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Human T-lymphotropic virus type 1 (HTLV-1) is a complex retrovirus encoding regulatory and accessory
genes in four open reading frames (ORF I to IV) of the pX region. Emerging evidence indicates an important
role for the pX ORF I-encoded accessory protein p12I in viral replication, but its contribution to viral
pathogenesis remains to be defined. p12I is a conserved, membrane-associated protein containing four SH3-
binding motifs (PXXP). Its interaction with the interleukin-2 (IL-2) receptor b- and g-chains implies an
involvement of p12I in intracellular signaling pathways. In addition, we have demonstrated that expression of
pX ORF I p12I is essential for persistent infection in rabbits. In contrast, standard in vitro systems have thus
far failed to demonstrate a contribution of p12I to viral infectivity and ultimately cellular transformation. In
this study we developed multiple in vitro coculture assays to evaluate the role of p12I in viral infectivity in
quiescent peripheral blood mononuclear cells to more accurately reflect the virus-cell interactions as they occur
in vivo. Using these assays, we demonstrate a dramatic reduction in viral infectivity in quiescent T lymphocytes
for a p12 mutant viral clone (ACH.p12) in comparison to the wild-type clone ACH. Moreover, addition of IL-2
and phytohemagglutinin during the infection completely rescued the ability of ACH.p12 to infect primary
lymphocytes. When newly infected primary lymphocytes are used to passage virus, ACH.p12 also exhibited a
reduced ability to productively infect activated lymphocytes. Our data are the first to demonstrate a functional
role for pX ORF I in the infection of primary lymphocytes and suggest a role for p12I in activation of host cells
during early stages of infection.

Human T-lymphotropic virus type 1 (HTLV-1) is the etio-
logic agent of adult T-cell leukemia. The viral infection is also
associated with tropical spastic paraparesis/HTLV-1-associ-
ated myelopathy and a variety of other immune-mediated dis-
orders (42). In addition to the common retroviral genes gag,
pol, and env, HTLV-1 also contains several regulatory and
accessory genes encoded in four open reading frames (ORF) in
the pX region of the viral genome (pX ORF I to IV) (4, 5, 9,
10). Two of these open reading frames, pX ORF III and pX
ORF IV, encode the regulatory proteins Rex and Tax, respec-
tively, which have been extensively characterized. Rex is a
27-kDa nucleolus localizing phosphoprotein that increases the
cytoplasmic accumulation of unspliced and singly spliced RNA
(24). Tax is a 40-kDa nucleus-localizing protein which in-
creases viral transcription from the HTLV-1 long terminal
repeat (LTR), as well as many cellular genes involved in host
cell proliferation (23).

Much less is known regarding the role of accessory proteins
p12I, p27I, p13II and p30II encoded by pX ORF I and II in the
replication and pathogenesis of HTLV-1. The mRNA of these
proteins has been detected in cells derived from adult T-cell

leukemia and tropical spastic paraparesis/HTLV-1-associated
myelopathy patients as well as asymptomatic carriers (4, 5, 30).
Moreover, humoral immune responses have been reported
against p13II and p30II as well as p12I in infected patients (6,
G. A. Dekaban, unpublished data). Furthermore, cytotoxic T
lymphocytes isolated from a variety of infected subjects with
and without disease recognize peptides representing regions in
all four of the accessory proteins, indicating the chronic pro-
duction of these proteins during HTLV-1 infections (37).

The accessory protein p12I, encoded in pX ORF I, is a
99-amino-acid hydrophobic protein which localizes to cellular
endomembranes (29). The protein has two putative transmem-
brane domains and contains four minimal proline-rich SH3
binding motifs (PXXP), which are commonly found in proteins
involved in intracellular signaling pathways (18). PXXP motifs
1 and 3 (amino acids 8 to 11 and 70 to 73) are highly conserved
among viral strains (18). Taken together, these two findings
imply a function for p12I in modulating intracellular signaling
pathways. Moreover, p12I associates with the b- and g-chains
of the interleukin-2 (IL-2) receptor (34) as well as the 16-kDa
subunit of the vacuolar H1-ATPase (19).

Recent studies designed to analyze the role of p12I in viral
replication failed to demonstrate a contribution of p12I to viral
replication and immortalization of primary lymphocytes in
vitro (15, 39). These studies, however, were performed with
target cells activated by the presence of IL-2 and phytohemag-
glutinin (PHA). In contrast, we recently demonstrated that
selective ablation of p12I dramatically decreases the infectivity
of an infectious molecular clone of HTLV-1, ACH, in a rabbit
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model of infection (13). If p12I increased viral infectivity by
activation of quiescent primary cells, conditions involving a
highly activated target cell population would override the re-
quirement for p12I expression. Support for such a hypothesis
comes from biochemical and functional similarities of HTLV-1
p12I with human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) Nef. Nef is also a hydrophobic,
membrane-associated protein that contains an SH3 binding
motif (20). This motif facilitates interactions of Nef with cell
signaling pathways, in particular those involving the Src kinases
Hck, Lck, and Lyn (38). Functionally, Nef is required for op-
timal in vivo viral infectivity in a manner similar to HTLV-1
p12I (26, 27). Importantly, Spina et al. (41) and Miller et al.
(32) demonstrated that Nef is required for induction of HIV
replication in quiescent primary T lymphocytes in vitro (32,
41). This effect was further observed in CD41 cell lines in-
fected with low virus inputs (8).

In this study we used multiple in vitro coculture assays to test
the biological function of p12I in viral infectivity and replica-
tion. These assays are based on the coculture of a variety of
HTLV-1-producing cells with naive, quiescent peripheral
blood mononuclear cells (PBMC) in the absence of exogenous
stimuli to more accurately reflect the virus-cell interactions in
vivo. Using these assays, we demonstrate a dramatic reduction
in the viral infectivity of a p12 mutant molecular clone of
HTLV-1 (ACH.p12) in primary lymphocytes. Furthermore,
upon addition of mitogens to the coculture, we observed res-
toration of the mutant’s ability to infect quiescent target cells.
These data provide the first evidence that HTLV-1 p12I is
required for optimal viral infectivity in quiescent primary cells
and suggest a role for p12I in T-lymphocyte activation.

MATERIALS AND METHODS

Plasmids and cells. The ACH plasmid is an infectious molecular clone of
HTLV-1 (14) and has been described previously (28). ACH.p12 contains a
deletion in the splice acceptor of the third exon of the pX ORF I DNA, resulting
in complete ablation of p12I expression without affecting the expression of any
other viral genes encoded in this region (13). Normal uninfected human PBMC
were obtained by leukophoresis and maintained as previously described (35). All
HTLV-1-transformed or -immortalized cell lines were maintained in RPMI 1640
supplemented with 15% fetal bovine serum (FBS), 1% streptomycin-penicillin,
and 1% glutamine (complete RPMI [cRPMI]). Human IL-2 (hIL-2; Roche
Molecular Biochemicals, Indianapolis, Ind.) was added at 10 U/ml where indi-
cated. HUT-102 (21) and MT-2 (33) are HTLV-1-transformed cell lines. The
immortalized, IL-2-dependent cell lines ACH.1, ACH.2, ACH.p12.2, and
ACH.p12.4 were generated by transfection of PBMC with ACH or ACH.p12, as
described (13). Jurkat is an HTLV-1-negative human T-cell line (American Type
Culture Collection catalog no. TIB-152). The 293T cell line is a human epithelial
cell line, 293, which stably expresses the simian virus 40 T antigen (kind gift of G.
Franchini, National Institutes of Health [NIH]). 293T were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, 1%
streptomycin-penicillin, and 1% glutamine (complete DMEM [cDMEM]).

Flow cytometry and PI staining. Flow cytometric analysis of expression of cell
surface markers CD3, CD4, CD8, CD25, and CD69 was performed as described
(12). All above antibodies were from BD PharMingen (San Diego, Calif.) and
were used according to the manufacturer’s recommendations. Propidium iodide
(PI) (Sigma, St. Louis, Mo.) staining for DNA content of cells to measure
proliferation was performed essentially as described (25). In brief, 107 cells were
fixed in 70% ethanol for 1 h at 220°C. Cells were then pelleted, resuspended in
low-molecular-weight DNA extraction buffer (0.05 M Na2HPO4, 25 mM citric
acid, 0.1% Triton X-100 [pH 7.8]), and stained with PI (20 mg/ml) plus RNase A
(50 mg/ml) in phosphate-buffered saline. Data were collected using a Coulter
Epics Elite flow cytometer and analyzed using Epics Elite software, version 4.1
(Coulter Corp., Miami, Fla.). Samples stained with fluorescein isothiocyanate-
conjugated anti-CD3 or PE-conjugated anti-CD8 antibodies, respectively, were
included for color compensation.

Quantification of proviral copy number. HTLV-1 proviral copy number per
cell was determined using real-time PCR in a Roche Light Cycler (Roche
Molecular Biochemicals). Genomic DNA was obtained by affinity column sep-
aration (QiAmp; Qiagen; Santa Clarita, Calif.). Genomic DNA (50 ng, equiva-
lent to '6,730 cells) was amplified in the presence of 4 mM MgCl2 using
HTLV-1 gag-specific primers SG166 and SG296 (17) at 0.5 mM. For quantifica-
tion purposes, a dilution series of a vector containing the gag target region

(StyID28) was amplified in parallel as previously described (1). Experiments were
done in duplicate. Proviral copy number per cell was derived by dividing the total
number of copies per reaction with the cell equivalent of 50 ng of DNA (6,730
cells). The sensitivity of the assay was estimated to be 0.005 proviral copies/cell.

Evaluation of HTLV-1 expression. Viral p19 antigen production of the ACH.1,
ACH.2, ACH.p12.2, and ACH.p12.4 cell lines was measured in cell culture
supernatants by enzyme-linked immunosorbent assay (ELISA) in quadruplicate
samples (Zeptomatrix, Buffalo, N.Y.) according to the manufacturer’s protocol.
Western blot analysis was used to evaluate the expression of cell-associated viral
proteins as described (11). Briefly, 5 3 106 cells immortalized with either ACH
or ACH.p12 were lysed, and 20 mg of total protein was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. After transfer to nitrocellu-
lose, viral proteins were detected by an anti-HTLV-1 human antiserum (Scripps
Laboratories, San Diego, Calif.). Blots were then stripped and reprobed with
monoclonal antibodies against the surface envelope protein gp46 (IC-11) (36)
and the matrix protein p19 (Zeptomatrix), respectively, and a polyclonal anti-
body against the viral transactivator Tax (no. 6505, NIH AIDS Research and
Reference Reagent Program). Bands were visualized with appropriate secondary
antibodies conjugated to horseradish peroxidase using chemiluminescence.

Electron microscopy. Viral particle morphology was analyzed by electron
microscopy. 293T cells transfected with ACH and ACH.p12 or HTLV-1-trans-
formed cell lines were fixed in 3% glutaraldehyde, treated with 1.33% osmium
tetroxide, and dehydrated. Embedded samples (Sponate 12 Resin; Ted Pella
Inc., Redding, Calif.) were sectioned with an LKB ultratome and stained with
uranyl acetate and lead citrate. Viral particles were examined from stained
sections using a Phillips 300 electron microscope.

In vitro infection of primary cells. Infection of PBMC was performed by
coculture with HTLV-1-producing cell lines. Target PBMC were either taken
directly from cryopreservation (quiescent) or prestimulated for 4 days with hIL-2
(10 U/ml) and PHA (2 mg/ml) (activated) in cRPMI.

For infection of PBMC by transfected human 293T kidney epithelial cells,
293T were transiently transfected with ACH and ACH.p12 as previously de-
scribed (39) to generate 293T-ACH and 293T-ACH.p12 effector cell popula-
tions, respectively. Viral antigen production was monitored in cell culture su-
pernatants every 24 h posttransfection, followed by complete medium changes.
At 48 h posttransfection, 106 293T cells were seeded per well in a six-well plate.
To provide optimal conditions for the coculture with target PBMC, medium was
changed from cDMEM to cRPMI at 72 h posttransfection. After another 24 h,
viral p19 antigen production in the ACH- and ACH.p12-transfected 293T cells
was tested and consistently found to be equal. Then 293T cells were lethally
g-irradiated (10,000 rads), provided with fresh cRPMI, and overlaid with 106

naive quiescent or activated PBMC. Wells containing irradiated 293T-ACH and
293T-ACH.p12 cells alone were treated identically to control for residual p19
production by irradiated effector cells. After 7 days of coculture, PBMC were
separated from 293T cells by gentle resuspension and subsequent aspiration,
washed, and reseeded in fresh cRPMI supplemented with hIL-2 (10 U/ml).
Postcoculture supernatants were taken at 1, 3, 7, 14, 21, and 28 days postwash
and analyzed for the presence of viral antigen by p19 ELISA in comparison to a
standard curve and a negative control well containing medium alone.

Viral p19 detected in wells containing either irradiated 293T-ACH or 293T-
ACH.p12 alone was subtracted as background antigen production. Data points
of the mean of triplicate samples 6 standard error of the mean (SEM) repre-
senting two independent experiments were analyzed for statistical significance
using Student’s t test.

For coculture of PBMC with ACH and ACH.p12 cell lines, the effector cells
were equilibrated for viral p19 antigen production as determined by ELISA,
lethally irradiated (10,000 rads), washed, and added to naive quiescent or acti-
vated PBMC at a 1:10 ratio. Wells containing irradiated effector cells alone were
cultured in parallel as above to control for background p19 production. Cocul-
ture was performed in 24-well plates for 96 h in cRPMI without IL-2 or PHA
unless otherwise indicated. After coculture, cells were washed and reseeded into
fresh cRPMI supplemented with hIL-2 (10 U/ml). Supernatants were tested for
viral p19 antigen as above. Results were summarized for pools of triplicate
samples representing four independent experiments.

Infectivity assays using newly infected PBMC as effector cells were carried out
as follows. Naive PBMC (106) stimulated with hIL-2 and PHA were cocultured
with lethally irradiated ACH and ACH.p12 cell lines in the presence of hIL-2 and
PHA for 7 days to produce newly infected PBMC effector cells (passage 2 [P2]
cells). At the end of coculture, these effector cells were washed, reseeded in
cRPMI containing hIL-2 (10 U/ml), and cultured alone for an additional 7 days.
Then, effector cells were equilibrated for p19 production, lethally irradiated
(10,000 rads), and added to naive quiescent or activated PBMC at a 1:10 ratio.
Coculture of P2-ACH and P2-ACH.p12 with either quiescent or activated PBMC
or without target cells as a background control was performed for 7 days. At the
end of coculture, PBMC were washed and reseeded in cRPMI supplemented
with hIL-2 (10 U/ml). Supernatants were tested for HTLV-1 p19 as described
above. Data points of the mean of triplicate samples 6 SEM representing two
independent experiments were analyzed for statistical significance using Stu-
dent’s t test.
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RESULTS

Characterization of PBMC target cells. To evaluate the ac-
tivation status of the PBMC used as target cells in all in vitro
infectivity assays, we performed flow cytometric analysis of
T-cell activation markers (CD 25/IL-2 receptor a and CD69)
on quiescent or activated PBMC. As expected, stimulation of
PBMC with IL-2 and PHA caused an increase in the expres-
sion of activation markers CD25 and CD69 (Fig. 1A) within
the examined CD31 T-cell population. To confirm that up-
regulation of CD69 and CD25 correlated with increased pro-
liferation, the DNA content of quiescent and activated PBMC
populations was determined by PI staining. As predicted, IL-
2-PHA treatment of PBMC caused an increase in cellular
proliferation in a time-dependent fashion from 3 to 6 days
compared to an actively dividing T-cell line (Jurkat) (Fig. 1B).
No significant modification of apoptotic cell (sub-G1) peak was
observed (data not shown).

Transmission of HTLV-1 from transfected 293T cells. Pre-
vious studies have demonstrated successful virus production by
293T kidney epithelial cells transiently transfected with the
HTLV-1 infectious clone ACH (39). To examine whether se-
lective ablation of pX ORF I expression would directly influ-
ence the infectivity of ACH in primary cells, we used trans-
fected, lethally irradiated 293T cells to infect either activated
or quiescent PBMC. 293T cells transfected with ACH (293T-
ACH) or ACH.p12 (293T-ACH.p12) produced high and com-
parable levels of viral p19 antigen as early as 48 h posttrans-
fection (Fig. 2A) and released viral particles similar in shape to
those of the HTLV-1-transformed cell line HUT-102 (Fig. 2B).
Viral particles in all stages of maturation were detected in
transfected 293T cells (Fig. 2C). As expected, these were lower
in number than in HUT-102 cells, which we have previously
reported to contain high proviral copy numbers (1). To further
evaluate whether cell-to-cell contact between 293T and quies-
cent PBMC would activate the PBMC population, quiescent
PBMC were cocultured with nontransfected 293T cells in
cRPMI for 7 days and then subjected to flow cytometric anal-
ysis for the expression of cellular activation markers CD25 and
CD69. Cell-to-cell contact between 293T cells and quiescent
PBMC did not activate the PBMC, as no significant increase in
expression of CD25 or CD69 surface markers could be de-
tected (data not shown).

To test the cell-to-cell transmission of wild-type and p12I-
deleted HTLV-1, we cocultured lethally irradiated 293T cells
transfected with ACH (293T-ACH) or ACH.p12 (293T-
ACH.p12) with either quiescent or activated PBMC. Virus
produced by ACH.p12-transfected 293T cells had a signifi-
cantly reduced infectivity in quiescent primary cells (Student’s
t test), while no significant differences were observed in acti-
vated PBMC (Fig. 3). To determine whether these results are
due to an ability of the 293T-ACH cells but not the 293T-
ACH.p12 cells to activate the PBMC target population, we
performed flow cytometric analysis of CD25 and CD69 expres-
sion on PBMC target cells 4 weeks after coculture. We did not
observe a difference in CD25 and CD69 expression on either
initially quiescent or activated PBMC cocultured with 293T-
ACH or 293T-ACH.p12 (data not shown).

Viral antigen production in ACH and ACH.p12 cell lines.
Next, we evaluated the effects of selective ablation of HTLV-1
p12I on the lymphocyte-to-lymphocyte transmission of the vi-
rus. CD41 or CD81 PBMC cell lines immortalized with either
ACH or ACH.p12 (12) were used to infect activated or quies-
cent PBMC. The mutation fidelity and lack of p12I expression
in the ACH.p12 cell lines was confirmed by PCR-based meth-
ods as described (12) (data not shown). To further characterize

the ACH- and ACH.p12-immortalized cell lines, we measured
the p19 antigen production of four of these lines and deter-
mined their proviral load per cell (Fig. 4A). As expected,
individual differences between the four cell lines were observed
in regard to viral p19 antigen production and proviral copy
number per cell. However, these differences were not depen-
dent upon the expression status of p12I. The variations in viral
antigen production by the two ACH and the two ACH.p12 cell
lines correlated with the number of proviral copies per cell, as
determined by gag-specific quantitative real-time PCR. To test
the expression of various other cell-associated viral proteins in
the ACH and ACH.p12 cell lines, we performed Western blot

FIG. 1. Characterization of PBMC used as target cells in infectivity assays.
(A) Flow cytometry specific for activation markers CD25 and CD69 was per-
formed on 106 quiescent (directly out of cryopreservation) or activated (4 days in
culture with hIL-2 [10 U/ml] and PHA [2 mg/ml]) PBMC. Activated PBMC show
a marked increase in surface marker expression. (B) PI staining for DNA content
in quiescent (hatched) and activated (solid) for 3, 4, or 6 days as indicated
PBMC. Percentage of dividing cells reflects cells in S and G2/M phases of the cell
cycle. “Resting media 3d” (hatched) indicates a 3-day culture of PBMC in RPMI
supplemented with 15% FBS, which represents the medium conditions used for
coculture experiments. Jurkat (open bar) is a transformed human T-cell line.
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analysis. The major cell-associated viral proteins p19Gag,
p24Gag, p40Tax, and the p53Gag precursor detected by a poly-
clonal HTLV-1 antiserum in the four cell lines were similar
except for decreased levels of the p53Gag precursor in
ACH.p12.4 (Fig. 4B). Further analysis with specific polyclonal
antibodies against Tax and monoclonal antibodies against
gp46Env and p19Gag also demonstrated similar expression lev-
els of these proteins among the four cell lines.

To ascertain whether the ACH and ACH.p12 cell lines
would be affected equally by lethal g-irradiation (10,000 rads),
we measured the decay of their p19 antigen production over 28
days postirradiation. Decay of virus production correlated with
decay of overall cell number (data not shown) and was not
significantly different between the ACH and ACH.p12 lines, as
confirmed by regression analysis and the x2 test (Fig. 4C).

Transmission of HTLV-1 from immortalized PBMC cell
lines. We next examined whether the ACH- and ACH.p12-
immortalized PBMC lines had the same ability to transmit
HTLV-1 to quiescent and activated PBMC by coculture in the
absence of IL-2 and PHA. While ACH- and ACH.p12-immor-
talized PBMC lines were equally efficient in transmitting virus
to activated PBMC, an approximately 10-fold-reduced infec-
tivity was detected for ACH.p12-expressing cell lines cocul-
tured with quiescent PBMC regardless of the combination of
ACH and ACH.p12 cell lines used (Fig. 5).

In a second set of experiments, we asked whether addition of
exogenous stimuli to the coculture medium could rescue the
ability of the ACH.p12 “knockout” lines to infect quiescent
PBMC. For this purpose, ACH and ACH.p12 lines were cocul-
tured with initially quiescent PBMC in either the absence or
presence of IL-2 and PHA. As expected, the addition of both
IL-2 and PHA to the coculture medium completely restored
the ability of ACH.p12 to infect primary cells (Fig. 6).

FIG. 2. Viral antigen and particle production by transfected 293T cells. (A)
Viral p19 antigen production in 293T cells transiently transfected in duplicate
with ACH or ACH.p12. Culture supernatant samples were taken every 24 h,
followed by complete medium changes. 293T cells produced high amounts of
viral p19 antigen, with peak production at 3 days posttransfection. Levels be-
tween ACH- and ACH.p12-transfected cells are equal. (B) Electron microscopy
showing HTLV-1 particle release from transfected 293T cells in comparison to
the HTLV-1-transformed cell line HUT-102. Magnification, 353,000. Bar, 200
nm. (C) Viral particles at different stages during the maturation process in
transfected 293T cells. Particles are shown in the transition from early and late
budding to release and are representative samples from 293T-ACH as well as
293T-ACH.p12 cells. Micrographs were taken at a magnification of 353,000 and
further magnified electronically. Bar, 90 nm.

FIG. 3. Decreased viral infectivity of ACH.p12 produced in transfected 293T
cells. Values represent de novo viral p19 antigen detected in cell culture super-
natants of PBMC infected by coculture with 293T-ACH or 293-ACH.p12 cells.
Data points are the means of triplicate samples 6 SEM and represent two
independent experiments. ACH.p12 produced in 293T cells has a significantly
lower infectivity in quiescent PBMC than the wild type, while no significant
difference can be observed in activated PBMC. Statistical analysis was performed
using Student’s t test (P , 0.01).
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Reduced infectivity of ACH.p12 in quiescent and activated
PBMC during serial viral passage. To establish an environ-
ment for the cell-to-cell transmission of HTLV-1 that resem-
bles most closely the cellular events during the natural infection,
we infected PBMC by coculture with ACH- and ACH.p12-
immortalized cell lines. These newly infected PBMC (P2 cells)
were then used as effector cells in an infectivity assay as de-
scribed above. To confirm that these PBMC produced compa-
rable amounts of virus, we analyzed their p19 production by
ELISA. P2-ACH and P2-ACH.p12 cells produced equal
amounts of viral p19 antigen per cell (approximately 15 3 1025

pg/ml per cell; data not shown). To determine whether the
newly infected PBMC had similar phenotypes, flow cytometry
was performed on cell surface markers CD3, CD4, CD8,
CD25, and CD69. As expected for PBMC, both cell groups
were mixed populations of T cells and expressed similar levels
of the activation marker CD69. However, the P2-ACH effector
population had an up to twofold increase in the expression of
the IL-2Ra chain (CD25). This overall increase was caused by
the presence of an approximately 4- to 10-fold-greater number
of CD31 CD25high lymphocytes compared to the P2-ACH.p12
cells (data not shown).

We then tested the ability of PBMC newly infected with
ACH and ACH.p12 (P2 cells) to transmit virus to activated or
quiescent PBMC. Two weeks after infecting PBMC with ACH

FIG. 4. Characterization of PBMC immortalized with ACH and ACH.p12.
(A) Comparison of viral p19 antigen production and proviral copy number in two
ACH- and ACH.p12-immortalized PBMC cell lines. p19 values are represented
as averages of quadruplicate samples 6 SEM; proviral copy number is shown as
an average of two independent experiments. (B) Immunoblot of cellular lysates
from ACH- and ACH.p12-immortalized cell lines using a human anti-HTLV-1
antiserum. The membrane was subsequently stripped and reprobed with a poly-
clonal antibody against Tax and monoclonal antibodies against gp46 and p19. (C)
Decay of viral p19 antigen production in ACH and ACH.p12 cell lines after lethal
g-irradiation. Cell culture supernatants were taken 24 h after complete medium
changes. Values plotted on a logarithmic scale for regression analysis are the mean
of triplicate samples 6 SEM and represent two independent experiments. The
slopes of the four curves do not differ statistically (P . 0.05) by x2 test, indicating
a similar decay of p19 production in these cell lines after irradiation.

FIG. 5. Decreased viral infectivity for ACH.p12 in quiescent primary lym-
phocytes. Quiescent and activated PBMC were cocultured with ACH or
ACH.p12 cell lines for 96 h in 15% cRPMI in the absence of exogenous stimuli,
such as hIL-2 or PHA, and washed and reseeded in fresh cRPMI containing
hIL-2 (10 U/ml). Supernatants were assayed for viral p19 antigen production by
ELISA for 28 days postwash. Data points are the averages for a pool of triplicate
samples and represent four independent experiments. While ACH and ACH.p12
equally infect activated PBMC, ACH.p12 has an approximately 10-fold-reduced
infectivity in quiescent PBMC.
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and ACH.p12 to create P2-ACH and P2-ACH.p12, these P2
cells were used to pass on virus to quiescent or activated
PBMC. Interestingly, ACH.p12 had a significantly reduced
infectivity in quiescent as well as activated PBMC, as deter-
mined by Student’s t test (Fig. 7). Last, we investigated,
whether p12I induced changes in the phenotype of the acti-
vated or quiescent target cells which could help explain the
increased infectivity of the wild-type virus ACH. Infected
PBMC were analyzed by flow cytometry 4 weeks after cocul-
ture for the expression of CD4, CD8, and the lymphocyte
activation markers CD25 and CD69. No significant alteration
of the T-cell phenotype in the ACH-infected PBMC was ob-
served in comparison to the ACH.p12-infected PBMC for both
activated and quiescent target cells (data not shown).

DISCUSSION

In this study we have investigated whether selective ablation
of HTLV-1 p12I reduces viral infectivity in primary lympho-
cytes. Using three independent approaches to evaluate the
infectivity of a wild-type infectious clone of HTLV-1 (ACH)
and an ACH mutant with selective ablation of pX ORF I p12I

(ACH.p12), we demonstrate a dramatically reduced infectivity
for ACH.p12 in quiescent PBMC. If ACH.p12 is transmitted

from newly infected cells, a reduction in viral infectivity can
also be observed in activated target PBMC. Our data are the
first to describe a phenotype in cell culture for a mutant of
HTLV-1 lacking expression of pX ORF I p12I. Furthermore,
our results suggest an involvement of HTLV-1 p12I in activa-
tion of host cells during early stages of infection. These find-
ings are consistent with our previous studies that demonstrated
a requirement for HTLV-1 p12I in viral infectivity in a rabbit
model of infection (13).

We first infected PBMC by coculture with 293T cells trans-
fected with ACH and ACH.p12 in order to test whether the
mutation in p12I would directly affect the ability of the proviral
clone to produce infectious virus. While particles produced in
both 293T-ACH and 293T-ACH.p12 were equally infectious in
activated PBMC, we observed a significantly reduced ability of
293T-ACH.p12 cells to infect quiescent PBMC. These differ-
ences are most likely directly linked to viral infectivity rather
than to cell-mediated effects, since coculture of uninfected
293T cells with quiescent PBMC neither changed the PBMC’s
overall CD3 CD4 CD8 phenotype nor caused an increase in
the expression of the lymphocyte activation markers CD25 and
CD69. Flow cytometric analysis at 28 days after coculture of
PBMC infected by 293T-ACH and 293T-ACH.p12 revealed no
difference in activation as measured by CD25 and CD69 ex-
pression. This was regardless of the initial activation status of
the PBMC before coculture.

To determine whether these differences in viral infectivity
were reproducible in a biologically more relevant system, we
used PBMC cell lines immortalized with ACH and ACH.p12
as effector cells. These cells provide a useful system to examine
the lymphocyte-to-lymphocyte transmission of HTLV-1 be-
cause they have been extensively characterized and phenotyp-
ically resemble the natural effector cell (12). Further analysis
of the ACH and ACH.p12 lines revealed that they produced
similar levels of viral p19 antigen, which roughly correlated
with the number of integrated proviruses. Importantly, be-
sides reduced expression levels of the p53Gag precursor in
ACH.p12.4, both ACH and ACH.p12 cells produced similar
amounts of all other cell-associated viral proteins, especially
the transactivator protein Tax. In addition, previous studies by
Robek et al. (39) showed equal Tax activity in ACH and
ACH.p12 cell lines using an LTR-luciferase reporter plasmid.
These studies also demonstrated no effect of the mutation in
pX ORF I p12I on the expression and function of Rex (39). In
addition to similar viral parameters, all ACH and ACH.p12
cell lines exhibited a similar sensitivity to g-irradiation. Thus,
we concluded that any differences in the ability of these cell
lines to transmit virus to naive PBMC would be related to the
expression of pX ORF I. When using these cells to infect
PBMC by coculture, we observed a dramatic reduction in the
ability of the ACH.p12 lines to infect quiescent PBMC. Con-
sistent with our findings using transfected 293T cells, no re-
duction in infectivity was demonstrated in activated PBMC.
Moreover, rescue experiments showing that addition of mito-
gens to the coculture restored the ability of ACH.p12 to infect
quiescent PBMC suggest that HTLV-1 p12I is involved in ac-
tivation of host cells during early stages of infection.

Since we could not completely rule out that differences in
viral infectivity are caused by effects due to long-term culture
of ACH and ACH.p12 cells, we performed a third set of ex-
periments to compare ACH and ACH.p12. Using PBMC
newly infected with ACH and ACH.p12 (P2-ACH and P2-
ACH.p12) to passage virus to naive PBMC, we observed sig-
nificant decreases in viral infectivity in quiescent as well as
activated PBMC for HTLV-1 lacking pX ORF I expression
(P2-ACH.p12). One hypothesis consistent with our results is

FIG. 6. Rescue of ACH.p12 infectivity by the addition of exogenous mito-
gens. Quiescent PBMC were infected by coculture with ACH and ACH.p12 cell
lines in the presence or absence of hIL-2 (10 U/ml) and PHA (2 mg/ml) for 3
days, washed, and reseeded into fresh cRPMI containing hIL-2 (10 U/ml). De
novo p19 production by newly infected PBMC was monitored for 28 days post-
wash by ELISA; all other conditions were as described. While ACH.p12 has a
decreased infectivity in the absence of IL-2 and PHA, it infects quiescent PBMC
as efficiently as ACH in the presence of these stimuli. Data points shown are the
averages for a pool of triplicate samples and represent four independent exper-
iments.
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that the naive PBMC in the second passage are exposed to
lower levels of infectious virus than in a coculture with ACH-
and ACH.p12-immortalized cell lines. This is supported by
reduced p19 output of the P2 effector cells and by previous
studies that showed decreased infectivity for a nef mutant of
HIV in CD41 cell lines infected with low virus inputs (8). In
addition, we believe that not only the number of viral particles
shed by the effector cells but also the quality of the cellular
transmission of these particles by optimal effector-target cell
contact influence the overall infectivity of this highly cell-asso-
ciated virus. In support of this hypothesis, we observed an
increase in the number of CD31 CD25high lymphocytes in the
P2-ACH cells compared to the P2-ACH.p12 cells.

Ours is the first study to show the requirement for HTLV-1
p12I expression for efficient viral infectivity in primary lympho-
cytes. In contrast to previous studies that did not find an in-
volvement of p12I in viral infectivity in vitro (13, 15, 39), we
have used quiescent primary cells as target cells and have
examined viral infectivity during early stages of infection. The
effect mediated by HTLV-1 p12I is not unprecedented, as a
variety of viral proteins are required only for efficient viral
replication or pathogenesis in vivo, most prominently the Nef
protein of HIV and SIV. Nef has marked biochemical and
functional similarities with HTLV-1 p12I. Like p12I, Nef is

hydrophobic (20) and highly conserved (3, 7, 43) and contains
an SH3 binding motif that facilitates the functional interaction
of Nef with many cellular signaling proteins (38) and that is
required for Nef-mediated increases in viral infectivity and
activation of infected host cells (7, 40). More importantly, Nef
is critical for efficient viral infectivity in vivo (16, 27). More-
over, two reports showed that selective ablation of HIV nef
dramatically decreases viral infectivity in quiescent CD41 lym-
phocytes in vitro, while no difference from the wild type was
observed in fully activated target cells (32, 41). Findings of
these studies were later supported by numerous other reports
using a variety of cellular systems (2, 22, 31), providing further
parallels to this study.

In summary, this report demonstrates a positive contribution
of p12I to the HTLV-1 life cycle in primary cells that is con-
sistent with our findings in the animal model of HTLV-1 in-
fection (13). We propose that HTLV-1 p12I is involved in the
activation of host cells during early stages of infection. This
would provide maximal virus production, resulting in an in-
creased rate of infection of other naive target cells. The exact
intracellular pathways that p12I might interact with remain to
be elucidated. Due to the conserved nature of the four SH3
binding motifs (PXXP) in p12I, it is likely that it interacts
specifically with certain cellular SH3 domain-containing pro-
teins that are involved in stimulatory signaling pathways. Bio-
chemical delineation of the specific interactions of p12I with
cellular signaling pathways will further strengthen the knowl-
edge about the molecular mechanisms of HTLV-1-induced
pathogenesis and the feasibility of a p12I mutant virus as an
attenuated live vaccine.
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