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Human T-cell leukemia virus type 1 (HTLV-1) causes adult T-cell leukemia (ATL). Although the viral
transactivation factor, Tax, has been known to have apparent transforming ability, the exact function of Tax
in ATL development is still not clear. To understand the role of Tax in ATL development, we introduced
short-interfering RNAs (siRNAs) against Tax in a rat HTLV-1-infected T-cell line. Our results demonstrated
that expression of siRNA targeting Tax successfully downregulated Tax expression. Repression of Tax expres-
sion was associated with resistance of the HTLV-1-infected T cells to Tax-specific cytotoxic-T-lymphocyte
killing. This may be due to the direct effect of decreased Tax expression, because the Tax siRNA did not alter
the expression of MHC-I, CD80, or CD86. Furthermore, T cells with Tax downregulation appeared to lose the
ability to develop tumors in T-cell-deficient nude rats, in which the parental HTLV-1-infected cells induce
ATL-like lymphoproliferative disease. These results indicated the importance of Tax both for activating host
immune response against the virus and for maintaining the growth ability of infected cells in vivo. Our results
provide insights into the mechanisms how the host immune system can survey and inhibit the growth of

HTLV-1-infected cells during the long latent period before the onset of ATL.

Human T-cell leukemia virus type 1 (HTLV-1) is the etio-
logical agent of adult T-cell leukemia (ATL) (17, 40) and a
chronic progressive neurological disorder termed HTLV-1-as-
sociated myelopathy/tropical spastic paraparesis (HAM/TSP)
(12, 38). Since examination of the viral nucleotide sequences
among different disease groups has not revealed any specific
determinants that distinguish a particular HTLV-1-associated
disease, it has been speculated that a primary determinant of
HTLV-1-associated disease is host related (3, 26, 53).

ATL is an aggressive malignancy of CD4™ T cells, affecting
a subgroup of middle-aged HTLV-1 carriers characterized by
the presence of mature T-cell phenotype (51). The HTLV-1
has been shown to activate and immortalize human T cells in
vitro, resulting in polyclonal proliferation of infected cells and
subsequent oligoclonal or monoclonal growth (11, 52). The
HTLV-1 genome contains a unique 3’ region, designated pX,
that encodes the viral transactivator protein, Tax (42). Tax
transactivates not only the viral long terminal repeat (7, 43, 47)
but also the promoters of cellular genes such as interleukin-2
(IL-2) (45), IL-2 receptor (18), myc (5), and fos (8). Thus, it is
speculated that Tax plays a central role in HTLV-1-associated
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immortalization and transformation of T cells, which may lead
to the development of ATL.

Despite the apparent transforming ability of Tax in HTLV-1
infection under experimental conditions, most HTLV-1 carri-
ers are asymptomatic. One explanation for this is that HTLV-1
is controlled by host immunity in most carriers, as is the case in
many other viruses. In addition, Tax is known as a major target
protein recognized by cytotoxic T lymphocytes (CTL) of
HTLV-1 carriers (19, 21). It has been reported that the levels
of HTLV-1-specific CTL are quite diverse among HTLV-1
carriers and that ATL patients have impaired levels of
HTLV-1 specific CTL in contrast to the high levels of CTL
response in HTLV-1 carriers with HAM/TSP (23, 24, 39).
Since HTLV-1 Tax-specific CTL can recognize and lyse ATL
cells in vitro (22), it is reasonable to assume that the low CTL
activity in ATL patients is disadvantageous since it may allow
uncontrolled proliferation and evolution of HTLV-1-infected
cells in vivo.

On the other hand, it is also known that Tax expression is
rarely detected in fresh peripheral blood mononuclear cells
from HTLV-1-infected individuals (22) and that the expression
level of Tax mRNA in ATL is lower than that in HAM/TSP or
asymptomatic carriers (25). This observation raised the possi-
bility that HTLV-1-infected cells that do not require Tax ex-
pression are selected in the course of ATL development and
that the appearance of these cells may lead to the reduction of
HTLV-1-specific CTL activities. Thus, to understand the



3828 NOMURA ET AL.

pathogenesis of ATL, it is important to study the interplay
between host immune responses and HTLV-1-infected T cells
in vivo. For this purpose, establishment of a suitable animal
model is required. We have previously established a rat model
of ATL-like disease, which allows examination of the growth
and spread of HTLV-1-infected cells, as well as assessment of
the effects of immune T cells on the development of the dis-
ease (16, 35). By using this model system, we recently reported
the therapeutic effect of Tax-coding DNA or peptide against
the disease (15, 36). Since the HTLV-1-infected cells used in
this model predominantly express Tax protein, this system is
thought to be useful for further analyzing the role of Tax in the
course of ATL development.

RNA interference is a mechanism of posttranscriptional
gene silencing and has become a powerful and widely used tool
for the analysis of gene function in plants, invertebrates (44)
and, more recently, in mammalian cells (6). Recent reports
demonstrated that genes encoding short hairpin RNAs could
be engineered into plasmid vectors for stable expression in
target cells (2, 54). In this study, we introduced small interfer-
ing RNAs (siRNAs) targeted against Tax in an HTLV-1-in-
fected rat T-cell line and examined the role of Tax in our rat
model system. Our results demonstrated that repression of Tax
expression in the rat cells by the siRNAs resulted in impaired
ability to activate Tax-specific proliferative response and CTL
activity. Furthermore, T cells with Tax downregulation ap-
peared to lose the ability to develop tumors in T-cell-deficient
nude rats, in which the parental HTLV-1-infected cells can
induce ATL-like lymphoproliferative disease. These results in-
dicated the significant roles of Tax both for activating host
immune response to the virus and for maintaining the growth
ability of infected cells in vivo.

MATERIALS AND METHODS

Animals. Female F344/N Jcl-rnu/rnu (nu/nu) rats and F344/N Jcl-rnu/+
(nu/+) rats were purchased from Clea Japan, Inc. (Tokyo, Japan). All rats were
maintained at the experimental animal facilities of Tokyo Medical and Dental
University. The experimental protocol was approved by the Animal Ethics Re-
view Committee of our university.

Cell lines. Mouse lymphoma cell lines, EL4, EL4/Gax, and EL4/enhanced
green fluorescent protein (EGFP), were previously described (10). An HTLV-
1-immortalized cell line, FPM1, was established in our laboratory by cocultivat-
ing thymocytes of a nu/+ rat with the HTLV-1-producing human cell line, MT-2,
which was treated with mitomycin C (50 pg/ml) for 30 min at 37°C (28).
FPM1.BP was a subclone of FPM1 and was obtained by treating IL-2-dependent
FPM1 cells with 100 wg of chemical carcinogen benzo(a)pyrene diol epoxide
(BPDE)/ml (H. Tateno et al., unpublished data). The cells were maintained in
RPMI 1640 with 10% heat-inactivated fetal calf serum (FCS; Whittaker, Walk-
ersville, Md.), penicillin, and streptomycin. A CD8* Tax-specific CTL line,
401/C8, and an IL-2-dependent HTLV-1-negative cell line, G14, were also
established in our laboratory from nu/+ rats and were maintained in RPMI 1640
medium with 10% FCS and 10 to 20 U of IL-2 (Shionogi, Osaka, Japan)/ml as
described previously (36, 37).

Expression plasmids. The mouse U6 promoter was isolated by PCR from
mouse genomic DNA as described previously with minor modifications (54).
Briefly, for PCR amplification, we used a primer pair of 5'-CCCGAATTCATC
CGACGCCGCCATCTCTA-3" and 5'-GCTCGAGGAAGACCACAAACAAG
GCTTTTCTCCAA-3', which has EcoRI and Xhol sites at each 5" end, respec-
tively. The PCR products were digested, cloned into EcoRI-Xhol sites of the
vector pBluescript SK(+), and designated pBS/mU6. The accuracy of the U6
promoter sequence was confirmed by ABI Prism 310 Genetic Analyzer (Applied
Biosystems, Foster City, Calif.). Hairpin siRNA sequences targeted against
EGFP or Tax were synthesized as two cDNA oligonucleotides (for sequences,
see Fig. 1A), annealed, and ligated between the EcoRI and Xhol sites of the
vector pEGFP-1 (Clontech, Palo Alto, Calif.), together with pBS/mU6-derived
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U6 promoter digested with Bbsl and EcoRI. The obtained siGFP- or siTax-
expressing vectors contain neomycin-resistant genes for in vitro selection and
were designated pEGFP-1/mU6/siGFP or pEGFP-1/mU6/siTax, respectively.

Transfection. Cells were electrically transfected with pEGFP-1/mU6/siGFP or
pEGFP-1/mU6/siTax by using GenePulser II systems (Bio-Rad, Hercules,
Calif.), and stable transfectants were selected with 400 g of Geneticin (Sigma,
St. Louis, Mo.)/ml. After 4 weeks of Geneticin selection, surviving cells were
cloned by limiting dilution method and examined for EGFP or Tax expression by
flow cytometry by using a FACScalibur (Becton Dickinson, San Jose, Calif.).

Detection of intracellular Tax protein. For intracellular analysis, 10° cells were
fixed with 1% paraformaldehyde in phosphate-buffered saline (PBS) containing
20 pg of Lysolecitin (Sigma) for 2 min at room temperature, centrifuged, and
resuspended in cold methanol. The cells were then stored at 4°C for 15 min,
centrifuged, and incubated in 0.1% Triton X-100 in PBS at 4°C for 5 min. After
centrifugation, the cells were stained with mouse anti-Tax monoclonal antibody
Lt-4 (30) for 30 min at room temperature, washed 1 time with staining buffer (1%
FCS, 0.1% NaNj; in PBS), and then stained with fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse immunoglobulin G plus M antibody
(IgG+IgM monoclonal antibody; Immunotech, Marseille, France) for 30 min at
room temperature. Finally, the cells were washed twice and fixed with 1%
formalin in PBS prior to analysis on a FACScalibur (Becton Dickinson).

Protein analysis. Cells were resuspended in ice-cold extraction buffer (20
mmol of HEPES [pH 7.9], 10 mmol of KCl, 1 mmol of MgCl,, 150 mmol of NaCl,
1% Triton X-100, 0.5 mmol of dithiothreitol, and 0.5 mmol of phenylmethylsul-
fonyl fluoride/liter; 1 g of aprotinin/ml; 1 pg of leupeptin/ml) and gently rocked
for 30 min. After centrifugation at 14,000 X g for 20 min at 4°C, the supernatant
was collected as a whole-cell extract. The protein concentration of each sample
was determined by using a protein assay kit (Bio-Rad). A total of 140 pg of
whole-cell extracts was separated by sodium dodecyl sulfate-12.5% polyacryl-
amide gel electrophoresis and transferred to a nitrocellulose filter. After incu-
bation with blocking buffer (2% bovine serum albumin in 10 mmol of Tris-HCl
[pH 7.5] and 100 mmol of NaCl/liter), the filter was incubated with 1:500-diluted
anti-Tax monoclonal antibody, Lt-4, and then with an anti-mouse immunoglob-
ulin antibody conjugated to horseradish peroxidase (Amersham, Arlington
Heights, IlI.). Antibodies bound to the filter were detected by the enhanced
chemiluminescence method (Amersham).

Detection of HTLV-1 P19. FPM1B-siGFP1, FPM1B-siGFP2, FPM1B-siTax27,
or FPM1B-siTax32 cells (10%well) were cultured in each well of 96-well flat-
bottom microtiter plates for 4 days. The amount of HTLV-1 p19 protein in the
culture supernatant was quantified by using HTLV-1/IT p19 antigen enzyme-
linked immunosorbent assay (ELISA; ZeptoMetrix Co., Buffalo, N.Y.) in accor-
dance with the manufacturer’s instructions.

Analysis of cell surface markers. Expression of cell surface markers was
examined by flow cytometry. Briefly, 10° cells were stained with various mouse
monoclonal antibodies for 30 min on ice, washed three times with 1% FCS in
PBS, and then stained with FITC-conjugated goat anti-mouse IgG+IgM. After
being washed, the cells were fixed with 1% formalin in PBS prior to analysis on
a FACScalibur (Becton Dickinson). Anti-rat major histocompatibility complex
class T (MHC-I; RT1.A) and MHC-II (RT1.B) were purchased from Cedarlane
Laboratories (Hornby, Ontario, Canada), and an anti-rat CD25 antibody was
from Chemicon International, Inc. (Temecula, Calif.). Antibodies against rat
CD80 and CD86 were generously provided by Ko Okumura and Hideo Yagita
(Juntendo University, Tokyo, Japan) (32).

T-cell proliferation assay. A CD8" Tax-specific CTL line, 401/C8 (1 X 10° or
5 X 10* cells/well) was cocultured with formalin-fixed FPM1B-siGFP1, FPM1B-
siGFP2, FPM1B-siTax27, FPM1B-siTax32, or G14 cells (5 X 10* cells/well) in
96-well round-bottom culture plates at 37°C for 72 h. Cultures were pulsed with
[*H]thymidine ([*H]TdR; 37 kBg/well) for the last 18 h to assess cell prolifera-
tion. Cells were harvested with a Micro 96 Harvester (Skatron, Lier, Norway),
and [*H]TdR uptake into cells (reported as the mean * the standard deviation
[SD]) was measured in a Microplate B-Counter (Micro Beta Plus; Wallac, Turku,
Finland).

SICr-release cytotoxicity assay. CTL activity against HTLV-1-infected cells
was measured by 6-h 3'Cr-release assay at various effector/target ratios. A Tax-
specific rat CTL line, 401/C8, was used as effector cells. >!Cr-labeled FPM1.BP,
FPM1B-siGFP1, FPM1B-siTax27, or FPM1B-siTax32 cells were used as target
cells. The !Cr-labeled target cells (10* cells/well) were cocultured with various
numbers of effector cells in 96-well round-bottom culture plates at 37°C for 6 h,
and then the °'Cr activities released in the supernatants were measured. The
percent specific cytotoxicity was calculated as follows: (experimental >'Cr release
— spontaneous °'Cr release/maximum *!Cr release — spontaneous >'Cr release])
X 100.
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FIG. 1. Repression of EGFP and Tax expression by mouse U6-driven siRNAs in mouse lymphoma cells. (A) Schematic drawing of the
transcribed region of pEGFP-1/mU6/siGFP and pEGFP-1/mU6/siTax vectors. The mouse U6 promoter was cloned in front of the gene-specific
targeting sequence. Nineteen-nucleotide sequences (sense) from EGFP (positions 237 to 255) or Tax (positions 541 to 559) are separated by a short
spacer (underline) from the reverse complement of the same sequence (antisense). Five thymidines (T) are added as termination signal. (B) EGFP
expression in EL4 (dotted histogram), EL4/EGFP (solid histogram), or EL4/EGFP-siGFP (open histogram) was examined by flow cytometric
analysis. (C) Expression of EGFP-Tax fusion protein in EL4/Gax (solid histogram), EL4/Gax-siTax (open histogram), or EL4/Gax-siGFP (dotted
histogram) was examined by flow cytometric analysis. The values shown indicate the mean fluorescence intensity in each histogram.

Cell growth assay. FPM1B-siGFP1, FPM1B-siGFP2, FPM1B-siTax27, or
FPM1B-siTax32 cells (10*well) were cultured in each well of 96-well flat-bottom
microtiter plates for 4 days. The number of growing cells was determined by
using a Cell Counting Kit-8 (Dojinndo Laboratories, Kumamoto, Japan) in
accordance with the manufacturer’s instructions.

Inoculation of HTLV-1-immortalized cells. A total of 2 X 107 FPM1.BP,
FPM1B-siGFP1, FPM1B-siGFP2, FPM1B-siTax27, or FPMI1B-siTax32 cells
were inoculated subcutaneously into 3-week-old nu/nu rats. The growth of sub-
cutaneous tumor was measured every other day and recorded as the longest
surface length (@ [in millimeters]) and width (b [in millimeters]). Tumor volume
(V' [in cubic millimeters]) was calculated according to the following formula: 1 =
a X b? X 0.5, as described previously (35).

RESULTS

The siRNA targeted against Tax reduced the expression of
Tax in both mouse and rat T cells. Based on the sequence
previously reported (54), we constructed a vector, which can
express EGFP-targeted siRNA under the control of the mouse
U6 promoter, and designated the resulting vector pEGFP-1/
mU6/siGFP (Fig. 1A). We introduced the vector into the

EGFP-expressing mouse T-cell line, EL4/EGFP, selected the
stable transfectants by using 400 wg of neomycin/ml, and
cloned the survived cells by the limiting dilution method. We
then examined the EGFP expression in each clone by flow
cytometry to pick up clones with reduced EGFP expression.
Among nine clones tested, three clones exhibited >60% re-
duction of EGFP expression compared to parental EL4/EGFP
cells (Table 1). A representative result of maximum EGFP
downregulation observed in the EL4/EGFP-siGFP clone was
shown in Fig. 1B. In this clone, the expression of EGFP was
almost completely inhibited (95% inhibition), indicating that
mouse U6 promoter-driven siRNA targeted against EGFP is
effective in EL4/EGFP cells. We next constructed a vector,
which replaced the sequence targeted against EGFP to that
directed to Tax in pEGFP-1/mU6/siGFP (Fig. 1A) and ob-
tained pEGFP-1/mU6/siTax. It was anticipated that the EGFP
expression in EL4/Gax cells should be inhibited by Tax-target-
ing siRNAs, because both EGFP and Tax transcripts are on the
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TABLE 1. Isolation of clones with the siRNA-induced reduction of target gene expression

No. of clones

No. of clones with % downregulation® of:

% clones with >60% of

Cell Vector tested <40% 40-50% 50-60% ~60% downregulation
EL4/EGFP pEGFP-1/mU6/siGFP 9 5 0 1 3 33
EL4/Gax pEGFP-1/mU6/siGFP 24 5 2 4 13 54
EL4/Gax pEGFP-1/mU6/siTax 7 1 1 1 4 57
FPM1.BP pEGFP-1/mU6/siTax 45 41 3 1 0 0

¢ Downregulation of EGFP or Tax was determined by fluorescence-activated cell sorting.

same RNAs. As shown in Fig. 1C, EL4/Gax-siTax cells, which
had been selected with 400 pg of neomycin/ml after transfec-
tion and cloned, expressed 80% less EGFP than did parental
EL4/Gax cells. We obtained a total of four clones that showed
>60% reduction of EGFP expression of seven clones tested
(Table 1), indicating that pEGFP-1/mU6/siTax efficiently re-
duced the Tax mRNA in the mouse cells. We also introduced
pEGFP-1/mU6/siGFP vector into EL4/Gax cells to directly
evaluate the relative effectiveness of the Tax siRNA plasmid
compared to the EGFP siRNA plasmid. As shown in Table 1,
of 24 clones tested, we were able to obtain 13 clones that
showed >60% reduction of EGFP expression compared to
parental EL4/Gax cells. Although the cloning efficiency to pick
up cells with >60% reduction of EGFP-fused Tax expression
were similar, the maximum reduction of EGFP-fused Tax by
the EGFP siRNA (86% inhibition) was apparently more than
that induced by the Tax siRNA (80% inhibition) as shown in
Fig. 1C. These results suggested that the EGFP siRNA could
inhibit EGFP-fused Tax expression more effectively than the
Tax siRNA.

We next introduced pEGFP-1/mU6/siTax plasmids into an
HTLV-1-infected rat T-cell line, FPM1.BP, to determine
whether the vector can also inhibit the Tax expression in rat T
cells. A flow cytometric assay was performed to detect intra-
cellular Tax protein expression. Of 45 clones tested, we ob-
tained only one clone, FPM1B-siTax27, that showed >50%
reduction of Tax expression compared to the FPM1B-siGFP1
clone, which was transfected with pEGFP-1/mU6/siGFP plas-
mids as a control (Table 1). As shown in Fig. 2A, FPM1B-
siTax27 cells exhibited the severest downregulation of Tax and
expressed 58% less Tax than did FPM1B-siGFP1 cells. An-
other clone, FPM1B-siTax32, showed the second-severest
downregulation of Tax and expressed 46% less Tax than did
FPM1B-siGFP1 cells (Fig. 2B). The reduction of Tax protein
expression in FPM1B-siTax27 cells was also confirmed by
Western blot analysis as shown in Fig. 2C. These results indi-
cated that the pEGFP-1/mU6/siTax plasmids were able to in-
hibit Tax expression in the HTLV-1-infected rat T-cell line.

It was anticipated that the pEGFP-1/mU6/siTax plasmids
should also downregulate the expression of other HTLV-1
genes in addition to Tax. Thus, we have attempted to examine
the alteration of other viral protein expression after the Tax
siRNA introduction. Since we have previously reported the
very low production of viral structural proteins by parental
FPMI cells (28), we utilized a sensitive ELISA system to detect
HTLV-1 p19 protein. As shown in Fig. 2D, FPM1B-siGFP1
and FPM1B-siGFP2, another control clone transfected with
pEGFP-1/mU6/siGFP, produced detectable amounts of p19
after 3 days of cultivation. In contrast, p19 production by

FPM1B-siTax27 and FPM1B-siTax32 was not detected by 3
days and was kept at a very low level after 4 days of cultivation.
These results suggested that the expression of the HTLV-1
structural protein was also inhibited by the siRNA targeted
against Tax.

Repression of Tax expression was associated with evasion of
Tax-specific CTL lysis. In HTLV-1 infection, it has been sug-
gested that scarcity of viral antigens in vivo is one of the
strategies by which the virus can escape host immune surveil-
lance (22, 23). Thus, it was speculated that the insufficiency of
Tax protein in FPM1B-siTax27 cells could lead to evasion of
CTL lysis by the HTLV-1-infected cells. To assess this possi-
bility, we examined whether FPM1B-siTax27 cells are still sus-
ceptible to killing by a CD8" Tax-specific CTL line, 401/C8.
As target cells, we used FPM1.BP, FPM1B-siGFP1, and
HTLV-1-negative G14 cells together with FPM1B-siTax27
cells. As shown in Fig. 3A, 401/C8 cells showed a strong
cytotoxic activity against FPM1.BP and FPM1B-siGFP1 cells
but not against G14 cells. The susceptibility of FPM1B-siTax27
clone to killing by the CTL was intermediate between that of
positive and negative controls. FPM1B-siTax32 clone also
showed intermediate susceptibility between FPM1B-siGFP1
and G14 cells (Fig. 3B). These results indicated that down-
regulation of Tax expression could lead to the evasion of Tax-
specific CTLs in the HTLV-1-infected T cells.

We also examined the proliferative responses of 401/C8
against FPM1B-siTax27 and FPM1B-siTax32 cells to confirm
the effect of downregulation of Tax on T-cell stimulation.
401/C8 cells were cocultured with formalin-fixed stimulator
cells for 72 h at two different ratios of responder to stimulator,
and TdR incorporation in 401/C8 cells was measured. As
shown in Fig. 4, 401/C8 cells cocultured with FPM1B-siTax27
or FPM1B-siTax32 cells showed a lower level of proliferation
than did those cocultured with FPM1B-siGFP1 or FPM1B-
siGFP2 cells. These results indicated the possibility that the
HTLV-1-specific proliferative response was greatly reduced by
downregulation of Tax expression.

Repression of Tax expression was associated with down-
regulation of MHC-II and CD25 but not MHC-I, CD80, or
CD86. It has been reported that HTLV-1-infected T cells ex-
press cell surface molecules related to T-cell activation (4, 29,
41, 48). Thus, we examined the expression of MHC-I, MHC-II,
CD25, CD80, and CD86 on FPM1B-siTax27 cells to determine
whether the evasion of Tax-specific CTLs was associated with
the expression levels of these molecules. Our results indicated
that MHC-IT and CD25 expression was significantly downregu-
lated in FPMI1B-siTax27 cells, whereas all of the other
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FIG. 2. Repression of Tax expression by the siRNAs targeting Tax in rat HTLV-1-infected T cells. (A and B) FPM1B-siGFP1 (solid histogram),
FPM1B-siTax27 (open histogram in panel A) or FPM1B-siTax32 (open histogram in panel B) cells were stained with the anti-Tax monoclonal
antibody for 30 min and then labeled with FITC-conjugated anti-mouse IgG and IgM. After being washed, cells were subjected to flow cytometric
analysis to assess intracellular Tax expression. Histogram of FPMI1B-siGFP1 cells stained only with FITC-conjugated second antibody was
represented by the dotted line. (C) Expression of Tax protein in FPM1B-siGFP1 or FPM1B-siTax27 cells was analyzed by Western blotting.
Whole-cell extracts were isolated from each cell line, and 140 pg of each protein was separated by sodium dodecyl sulfate-12.5% polyacrylamide
gel electrophoresis and transferred to a nitrocellulose membrane. The membrane was reacted with Lt-4 and then with horseradish peroxidase-
conjugated anti-mouse immunoglobulin antibody. Antibodies bound to the membrane were detected by the enhanced chemiluminescence method.
The expression of a-tubulin was also examined as an internal control. (D) Production of p19 protein in culture supernatant was analyzed by ELISA.
FPMI1B-siGFP1 (O), FPM1B-siGFP2 ((J), FPM1B-siTax27 (®), or FPM1B-siTax32 (m) cells (10%well) were cultured in each well of 96-well
flat-bottom microtiter plates for 4 days. The amount of HTLV-1 p19 protein in 200 .l of the culture supernatant was quantified by using HTLV-1/11

p19 antigen ELISA (ZeptoMetrix) in accordance with the manufacturer’s instructions.

molecules were equivalently expressed both in FPM1B-siTax27
and in FPM1B-siGFP1 cells (Fig. 5). Since the activation of
401/CS8 cells is restricted with MHC-I (37), it is likely that the
evasion of Tax-specific CTL was mainly due to the direct effect
of the downregulation of Tax expression but not due to the
alteration of cell surface molecules related to T-cell activation.
However, it is of note that FPM1B-siTax27 cells showed de-
creased levels of MHC-II and CD25 expression, which may
affect the activation of host immune responses against HTLV-1
in vivo. We have detected similar patterns of the surface mol-
ecule expression on FPM1B-siTax32 cells (data not shown).
Downregulation of Tax altered the growth ability of HTLV-
1-infected T cells in vivo but not in vitro. It has been demon-
strated that Tax plays an important role in the growth of
HTLV-1-infected T cells (46, 50). Thus, we investigated

whether downregulation of Tax altered the cell growth of
HTLV-1-infected cells both in vitro and in vivo. As shown in
Fig. 6A, FPM1B-siTax27 and FPM1B-siTax32 cells were able
to grow in vitro as well as control FPM1B-siGFP1 and FPM1B-
siGFP2 cells did. In contrast, rats subcutaneously inoculated
with 2 X 107 FPM1B-siTax27 or FPM1B-siTax32 cells did not
show the growth of tumor cells at the inoculation sites. In
addition, no apparent distant metastatic tumors were detected
in these rats. On the other hand, FPM1B-siGFP1 and FPM1B-
siGFP2 cells, as well as parental FPM1.BP cells, formed solid
nodules in nu/nu rats, and the tumors continued to grow for 4
weeks (Fig. 6B). All rats inoculated with FPM1.BP, FPM1B-
siGFP1, or FPM1B-siGFP2 cells developed metastases, pref-
erably in lymph nodes and lungs (data not shown). These
results clearly indicated the correlation of in vivo growth ability
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FIG. 3. The repression of Tax expression was associated with evasion of Tax-specific CTL lysis. FPM1.BP (O), FPM1B-siGFP1 (OJ), FPM1B-
siTax27 (m, panel A), FPM1B-siTax32 (A, panel B), or G14 (@) cells (10* cells/well) were labeled with *'Cr for 2 h and used as target cells. 401/C8
cells were used as effectors at the indicated effector/target ratios (E/T). The results are expressed as the mean percent lysis = the SD of triplicate

wells. Similar results were obtained in three independent experiments.

of HTLV-1-infected T cells with the expression levels of Tax
protein.

DISCUSSION

There remains an unsolved question regarding the require-
ment of Tax in the long latent period before the onset of ATL.
To examine this issue, we targeted Tax expression here by
using a recently established system of siRNA and investigated
the role of Tax in HTLV-1-infected T cells in the rat model of
ATL-like disease. Our results indicated that the downregula-
tion of Tax expression was associated with the reduced levels of
immune responses against the cells by Tax-specific CTL. This
indicates the possibility that these cells with reduced Tax ex-
pression have an advantage in surviving in vivo, because they
could escape from major immune responses to HTLV-1. How-
ever, we also showed that these cells lost the ability to form
tumor nodules and to metastasize to other organs in nude rats.
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This was not due to the alteration of sensitivity to natural killer
(NK) cells, because neither FPM1B-siGFP1 nor FPM1B-
siTax27 cells were susceptible to killing by NK cells (data not
shown). These observations clearly indicated the essential role
of Tax for the growth of the infected cells in vivo and further
suggested a dynamic balance between immunogenicity and tu-
morigenicity in HTLV-1-infected cells, involving a tripartite
interaction among Tax, the virus-infected T cells, and host
immune components. It is likely that HTLV-1-infected cells
used in the present study are still in the middle of ATL devel-
opment and need some additional changes to become ATL
cells, many of which contain defective viruses unable to express
Tax (49).

In association with the reduction of Tax expression, down-
regulation of MHC-II, and CD25 was also observed in
FPM1B-siTax27 and FPM1B-siTax32 cells. This may be due to
the direct effect of the repression of Tax expression because

(B) RS=2
o
| e B

FIG. 4. Impaired proliferative response of 401/C8 CTL stimulated with FPM1B-siTax27 or FPM1B-siTax32 cells. Either 5 X 10* (A) or 10°
(B) 401/C8 cells were cocultured with 5 X 10* cells/well of formalin-fixed FPM1B-siGFP1 (0J), FPM1B-siGFP2 (Y), FPM1B-siTax27 (E),
FPM1B-siTax32 (8), or G14 (m) cells for 54 h at the indicated responder/stimulator ratio (R/S). [PH]TdR incorporation was measured during the
last 18 h. The data represent the mean = the SD of triplicate wells. Similar results were obtained in three independent experiments.
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FIG. 5. The expression of MHC-II and CD25 was downregulated in FPM1B-siTax27 cells. FPM1B-siGFP1 (solid histogram) or FPM1B-
siTax27 (open histogram) cells were stained with anti-rat CD80, CD86, MHC-I, MHC-II, or CD25 antibodies for 30 min and labeled with
FITC-conjugated anti-mouse IgG+IgM. After being washed, labeled cells were subjected to flow cytometric analysis. Histograms of FPM1B-
siGFP1 cells stained only with FITC-conjugated second antibody were represented by the dotted line.

HTLV-1-infected T cells are known to express these molecules
(18, 48). Since MHC-II expressed on HTLV-1-infected T cells
plays a role in the activation of helper T cells (48), it is possible
that this downregulation could also result in the reduction of
HTLV-1-specific immune responses. On the other hand,
FPM1B-siTax27 and FPMI1B.siTax32 cells did not show the
downregulation of CD80, CD86, and MHC-I, whose expres-
sion is also shown to be induced by Tax (4, 41). It is likely that
the expression of these proteins required lower levels of Tax
and that the 58% reduction of Tax expression observed here
did not affect the expression of these proteins. Nevertheless,
we observed the reduction of both the proliferation response
and CTL activity of Tax-specific CTL directed against FPM1B-
siTax27 and FPM1B.siTax32 cells. It is possible that partial
reduction of Tax expression observed in the present study was
enough for HTLV-1-infected cells to evade Tax-specific CTL
without altering the expression levels of some T-cell stimula-
tory molecules.

It is well documented that the expression of the viral protein
is repressed in most cases of HTLV-1-infected individuals (22,

23). This may be one of the strategies by which the virus can
escape from the host immune system. In agreement with this
idea, we show here that the downregulation of Tax in HTLV-
1-infected T cells leads to the escape from Tax-specific CTL.
With regard to Tax expression, controversy has existed as to
whether a low level of HTLV-1 expression in vivo is sufficient
(i) for immortalizing infected cells, (ii) to cause infection of
other cells in order to establish a variable repertoire of infected
clones, and (iii) for the activation of host immune responses.
We showed here that partial reduction of Tax expression dra-
matically affected the in vivo growth ability of HTLV-1-in-
fected T cells, strongly suggesting the importance of Tax for
tumor formation. This is in consistent with previous reports,
which demonstrated the pivotal role of Tax for oncogenic
transformation (46, 50). Thus, these results raised the hypoth-
esis that HTLV-1-infected cells usually cannot grow in vivo
when they lose Tax expression and that exceptional cells may
exist which can proliferate in vivo despite the downregulation
of Tax expression. These cells can escape from host immune
responses and may be the candidates of ATL cells. To under-



3834 NOMURA ET AL.

A)

091
08 1
071
061
05T
04 1
031
02 r1
0.1
0 ) ) ) 1 )

Absorbance (450nm)

Days

J. VIROL.

(B)
25001

2000

1500

1000

Tumor Size ( mm?)

W
(=
(=)

I 4 8 13 15 18 20 22 25 28

Days after inoculation

FIG. 6. Repression of Tax expression was associated with impaired tumorigenicity in nu/nu rats. (A) The growth of FPM1B-siTax27 and
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and FPM1B-siTax32 cells in vivo. Three-week-old nu/nu rats were subcutaneously inoculated with 2 X 107 FPM1.BP (A), FPM1B-siGFP1 (0),
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stand the pathogenesis of ATL, it is important to identify these
candidates and determine the factors involving Tax-indepen-
dent growth of infected cells. The HTLV-1-infected rat T cells
with Tax downregulation such as FPM1B-siTax27 and FPM1B-
siTax32 may be good materials for identifying these factors if
we could render the cells capable of growing in vivo. In addi-
tion, we should also point out that our present findings are
based on the use of two clones derived from a single HTLV-
1-infected cell line and a rat model system. Cell lines from
other sources would be useful for generalizing the present
findings. Future studies utilizing CTL and HTLV-1-infected
cells from HTLV-1 carriers will also help us to understand the
clinical significance of these observations.

We have previously shown that HTLV-1-infected T cells
obtained the ability to evade Tax-specific CTL by downregu-
lating MHC-I expression after a long period of mixed culture
with the CD8" CTL (37). In addition, there are other mech-
anisms related to evasion of CTL lysis, such as generation of
sequence variants in CTL epitopes (9, 33) and resistance to
Fas-mediated killing (1, 27). It is possible that HTLV-1-in-
fected cells utilize these mechanisms in combination with the
downregulation of Tax expression in the course of ATL devel-
opment to maintain appropriate levels of Tax expression both
for evasion of the immune system and for growth of HTLV-
1-infected cells in vivo.

As an assay for the siRNAs targeted against Tax, we used
EL4/Gax cells, which express Tax fused with EGFP (10). This
cell line is useful to determine an effective sequence to inhibit
Tax expression. Indeed, we were able to determine the siRNA
sequence, which can induce 80% reduction of Tax expression
in EL4/Gax cells. However, the sequence used in the present
study may not be ideal to completely inhibit Tax expression,

because EGFP expression was much more efficiently inhibited
both in EL4/EGFP and EL4/Gax cells by using the EGFP
siRNA sequence reported previously (54). Moreover, our
present results suggested the possibility that the siRNA tar-
geted against Tax was less effective in rat cells than mouse
cells. This may be due to the species difference since we used
mouse U6 promoter for the expression of siRNA. Alterna-
tively, it is also possible that the rat cell line used in the present
study was not able to survive if the Tax expression decreased
below 42%, since a certain level of Tax expression may be
required to immortalize primary CD4" T cells in vitro as re-
ported previously (13). Consistent with this idea, we have never
obtained FPM1.BP clones with >60% reduction of Tax expres-
sion (Table 1). This is a dramatic contrast to the high frequency
of clones with Tax reduction obtained from EL4/Gax cells,
which do not depend on Tax for their proliferation. To further
support the pivotal role of Tax in the growth of certain HTLV-
1-infected cells, our preliminary experiment revealed that an
HTLV-1-infected human T-cell line could not survive in vitro
when it completely lost Tax protein after infection of lentivirus
encoding the Tax siRNA (data not shown). It is of interest to
determine the minimum amount of Tax required for the
growth of HTLV-1-infected cells in vitro and in vivo. Materials
used in the present study, including EL4/Gax cells, a rat ATL-
like disease model and siRNAs, will be useful to address such
an issue.

Posttranscriptional silencing mediated by siRNA has been
shown to be a potentially powerful tool to inhibit replication of
a number of viruses, including human immunodeficiency virus
type 1 (20, 31, 34). These studies suggested the possibility of
using siRNA to prevent virus-related diseases by inhibiting the
viral replication. Moreover, it has been recently reported that
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RNA interference of human papillomavirus oncoproteins E6
and E7 induced senescence in the virus-infected cells (14),
suggesting the possibility of applying siRNA to prevent virus-
inducing tumor development. Our present findings also sup-
ported this possibility because downregulation of Tax dramat-
ically reduced the tumor development in a rat model. Although
many ATL cell lines are known to lack Tax expression, Tax-
targeting siRNA should still be applicable to prevent the pro-
liferation of HTLV-1-infected cells before Tax expression is
lost. In addition, we should also point out that the Tax siRNA
may inhibit the expression of other HTLV-1 proteins, as we
show in Fig. 2D. Thus, it is possible that other viral proteins
could also be responsible for the altered phenotype observed in
cells with Tax downregulation. Further studies are required to
clarify the involvement of these proteins in the phenotypic
alteration induced by Tax-targeting siRNA and to develop
effective methods to inhibit the growth of HTLV-1 and the
virus-infected cells.

In conclusion, we evaluated the role of Tax in HTLV-1-
infected T cells by using Tax-targeting siRNA and the rat
model system. Our results demonstrated the importance of
Tax both for activating host immune responses and for main-
taining in vivo growth ability of the infected cells. The phe-
nomena observed in association with the alteration of Tax
expression may reflect some aspects of the events happening in
HTLV-1-infected individuals during the long latent period be-
fore the onset of ATL. Although the observation may be lim-
ited to certain HTLV-1-infected cells, the methods developed
in the present study will be useful for further analysis of the
responsibility of Tax for the development of ATL. These stud-
ies could provide important information for understanding the
mechanism of ATL development and further establishing ef-
fective therapies against the disease.
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