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The human T-cell leukemia virus type 1 (HTLV-1) Tax oncoprotein induces growth transformation and is
critical for the pathogenesis of the HTLV-1-induced adult T-cell leukemia (ATL). It stimulates the cell cycle
and transactivates cellular genes. Here we show that the expression of interleukin-13 (IL-13) is upregulated as
a consequence of Tax in HTLV-1-transformed T cells and ATL-derived cultures. IL-13 exerts proliferative and
antiapoptotic functions and is linked to leukemogenesis, since it stimulates Hodgkin lymphoma cells by an
autocrine mechanism. Overexpression of IL-13 RNA and protein was confirmed in HTLV-1-positive and
Tax-transformed cells. Induction of endogenous IL-13 levels in fax-transfected Jurkat cells and in conditional
Tax-expressing transformed T lymphocytes suggested that Tax can replace signals required for IL-13 synthesis.
For functional analysis, the IL-13 promoter and deletion variants were cloned into luciferase reporter plas-
mids. Experiments with transfected human T lymphocytes revealed a 16-fold stimulation of the IL-13 promoter
by Tax. Experiments with Tax mutants indicated that none of the classical transactivation pathways (SRF,
CREB, and NF-kB) is sufficient for the transactivation; at least two different Tax functions are required for full
transactivation. The IL-13 promoter is stimulated via two elements; one is a NF-AT binding P element, and the
other is a putative AP-1 site. The following observations suggest that IL-13 may stimulate HTLV-1-transformed
cells by an autocrine mechanism: (i) the HTLV-1-transformed cells express the IL-13 receptor on their surface,
and (ii) STAT6, a downstream effector of IL-13 signaling, is constitutively activated. Thus, in summary, Tax,
by transactivating the promoter, induces IL-13 overexpression that possibly leads to an autocrine stimulation

of HTLV-1-infected cells.

Human T-cell leukemia virus type 1 (HTLV-1) is the caus-
ative agent of a severe and fatal lymphoproliferative disorder
of helper T-cell origin, adult T-cell leukemia (ATL), and of the
neurodegenerative disease tropical spastic paraparesis/
HTLV-1 associated myelopathy (HAM/TSP) (16, 47, 48, 63).
These diseases develop after prolonged viral persistence (in
the case of ATL, after a minimum of 2 decades). Although
HTLV-1 can infect different cell types, such as T cells, macro-
phages, dendritic cells, or B cells (19), it persists primarily in T
cells. Even in nonleukemogenic patients, infected T lympho-
cytes seem to be stimulated in their growth, since they expand
to detectable clones which can persist over many years (12, 14).
The capacity of the virus to stimulate permanent T-cell growth
in vitro suggests that viral gene functions are involved in this
clonal expansion. Such growth-stimulating functions provide a
means to replicate the (pro)viral genome without producing
virus particles. It is still unclear how HTLV-1 can persist and
replicate despite strong virus-specific cytotoxic T-cell and hu-
moral immune responses (3).

As a complex retrovirus, HTLV-1 encodes the regulatory
nonstructural proteins Tax and Rex, which are essential for
viral replication (19). While Rex acts at a posttranscriptional
level (20) to control the expression of the structural proteins,
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Tax strongly enhances viral gene expression by transactivating
the HTLV-1 long terminal repeat promoter. In addition, three
accessory proteins, p12, p30, and p13, are expressed; these are
important for viral infectivity and replication by influencing
cellular signaling and gene expression (4, 9, 10, 29, 33, 46).

Biochemically, Tax can stimulate transcription by binding to
the transcriptional activators CREB and SRF and to the co-
activators p300/CBP (13, 62). Activation of nuclear factor
kappa B (NF-kB) is achieved by binding to and stimulation of
IKKry, a component of the inhibitor of kB kinase (26). Tax also
induces activated protein-1 (AP-1), a transcription factor com-
plex composed of members of the Fos/Jun family (2, 25).

Several lines of evidence indicate that Tax also confers the
transforming properties of the virus. First, the protein is suf-
ficient for immortalizing T cells (1, 53) and is leukemogenic in
transgenic mice (21). Second, Tax interferes with fundamental
cellular functions, leading to dysregulated cell cycling (44). In
particular, Tax is capable of stimulating the G, phase by bind-
ing to and activating cyclin-dependent kinase holoenzymes (22,
23, 45). Moreover, Tax can stimulate or repress the expression
of cellular proteins involved in cell growth and proliferation.
Among those are proto-oncogene products (c-Fos and Egr-1),
cell cycle and apoptosis regulators (p21VAF! and Bcl-X, ), and
cytokines and cytokine receptors (13, 60). The altered gene
expression resulting from Tax transmodulation of known and
unknown cellular promoters is likely to be a key factor con-
tributing not only to HTLV-1-induced T-cell transformation
and leukemogenesis but also to viral spread and immune eva-
sion.
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To detect viral strategies related to persistence and patho-
genesis by modulating cellular gene expression, we systemati-
cally compared the RNA expression patterns of HTLV-1-
transformed T lymphocytes with those of their uninfected,
nontransformed counterparts. We identified various overex-
pressed cellular genes that are active in signal transduction
(52). Here we show a consistent strong transcriptional induc-
tion of the IL-13 gene in HTLV-1-positive T cells, resulting in
cytokine overexpression. This upregulation is mediated by Tax
transactivation of two different IL-13 promoter elements, a
NF-AT binding P element and a putative AP-1 binding site. As
a lymphocyte growth factor, IL-13 stimulates Reed-Sternberg
cells of Hodgkin lymphoma (57). The observations that
HTLV-1-transformed cells express both the cytokine and its
receptor and that these cells contain constitutively activated
signal transducer of activated T cells 6 (STAT6), a downstream
effector of IL-13 signaling, suggest the autocrine stimulation of
these cells by IL-13.

MATERIALS AND METHODS

Cell culture. The HTLV-1-positive T-cell lines C91-PL and MT-2, the CD4"
HTLV-1-negative T-cell line Jurkat, and the HTLV-1-negative, human herpes-
virus 8-positive B-cell line Bebll were cultured as previously described (50, 52).
The ATL-derived lymphocyte cultures JuanaW, Champ, PaBe, StEd, and ATL-1
and -3 were propagated in 1640 RPMI medium supplemented with 20% fetal calf
serum (Invitrogen, Karlsruhe, Germany), 2 mM glutamine, antibiotics, and 20 to
40 U of recombinant IL-2 per ml. The same medium was used for the propaga-
tion of Tesi and TAXI-1 cells. These T-lymphocyte lines have been immortalized
with a rhadinovirus vector containing an expression cassette for the HTLV-1 Tax
protein. In Tesi cells, Tax is under the transcriptional control of the tetracycline
operon and can be suppressed by the addition of tetracycline to the medium.
Experiments with Tesi cells were carried out after a 10-day cultivation period in
the absence and presence of 1 pg of tetracycline per ml.

RNA detection. Total RNA was prepared from various cell cultures by the
acidic guanidinium thiocyante method as described previously (52). Prior to
reverse transcriptase PCR (RT-PCR), RNA preparations were treated for 2 h
with 40 U of DNase I (Roche, Mannheim, Germany) per ml at 37°C and
precipitated with ethanol. RNA (5 pg) was subjected to reverse transcription for
50 min at 42°C by using oligo(dT),(.4o primers and SuperScript II (Life Tech-
nologies, Karlsruhe, Germany) according to the instructions of the manufac-
turer. All PCRs were performed in 50 pl of reaction buffer comprising 100 ng of
¢DNA, 3 U of Tag polymerase (ABI Perkin-Elmer, Weiterstadt, Germany), 100
nM 5" and 3’ oligonucleotide primers, 200 nM deoxynucleoside triphosphates
(Amersham Pharmacia Biotech, Freiburg, Germany), and 1.5 mM MgCl,. The
cycling conditions for the amplifications were 94°C for 2 min followed by 35 to 45
cycles of 94°C for 15 s, 64 to 68°C for 30 s, and 72°C for 30 s. The comparability
of cDNA preparations was controlled by detection of B-actin RNA. For positive
controls, the cDNAs of IL-4 and IL-13Ra2 were cloned into a standard vector to
create pIL-4 and pIL-13Ra2. The following oligonucleotide primers were used
for the detection of cDNAs: for B-actin cDNA, B-actin-5' (5'-GGGAAATCGT
GCGTGACAT-3') and B-actin-3' (5'-GAACTTTGGGGGATGCTCGC-3');
for IL-13 cDNA, IL-13-5" (5'-ATTGCTCTCACTTGCCTTGGCG-3") and IL-
13-3" (5'-CATGCAAGCTGGAAAACTGCCC-3"); for IL-13Ral cDNA, IL-
13Ral-5" (5'-GGAGAATACATCTTGTTTCATGG-3") and IL-13Ra1-3' (5'-G
CGCTTACCTATACTCATTTCTTGG-3'); for IL-13Ra2 ¢cDNA, IL-13Ra2-5’
(5'-AATGGCTTTCGTTTGCTTGG-3") and IL-13Ra2-3" (5'-ACGCAATCCA
TATCCTGAAC-3'); for IL-4Ra ¢cDNA, IL-4Ra-5" (5'-GACCTGGAGCAAC
CCGTATC-3") and IL-4Ra-3" (5'-CATAGCACAACAGGCAGACG-3'); and
for IL-4 ¢cDNA, IL-4-5' (5'-GCTTCCCCCTCTGTTCTTCC-3") and IL-4-3" (5'-
TCTGGTTGGCTTCCTTCACA-3"). The PCR products were analyzed by sub-
jecting aliquots to agarose gel electrophoresis. For the verification and quanti-
tation of IL-13 mRNA expression, Northern blot analyses were performed as
described previously (52). Briefly, total RNA was separated (10 pg/lane) on 1%
formaldehyde denaturing agarose gels and blotted. For the generation of the
probe, cloned ¢cDNA inserts (52) were isolated and radioactively labeled with
[«-*?P]dATP by the random priming method. The hybridized mRNA was quan-
tified by phosphorimaging.
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ELISA. The IL-13 concentration in cell culture supernatants was determined
by antigen capture enzyme-linked immunosorbent assay (ELISA) with monoclo-
nal anti-IL-13 capture and biotinylated anti-IL-13 detection antibodies according
to the recommendations of the manufacturer (R&D Systems, Wiesbaden, Ger-
many). Briefly, 96-well microtiter plates were coated overnight with the capture
antibodies. The plates were incubated with serially diluted cell culture superna-
tants and biotinylated anti-IL-13 detection antibody (R&D Systems). A standard
curve was obtained by using serially dilutions of recombinant human IL-13
(R&D Systems). To detect the cytokine, streptavidin-conjugated horseradish
peroxidase (Zymed, San Francisco, Calif.) and substrate solution (H,O,-tetra-
methylbenzidine [1:1]; Genzyme Diagnostics, Gaithersburg, Md.) were added.
After the reaction was terminated with 1 M H,SO,, the optical density was
determined by using a microplate reader set to 450 and 560 nm.

Cloning and mutag of the IL-13 promoter. The IL-13 promoter was
amplified by genomic PCR for subsequent restriction site-directed cloning based
on the published IL-13 promoter sequence (accession no. U31120). The forward
primer sIL13P5" (5'-GATCGGTACCACCAAGGTAGTTCCCCGCTCCT-3),
containing a Kpnl restriction site (underlined), and the reverse primer sIL13Pr2
(5'-GATCGCTAGCGGGTGGCTTTGTG GCCTTGGCG-3'), containing an
Nhel restriction site, were designed. By using the proofreading Pwo DNA poly-
merase (Roche), a PCR fragment of 1,556 bp was generated (reaction were
conditions according to the manufacturer’s instructions). To obtain the IL-13
promoter luciferase construct pGL3-IL-13P, the PCR product was purified from
the agarose gel by use of silica gel particles (Qiagen, Hilden, Germany) and
inserted into the pGL3 Basic vector (Promega, Mannheim, Germany) via site-
directed ligation. The 5" deletion variants of the promoter were PCR amplified
by using the reverse primer for the IL-13 full-length promoter (sIL13Pr2) in
combination with various forward primers. The resulting DNA fragments were
cloned into pGL3 Basic in analogy to the full-length promoter to obtain plasmids
pGL3-IL-13PDel-118, pGL3-IL-13PDel-468, and pGL3-IL-13PDel-908. For the
generation of the promoter fragment containing nucleotides (nt) —118 to +9
(pGL3-IL-13PDel-118), the primer sIL13PDell (5'-GATCGGTACCAGTAAA
ATCAAGATGAGTAA-3") was used; for the —468 to +9 fragment (pGL3-IL-
13PDel-468), the primer sIL13PDel2 (5'-GATCGGTACCATTTAAGAGACT
GGTTCATC-3") was used; and for the —908 to +9 fragment (pGL3-IL-13PDel-
908), the primer sIL13PDel3 (5'-GATCGGTACCAAGCCCCAGTGGCACTA
GGA-3") was used. The IL-13 P-element deletion mutant (pGL3-1L-13PD-134/
121) was generated via PCR with chimeric oligonucleotides which carry the 5’
and 3’ sequences flanking the deleted region (sCPIL-13P [5'-AACTCTTTCCT
TTATGCGAGTAAAATCAAGATGAGT-3'] and asCPIL-13P [5'-ACTCATC
TTGATTTTACTCGCATAAAGGAAAGAGTT-3']). The 5’ flanking region of
the deletion was amplified with the asCPIL-13P and sIL13P5’ primers, while the
3’ flanking region was amplified with the sCPIL-13P and sIL13Pr2 primers. The
two PCR products were gel purified, and 100 ng of each was subjected to
full-length PCR with the outside primers (sSIL13P5" and sIL13Pr2). The purified
product was ligated into the pGL3 Basic vector. The IL-13 AP-1 deletion mutant
(pGL3-IL-13PD-106/98) and the IL-13P P-element/AP-1 deletion mutant
(pGL3-1L-13PDel-134/121/D-106/98) were generated via PCR with chimeric
primers (sCP IL-13PDel AP1 [5'-CCACAAAGTAAAATCAAGGATGTGGT
TTCTAGATAG-3'] and asCP IL-13PDel AP1 [5'-CTATCTAGAAACCACAT
CCTTGATTTTACTTTGTGG-3']) with the templates pGL3-IL-13P and pGL3-
IL-13PD-134/121. The IL-13P —126/123 (pGL3-IL-13PD —126/123) and IL-13P
—132/129 (pGL3-IL-13PD —132/129) deletion mutants were generated by using
the Quick Change site-directed mutagenesis kit from Stratagene (Amsterdam,
The Netherlands) with high-pressure liquid chromatography-purified primers
(sIL-13PDel —132/129 [5'-CTTTCCTTTATGCGACACTTTTCCACAAAGTA
AAAT-3'], asIL-13PDel —132/129 [5'-ATTTTACTTTGTGGAAAAGTGTCG
CATAAAGGAA AG-3'], sIL-13PDel —126/123 [5'-TTATGCGACACTGGAT
TTCAAAGTAAAATCAAGATG-3'], and asIL-13PDel —126/123 [5'-CATCT
TGATTTTACTTTGAAATCCAGTGTCGCATAA-3']). The cycling conditions
for all amplifications were 94°C 2 min, followed by 35 to 45 cycles of 94°C for 15's,
64 to 68°C for 30 s, and 72°C for 30 s. All mutants were sequenced multiply to
validate their identity.

Transfection and luciferase assays. To test the induction of the IL-13 pro-
moter by Tax, luciferase assays were performed. Transient transfections were
carried out in 107 Jurkat cells with 20 pg of the luciferase reporter plasmid
(pGL3-IL-13P or one of the IL-13 promoter mutants) together with 20 pg of the
effector plasmid (Tax wild-type or Tax mutant expression vectors) by electropo-
ration (290 V, 1,500 pF). For Tax expression, the plasmid vector pcTax (for
HTLV-1 Taxy) and the Tax mutants M7, M22, and M47 were used (55). After
48 h, transfected cells were collected by centrifugation, washed with phosphate-
buffered saline (PBS) (Roche), and lysed. All lysates were cleared by centrifu-
gation, the luciferase substrate (Roche) was added, and the luminescence was
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FIG. 1. Overexpression of IL-13 in HTLV-l-infected human T
cells. IL-13 expression in HTLV-1-positive, ATL-derived cultures
(JuanaW, StEd, Champ, PaBe, and ATL-3), in HTLV-1-transformed
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measured. The luciferase activity was normalized to the protein concentration,
and the luciferase activity of the IL-13 promoter together with the pcDNA3.1
vector as a control was set at 1.

Immunoblots and immunoprecipitation. Cells were collected by centrifuga-
tion, washed with Tris-buffered saline (TBS), and lysed in Western blot lysis
buffer (150 mM NaCl, 10 mM Tris [pH 7], 10 mM EDTA, 1% Triton, 2 mM
dithiothreitol) containing protease inhibitors (20 pg of leupeptin per ml and 1
mM phenylmethylsulfonyl fluoride) and phosphatase inhibitors (100 mM sodium
fluoride and 2 mM sodium vanadate). The protein concentration was determined
by the Bradford assay (Bio-Rad, Munich, Germany). For Western blotting, 40 n.g
of total protein was loaded per lane. For the immunoprecipitation of STAT®6, cell
lysate containing 1 mg of protein was incubated with 4 pg of anti-STAT6 anti-
bodies (Upstate Biotechnologie, Hamburg, Germany) and 25 pl of pansorbin
cells (Calbiochem). The precipitate was washed six times, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred onto a nylon
membrane (Millipore, Eschborn, Germany) overnight. The membrane was
blocked with 5% bovine serum albumin in TBS for 1 h, and the primary antibody
(2 pg of STAT6 antibody per ml or 0.34 pg of phosphotyrosine antibody [clone
4G10] per ml [Upstate Biotechnologie]) was added and left for 1 h. The mem-
brane was washed for 30 min with 0.2% Tween in TBS, the secondary horserad-
ish peroxidase-conjugated antibody (Amersham Pharmacia) was added for 30
min, and subsequently the membrane was washed again for 30 min. The immu-
noblots were then developed by using the ECL system (Amersham Pharmacia
Biotechnologies) and with a charge-coupled device camera.

Flow cytometry. Expression of IL-13, IL-13Ral, and IL-4Ra was analyzed by
flow cytometry with monoclonal anti-IL-13 (clone JES10-5A2; Becton Dickin-
son), anti-IL-13Ral (clone B-K19; Notabene), and anti-IL-4Ra (clone X2/45-12;
Bioscience) antibodies. All analyses were carried out with isotype matched con-
trol antibodies (Becton Dickinson). Cells were fixed with 2% formaldehyde
solution in PBS, and for the IL-13 staining, the cells were permeabilized with
0.2% saponin in PBS containing 5% fetal calf serum and 0.01% sodium azide
(fluorescence-activated cell sorting [FACS] buffer). The cells were then incu-
bated with 0.5 to 1 g of the antibody for 1 h and washed with FACS buffer. In
case of IL-13Ral and IL-4Ra antibodies, which are not directly labeled, cells
were incubated with 50 ng of phycoerythrin-labeled secondary antibody (Dako
A/S) per pl, washed again, and then measured in the cytometer (FACSCalibur;
Becton Dickinson).

RESULTS

Stimulation of IL-13 expression in HTLV-infected, Tax-ex-
pressing human lymphocytes. To identify cellular genes asso-
ciated with HTLV-1-transformation, a systematic comparison
of RNA expression patterns of infected and uninfected non-
transformed lymphocytes had been performed with an RT-
PCR-based assay (52). This had resulted in the cloning of
several cDNAs derived from potentially overexpressed genes,
including an IL-13 cDNA fragment. This cytokine acts as a
growth factor for lymphoid cells, including Reed-Sternberg
cells of Hodgkin lymphoma, and exerts important immuno-
modulatory and anti-inflammatory functions, and thus it could
be relevant for HTLV-1 pathogenesis. We therefore investi-
gated whether the IL-13 mRNA upregulation is a general
feature of HTLV-1-infected cells. RNAs from ATL-derived

T-cell lines (C91-PL and MT-2), and in uninfected controls (Jurkat
cells and PHA-treated peripheral blood mononuclear cells [PBMC+
PHA]) was analyzed. (A) Total RNA was extracted and subjected to
Northern blot analyses. Equal loading was controlled by reprobing the
blot with a probe detecting RNA of glyceraldehyde phosphate dehy-
drogenase (GAPDH) (B) Cells were permeabilized by addition of
0.2% saponin, and intracellular IL-13 was stained with specific anti-
bodies (grey curves) and analyzed by flow cytometry. The white curves
represent staining with an unspecific isotype-matched control anti-
body. (C) Tissue culture supernatants of the cultures were subjected to
ELISA for detection of secreted IL-13. The results represent the
means from three experiments. Error bars show standard deviations.
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cells (StEd, Champ, PaBe, and JuanaW) and cells transformed
by the rhadinoviral transduction of the tax gene (TAXI-1) were
isolated and analyzed in Northern blots (Fig. 1A). These blots
revealed large amounts of the 1.3-kb IL-13 mRNA in all
HTLV-1- and Tax-positive cells. The transcript has been
shown to encode the functional cytokine (41). Six independent
experiments revealed a 5- to 17-fold upregulation of the IL-13
gene expression in all four ATL-derived cell cultures (StEd,
Champ, PaBe, and JuanaW) and in vitro Tax-transformed
(TAXI-1) cells compared to phytohemagglutinin (PHA)-stim-
ulated peripheral blood mononuclear cells. In contrast, Jurkat
cells did not contain detectable amounts of IL-13 transcripts.

To analyze whether the increase of mRNA synthesis results
in elevated protein expression, the HTLV-1-infected cells were
permeabilized and the intracellular contents of IL-13 were
detected by direct immunofluorescent staining and flow cytom-
etry (Fig. 1B). The experiments revealed large amounts of
protein in the ATL-derived cultures and even larger amounts
within the in vitro-HTLV-1-transformed cells (MT-2 and C91-
PL). To demonstrate secretion of the expressed cytokine, the
supernatant of the cultured cells was analyzed by ELISA (Fig.
1C). High concentrations of the IL-13 protein could be found
in the ATL-derived cultures. The moderate relative differences
between intracellular and secreted IL-13 in some of the cell
lines is most probably due to different proliferation rates. At
the end of the 48-h incubation period, faster-proliferating cul-
tures (e.g., Champ) contained up to twice the number of se-
creting cells as did slower-replicating cultures (ATL-3 and
PaBe). Despite fast replication, the cell lines MT-2 and
C91-PL contained only low concentrations of IL-13 (close to
the detection limit) in the supernatant. These cell lines have
acquired numerous changes due to long-term cultivation;
among them is the loss of IL-2 dependence for proliferation.
The requirement for IL-2 is a consistent feature of all freshly
HTLV-1-immortalized human T cells. The lack of increased
IL-13 protein concentrations in the supernatants of C91-PL
and MT-2 cells may thus indicate a secretory defect of IL-13 in
long-term-cultured HTLV-1-transformed cells. Taken to-
gether, these experiments indicate that the upregulation of
IL-13 synthesis is a consistent feature of HTLV-1- and Tax-
expressing human T lymphocytes.

To determine whether the increased IL-13 expression in
Tax-positive cells is caused by the viral transcriptional trans-
activator, Jurkat T cells were transfected with a Tax expression
plasmid, and RNA was analyzed by RT-PCR (Fig. 2A). In
these cells Tax reproducibly resulted in the synthesis of signif-
icant amounts of IL.-13 RNA, whereas in untransfected Jurkat
cells no IL-13 transcripts were detectable (Fig. 2A). The im-
pact of Tax on IL-13 transcription could also be documented in
conditionally Tax-expressing Tesi T cells (Fig. 2B). This cell
line was obtained by infecting human cord blood lymphocytes
with a rhadinovirus vector expressing HTLV-1 Tax under the
control of the tetracycline repressor system (53). To investigate
a possible influence of Tax on IL-13 gene expression, Tax
synthesis was shut off by culturing the Tesi cells in the presence
of tetracycline (Tesi+Tet cells). As opposed to the case for
normal Tesi cells, hardly any IL-13 transcripts and protein
could be detected in Tesi+Tet cells (Fig. 2B and C). In con-
trast, for untreated Tesi cells, IL-13 secretion and a similarly
increased IL-13 mRNA level as in HTLV-1-infected control
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FIG. 2. Correlation of IL-13 upregulation with HTLV-1 Tax syn-
thesis. The impact of Tax on endogenous IL-13 expression in Jurkat T
cells and in Tax-immortalized primary human T cells (Tesi) was inves-
tigated. (A) Jurkat cells were transfected with a Tax expression plas-
mid; RNA was reverse transcribed and analyzed by PCR. As an inter-
nal standard, B-actin PCRs were performed with the same cDNA.
(B) Human T cells transformed with a repressible Tax gene (Tesi)
were kept under conditions of induced (Tesi) and repressed
(Tesi+Tet) Tax expression. Total RNA was analyzed by Northern
blotting with an IL-13-specific probe. C91-PL and StEd, HTLV-1-
infected lymphocytes; PBMC + PHA and Jurkat, uninfected T lym-
phocytes. (C) Tissue culture supernatants of Jurkat, Tesi, and
Tesi+Tet cells were subjected to IL-13 ELISA. The results represent
the means from three experiments. Error bars show standard devia-
tions.
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FIG. 3. Transactivation of the IL-13 promoter by the HTLV-1 Tax protein. The IL-13 promoter was inserted into a luciferase indicator
construct (pGL3 Basic). (A) Overview of the IL-13 promoter deletion variants used. The deleted sequences are indicated. (B) Tax transactivation
of the IL-13 promoter by at least two separate pathways. Jurkat T lymphocytes were transfected with the IL-13 promoter (IL13P) in the presence
of an empty expression vector (pcDNA3.1), Taxy, a single Tax mutant (M7, M22, or M47), or a combination of two mutants (M22+M47).
Luciferase activity was determined and normalized to the negative control (pcDNA3.1). Neither M22 nor M47 alone was able to fully transactivate
the promoter, but the combination of both was able to do so. The bars represent the means from eight independent experiments and the standard
deviations. (C) Stimulation of promoter variants with 5’ deletions by Tax. The fold stimulation of luciferase activity in the presence of Tax is
indicated. The bars represent the means and standard deviations from four independent experiments. (D) Requirement of two promoter regions
for Tax stimulation. The indicated internal promoter deletion variants were cotransfected with pcTax or an empty vector (pcDNA3.1); the resulting
luciferase activity was normalized to IL13P. Deletion of nt —134 to —121 resulted in a severe reduction of transactivation, deletions within nt —106
to —98 resulted in a moderate reduction, and the variant with a double deletion was not inducible by Tax. The bars represent the means and
standard deviations from six independent experiments.

cells (StEd and C91-PL) were seen. Thus, the increased IL-13
levels consistently correlate with the expression of the viral
transactivator Tax. This result provides a primary indication
for a Tax-mediated transactivation of the IL-13 gene.
Tax-mediated stimulation of the IL-13 promoter depends on
NF-AT and AP-1 binding sequences. To test whether Tax stim-
ulates the IL-13 promoter, corresponding sequences (—1547 to
+9) were PCR amplified from genomic DNA and cloned into

a luciferase reporter plasmid (Fig. 3A). Luciferase activity de-
termined from transfected Jurkat T lymphocytes revealed a
16-fold stimulation in the presence of Tax (Fig. 3B). To narrow
down signaling pathways relevant to transactivation, Tax mu-
tants M7, M22, and M47 (59) were cotransfected along with
the IL-13 promoter construct and luciferase activities were
determined. As shown in Fig. 3B, M7, which is inactive in
transactivation, had no effect on the IL-13 promoter. A slight
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to moderate (sixfold) increase of activity was observed with
mutant M22. This mutant activates the CREB transcriptional
pathway (59) but is impaired in the stimulation of NF-«xB
transcription factors due to a defect in associating with IKKry
(26). Similarly, Tax mutant M47 was found to slightly increase
the promoter activity (two to threefold). This mutant can ac-
tivate NF-kB but is impaired in stimulating the CREB and
SRF pathways due to its inability to interact with the p300- and
CBP-associated factor (24, 27). The mutation in M22 com-
pletely abolishes the transactivation via AP-1, and the muta-
tion in M47 reduces it to twofold (25). The capacity to stimu-
late SRF is retained in both mutants, however, at a moderately
reduced level. The consensus binding site of SRF, the CArG
box [CC(A/T),GG] is not present in the IL-13 promoter. The
combination of both mutants, M22 and M47, resulted in a huge
transactivation of the promoter, which even extended the ac-
tivity of Taxy (Fig. 3B). These results clearly indicate that at
least two Tax functions cooperate to stimulate the IL-13 pro-
moter.

To understand the mechanism of transactivation, IL-13 pro-
moter mutants were generated. First, promoter variants with 5
deletions (Fig. 3A) which retain the sequences from the tran-
scriptional start site to nt —468 (IL-13-PD-468) or to nt —118
(IL-13-PD-118) were prepared. Transfection of these mutants
in the presence and absence of Tax and subsequent luciferase
assays revealed that IL-13-PD-468 is stimulated by Tax to al-
most the same extent as the full-length promoter, whereas the
activity of IL-13-PD-118 is only moderately stimulated (Fig.
3C). This indicated the presence of relevant promoter ele-
ments within the segment from nt —118 to —468 as well as in
the retained segment from nt —118 to —1. The sequences from
nt —1547 to —468 are not important for the transactivation of
this promoter by Tax.

To identify more precisely sequences involved in Tax trans-
activation, promoter variants with internal deletions were pre-
pared. The 14-nt deletion in IL-13-PD-134/121 removes the P
element of the IL-13 promoter (11), which has been described
to be important for its stimulation by T-cell activation signals.
The element contains a binding site for NF-AT transcription
factors. The —134/121 deletion did not affect the basal pro-
moter activity but greatly affected its stimulation by Tax (Fig.
3D). Two smaller deletions (IL13PD-132/129 and IL-13-PD-
126/123), which affect only parts of the P element, also were
able to abolish most of the promoter’s capacity to be transac-
tivated. These results clearly indicated that the P element is
critical for the transactivation of the IL-13 gene by Tax. As a
second region, sequences between nt 106 and 98 were deleted
(Fig. 3A). These contain an AP-1 site, which might be respon-
sible for the residual Tax activation of the —118 promoter
mutant. As shown in Fig. 3D, the deletion of these nucleotides
halved the amount of Tax stimulation of the IL-13 promoter.
In addition, a double mutant with a deleted P element and
AP-1 site (IL13PD-134/121D106/98) was tested for transacti-
vation (Fig. 3A and D). This construct was not stimulated, thus
indicating that both promoter elements account for the Tax
transactivation of the IL-13 promoter. In summary, these re-
sults indicate that the P element and the AP-1 sequence co-
operate to allow full Tax transactivation of the IL-13 promoter,
in which the P element accounts for the majority of the Tax
effect.

J. VIROL.

Expression of IL-13 receptors on HTLV-1-immortalized
cells. Primary human T cells can respond functionally to IL-13
(28) and by phosphorylating STAT6 (8, 31). In addition, it has
been shown that upon activation, human T cells downregulate
IL-13Ral expression (15), presumably with an attendant loss
of IL-13 responsiveness. Functional IL-13 receptors consist of
the IL-13Ral chain and the IL-4Ra chain. Another IL-13
binding protein, the IL-13Ra2 chain, acts as a decoy receptor
(38). To determine whether the HTLV-1-infected cells could
in principle respond to IL-13, the expression of IL-13 receptor
RNA was investigated by RT-PCR in a series of HTLV-1-
positive cells (Fig. 4A and B). These cells contained both
IL-4Ro and IL-13Ral transcripts but no IL-13Ra2 RNA. Sub-
sequent FACS analysis demonstrated high expression of the
IL-4Ra chain and moderate to high expression of the IL-
13Ral chain on the surfaces of HTLV-1-infected cells (Fig. 4C
and D). The heterogeneous distribution of the receptors on the
HTLV-1-positive cells may indicate different states of activa-
tion. Taken together, these results strongly suggest the pres-
ence of functional IL-13 receptors on HTLV-1-infected cells.
To determine whether the receptor could be active in trans-
ducing signals, the activation state of STAT6 was analyzed.
STAT6 becomes phosphorylated on tyrosine residues as a con-
sequence of ligand binding. The STAT6 protein was immuno-
precipitated and reacted with phosphotyrosine-specific anti-
bodies in immunoblots. These revealed that in contrast to the
HTLV-1-negative Jurkat cells, in the HTLV-1-positive cells,
STATSG is highly tyrosine phosphorylated (Fig. SA). All cells,
however, contain approximately the same amounts of the
STAT6 protein. This became clear from probing aliquots of
the cell lysates with STATG6 antibodies. To get an impression of
whether the Tax expression could induce autocrine IL-13 sig-
naling, the STAT6 phosphorylation of Tesi cells (53) was in-
vestigated in the absence and presence of Tax. The results
shown in Fig. 5B demonstrate a correlation of Tax and tyrosine
phosphorylation of STAT6; in Tax- and IL-13-positive Tesi
cells, STAT6 was phosphorylated, while in the Tax-negative
Tesi+Tet cells, STAT6 phosphorylation was almost completely
absent. To exclude other mechanisms of STAT6 activation, we
checked our cultures for IL-4 expression. The binding of this
cytokine to the cognate receptors is the other important induc-
ing mechanism of STAT6 phosphorylation. However, RT-PCR
analyses could exclude the expression of IL-4 RNA (Fig. 5C
and D). In summary, these data suggest that in HTLV-1-trans-
formed cells the Tax-mediated IL-13 overexpression results in
autocrine IL-13 receptor stimulation.

DISCUSSION

Here we show that the expression of IL-13, a cytokine with
immune regulatory and antiapoptotic function, is upregulated
in HTLV-1-infected cells due to stimulation of the cognate
promoter by the viral transactivator Tax. This upregulation
may result in autocrine stimulation of the infected cells, since
these cells express both chains of the IL-13 receptor and con-
tain activated STAT6 protein, a hallmark of IL-13 signaling.

The increase of protein and RNA synthesis in the presence
of Tax correlated well with the upregulation of the IL-13 pro-
moter, thus indicating that Tax acts by stimulating the initia-
tion of mRNA synthesis. The IL-13 promoter is not active in
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FIG. 4. Expression of both chains of a functional IL-13 receptor on HTLV-1-infected T cells. The functional IL-13 receptor consists of
IL-13Ral and IL-4Ra. Its expression in ATL-derived cultures (Champ, ATL-1, and ATL-3), in in vitro-HTLV-1-transformed T-cell lines (C91-PL
and MT-2), and in Jurkat T cells was analyzed. Bcbll, a B-cell line, served as positive control for IL-13Ral expression. (A) RNA from
HTLV-1-infected IL-13 producing T cells was analyzed by RT-PCR with specific primers for IL-13Ra1 and IL-4Ra. IL-4Ra was expected to be
expressed on all T cells and B cells. (B) Absence of the decoy receptor IL-13Ra2. RT-PCR of the same cDNAs as in panel A is shown; pIL-13Ra2
is a positive control containing cloned receptor cDNA. The first nine lanes of the B-actin gel are identical to those in panel A. (C) Surface
expression of IL-13Ral. The cells indicated were stained with specific antibodies and analyzed by flow cytometry. (D) Surface expression of
IL-4Ra. The cells indicated were stained with specific antibodies and analyzed by flow cytometry.

unstimulated T cells but can be activated upon T-cell stimula-
tion (11, 41). Even in unstimulated Jurkat T cells, Tax strongly
increased promoter activity, suggesting that it can replace sig-
nals generated from activated T cells. None of the classical Tax
pathways is fully sufficient for the stimulation of the IL-13
promoter: the consensus binding site of SRF (13), the CArG
box [CC(A/T)sGG], is not present in the IL-13 promoter, and
neither the CREB pathway-deficient mutant M47 nor the
NF-kB activation-deficient mutant M22 was able to fully acti-
vate the promoter. However, M47 and M22 together resulted

in full activation. Thus, the signaling pathways that stimulate
the IL-13 promoter rely on more than one Tax function. Most
probably Tax acts indirectly by stimulating necessary cellular
factors. The inability of both the M47 and the M22 mutants to
stimulate the promoter resembles their effect on a CD28 re-
sponse element (CD28RE), which is well activated by Tax and
can bind NF-AT transcription factors (17). Interestingly, it has
been shown that CD28 signaling can contribute to IL-13 tran-
scription (40, 41).

Experiments with deletion mutants indicated that two pro-
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(C and D) Absence of IL-4 production in HTLV-1-infected T cells, Tesi cells, and Tesi+Tet cells. To exclude the possibility that STAT6 was

activated by IL-4, the cells were checked for IL-4 expression by RT-PCR.

moter elements, a P element and an element with homology to
an AP-1 site, cooperate in the complete transactivation of the
IL-13 promoter. The P element accounts for most of the Tax
effect. This site is also important for the activation of IL-13
transcription by T-cell activation signals (11). It most probably
acts as a mediator of NF-AT activity and was shown to bind
NF-ATp. Activated NF-AT transcription factors were detected
in the nuclei of HTLV-1-transformed T cells (55), and NF-AT
factors are relevant for the Tax stimulation of the promoters of
IRF-4, Fas ligand, and IL-2 (17, 51). Moreover, it has been
shown that Tax can induce NF-AT containing nuclear protein
complexes binding to CD28RE (17). Thus, it is likely that the
IL-13 promoter is induced by Tax-mediated NF-AT activation.
Additionally, in HTLV-1-infected cells, NF-AT activity could
also be enhanced by a second mechanism, the binding of the
viral protein p12I to calcineurin (30). NF-AT activation by Tax
may be limited by competing for CBP/p300 transcriptional
coactivators (54, 56). This negative control mechanism could
also provide an explanation for the higher induction of the
promoter by a combination of the Tax mutants M22 and M47
compared to Taxy-. Since M47, in contrast to Taxy and
M22, cannot bind p300/CBP, transfection of both mutants has
half of the CBP-squelching capacity of Taxy,r. The high induc-
tion with M22 plus M47 (Fig. 3B) resembles the behavior of

the FasL promoter in the presence of the same Tax mutants.
(6).

The deleted AP-1 sequence overlaps with one of three
GATA-3 transcription factor binding sites, which are relevant
for the IL-13 promoter activity in T cells (32). Several lines of
evidence support the idea that the reduced transactivation of
the promoter variant with the AP-1 site deleted involves AP-1
and not GATA-3: (i) AP-1 is required for the Tax transacti-
vation of several promoters (25, 34, 42), (ii) the AP-1-defective
Tax mutant M22 has strongly decreased IL-13 promoter stim-
ulation, (iii) the potential recognition sequences of AP-1 are
conserved in the human and murine IL-13 promoters (39), and
(iv) AP-1 has been suggested to be important for physiologic
IL-13 induction in human intestinal mast cells (36).

Tax may replace cellular signals required for the induction of
IL-13 synthesis. This is suggested by induction of endogenous
IL-13 synthesis in Jurkat cells by transfected Tax expression
plasmids and in the Tesi Tax-repressible system. Thus, it is
likely that HTLV-1 also induces IL-13 expression in vivo. This
is supported by our preliminary observation that IL-13 protein
is more frequently detected in the sera of HAM/TSP patients,
which are known to have high proviral loads (43), than in the
sera of uninfected individuals or HTLV-1 carriers with low
proviral loads (data not shown). This notion is corroborated by
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a recently published study which demonstrates IL-13 protein
production in Tax-positive HAM/TSP patient lymphocytes ex
vivo (7).

RNA and protein analyses demonstrate the expression of
the IL-13Ral and IL-4Ra chains in HTLV-1-infected T cells.
Together these constitute functional IL-13 receptors (5). T
cells, like many other cells types, can express the IL-13 recep-
tor (15, 18); in these cells IL-13 induces tyrosine phosphoryla-
tion of Janus kinase 3 and STATG6, which results in STAT6
DNA binding complexes (8, 31, 64). The tyrosine phosphory-
lation of STAT6 found in HTLV-1-infected cells, thus, could
originate from IL-13 interaction with its ligand. This notion is
corroborated by the observation that IL-4, an alternative in-
ducer of STATG6 activation, is not produced by these cultures.
Together with the highly induced expression of the cytokine,
these data provide a strong argument for an autocrine activa-
tion of the IL-13 receptor in HTLV-1-transformed cells. In this
respect HTLV-1-infected lymphocytes resemble Hodgkin lym-
phoma cells, which have been shown to be autostimulated by
IL-13 (58).

Among the IL-13 functions observed in T cells are inhibition
of gamma interferon production, enhancement of cytolytic po-
tential (64), inhibition of chemotactic migration of T lympho-
cytes (28), and stimulation of IL-13Ral expression (15). At
least some of these immune-modulating functions could result
in perturbing the host response to HTLV-1 and could support
viral persistence. Since interaction of IL-13 with its receptor
leads to activation of an antiapoptotic phosphatidylinositol
3-kinase-dependent signaling cascade (61), inhibition of apo-
ptosis might be an outcome of autocrine IL-13 stimulation in T
cells. Inhibition of apoptosis by IL-13 has been demonstrated
in different cell types, including B cells, synoviocytes, and colon
carcinoma cells. For example, IL-13 inhibits apoptosis in B
cells, especially in combination with the CD40 ligand (35, 49,
61). In particular, the cell death induced by cytokines such as
tumor necrosis factor alpha and CD95 is suppressed (37, 61).
Thus, IL-13 upregulation may be relevant for the survival of
infected and virally transformed lymphocytes in vivo and may
hence contribute to persistence and transformation.
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