells modulated surface distribution of LFA-1 on the cell
membrane. Untransduced mock Jurkat T cells (A) or transduced empty control and p12I

expressing Jurkat T cells (B) were stained with R-PE-conjugated LFA-1 mAb and analyzed
by confocal microscopy. Fluorescent signal exceeding 50 U is shown as a bright blue color.
The signal of LFA-1 was quantified on the membrane of 30 cells. Mean fluorescence units
(±SEM) were compared in the bar graphs on the right between TG-untreated and -treated
groups (A) or between empty control and p12I-expressing Jurkat T cells (B). Significantly (by
t test, p < 0.01) increased fluorescence in TG-treated and p12I-expressing Jurkat T cells was
observed. C, Flow cytometric analysis of LFA-1 cell surface expression in GFP-expressing
empty control and in empty control and p12I-expressing Jurkat T cells was performed.
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