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2. Materials and methods
2.1. Synthetic peptides

The Tax11-19 peptide, LLFGYPVYV, was purchased from Asahi
Technoglass (Chiba, Japan) and used as an HLA-A2-restricted CTL
antigen [11].

2.2. Cells

C1R.AAD cell line (HMYCI1R transfected with HLA chimeric mol-
ecule containing a1 and o2 domains from human HLA-A2.1 and a3
from mouse H-2D%) was described previously [22]. Cell lines were
maintained in culture medium (CTM; 1:1 mixture of RPMI 1640
and Eagle-Hank’s amino acid (EHAA)) containing 10% fetal bovine
serum (FBS), 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, 10 mM HEPES, 4 mM glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin.

HTLV-1-infected human ATL cell lines, KK-1 and KOB, were de-
rived from the peripheral blood and ascites of ATL patients, respec-
tively [23,24]. Human IL-2 dependent T cell line (HCT-4) was derived
from the cerebrospinal fluid of a HAM/TSP patient [25]. KK-1, KOB,
and HCT-4 were used as a target. Cells were maintained in CTM with
100 units/ml of recombinant human IL-2 (Imunace®35, Shionogi,
Osaka, Japan).

2.3. Mice

Transgenic HHD-2 mice (gift from Dr. Frangois Lemonnier, Insti-
tute Pasteur, Paris, France) were bred in our colony at the Institute
of the Experimental Animals at St. Marianna University. HHD-2
mice are characterized by knock-out of the murine B,-microglobu-
lin gene, as well as murine H-2DP, transgenic expression of human
HLA-A2.1 with a covalently-linked human B;-microglobulin and a
murine D°-derived o3 domain to allow interaction with mouse
CD8 [26]. All animal studies were approved by the Institute of
Experimental animals at St. Marianna University.

2.4. Binding assay

Peptide binding to HLA-A2 molecules was measured using T2
mutant cell lines as described previously [27,28]. T2 cells
(3 x 10°/well) were incubated overnight in 96-well plates with
culture medium (a 1:1 mixture of RPMI 1640 and Eagle-Hank's
amino acid (EHAA) containing 2% FBS, 100U/ml penicillin,
100 mg/ml streptomycin) with 10 pg/ml human B,-microglobulin
(Sigma-Aldrich, St. Louis, MO) and different peptide concentration.
On the following day, cells were washed at 190 x g for 5 min twice
with cold PBS containing 2% FBS and incubated for 30 min at 4 °C
with anti-HLA-A2.1 BB7.2 mAb (1/100 dilution of hybridoma
supernatant) and 5 pug/ml FITC-labeled goat anti-mouse Ig (BD
PharMingen, San Diego, CA). Cells were washed twice after each
incubation; subsequently, HLA-A2.1 expression was measured by
flow cytometry (FACScan; BD Biosciences, Mountain View, CA).
HLA-A2.1 expression was quantified as fluorescence index (FI)
according to the formula: FI = ((geometric mean fluorescence with
peptide — geometric mean fluorescence without peptide)/geomet-
ric mean fluorescence without peptide). Flys is the concentration
required to give an FI of 0.5, meaning a 50% increase in HLA-A2
on the cell surface. Background fluorescence without BB7.2 was
subtracted for each individual value. To compare the different pep-
tides, Flp5 was calculated from the titration curve for each peptide.
Each sample was tested in triplicate. Values were expressed as
mean in triplicate,

2.5. CTL generation in HHD-2 transgenic mice

The method for generating antigenic peptide-specific CTL lines
form HHD mice was described previously [28,29]. Mice aged more
than 8 weeks were immunized subcutaneously in the base of the
tail with 100 pl of an emulsion containing 1:1 incomplete Freund's
adjuvant (IFA), antigenic CTL peptide and cytokines (50 nmol Tax
(11-19) peptide, 25 nmol HBV core 128-140 helper epitope, 3 pig
of rmIL-12 and 3 pg of rmGM-CSF). Mice were boosted 2 weeks
later, with the spleens removed 10-14 days after the boost. Im-
mune spleen cells (2.5 x 10%/well) were stimulated in 24-well
plates with autologous spleen cells (5 x 10/well) pulsed for
30 min with 10 pM Tax11-19 peptide for the development of
low-avidity CTL lines (LCTL) or with 10 nM for high-avidity CTL
lines (HCTL) in CTM supplemented with 10% T-stim® (Collaborative
Biochemical Products, Bedford, MA). Following a minimum of four
in vitro stimulations with the peptide-pulsed syngeneic spleen
cells, two CTL lines were maintained by weekly restimulation with
1 x 10° cells/well with 4 x 10° peptide-pulsed mitomycin C-trea-
ted syngeneic spleen cells as feeders.

2.6. Cytotoxic assay

CTL activity was measured with >'Cr-labeled target cells. Target
cells (1 x 10%) were pulsed in 100 pl of 150 pCi >'Crfor 1 h and were
washed three times, with 5000 cells/well then added to 96-well
round-bottom plates containing different peptide concentrations.
Effector cells were introduced followed by additional incubation.
Supernatants were then harvested and analyzed. The percentage
of specific *'Cr release was calculated as 100 x (experimental
release — spontaneous release)/(maximum release — spontaneous
release). Spontaneous release was determined from target cells that
had been incubated in the absence of effector cells, while maximum
release was determined in the presence of 2% TRITON® X-100 Deter-
gent (CALBIOCHEM, La Jolla, CA). Each sample was tested in tripli-
cate. Values were expressed as means + SEM of triplicates.

2.7. IFN-y ELISA assay

IFN-v in the culture supernatant harvested at 24 h was deter-
mined using an ELISA kit (R&D, Minneapolis, MN) according to
the manufacture’s instructions. All samples were analyzed in trip-
licate. Values were expressed as means + SEM of triplicates.

2.8. TCR Vp screenings of CTLs

We assessed a Vp usage pattern between HCTL and LCTL using
VB TCR screening kit by a flow cytometry analysis (BD Bioscience
Phamingen, San Diego, CA).

2.9. Flow cytometry

We used a PE-Tax11-19/HLA-Ax0201 tetramer-LLFGYPVYV
(Medical & Biological Laboratories, Nagoya, Japan) and PE-hamster
anti-mouse CD3e Ab (145-2C11, BD Bioscience Phamingen, San
Diego, CA). Cells were centrifuged and washed twice with PBS con-
taining 0.5% BSA, and then resuspended in 1% BSA/PBS. Cells were
incubated 40 min at 4 °C with the antibody and then washed three
times. The tetramer and anti CD3¢ Ab were titrated for staining
simultaneously.

In order to compare the affinity of T cell receptor between
HCTLs and LCTLs, indexes were calculated using the following
two equations: ratio of geometric mean (RGM) = (geometric mean
using tetramer or anti-CD3g Ab)/(geometric mean using control
Ab). Each sample was tested in triplicate.
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2.10. Western blotting

KK-1, KOB, and HCT-4 were lysed using standard lysis buffer
(20 mM Tris-HCl, 250 mM NaCl, 1% NP-40, 1 mM dithiothreitol,
10 mM NaF, 2 mM NasVO0,, 10 mM Nay4P,0-, and protease inhibitor
cocktail (Roche, Mannheim, Germany)). Lysates were stored at
—80 °C until use. Protein concentration was determined using the
Bradford method (Bio-Rad protein assay reagent; Bio-Rad laborato-
ries, Hercules, CA). Equal amounts (30 pg) of protein were sepa-
rated by SDS-PAGE on 10% polyacrylamide gels and transferred
to PVDF membranes. Following the transfer, membranes were
blocked with Difco Skim milk (BD Bioscience, San Diego, CA) over-
night at 4 °C. The working concentrations of the first Abs were
1 pg/mi for anti-Tax Ab (Lt-4) [30] and anti murine B-actin Ab (SIG-
MA, St. Louis, MO), and 1:10,000 for HRP-conjugated anti-mouse
IgG Ab (SIGMA, St. Louis, MO). The membrane was washed, and
was reacted with the appropriate second antibody. Finally, signals
were visualized using the extended cavity laser (ECL) system (GE
Healthcare Bio-sciences KK, Tokyo, Japan).

2.11. Real-time reverse transcriptase-PCR (RT-PCR)

Total RNA was isolated from cells using TRIzol® Reagent (Invit-
rogen, Carisbad, CA). First-stand cDNA was synthesized with ran-
dom hexamers and reverse transcriptase {ReverTraAce; Toyobo,
Japan) using 1 ug of total RNA in a reaction volume of 20 pl. Real-
time PCR reactions were carried out using TagMan® Universal Mas-
ter Mix (Applied Biosystems, Carisbad, CA). ABI Prism 7500 SDS was
programmed to an initial step of 2 min at 50 °C and 10 min at 95 °C,
followed by 45 cycles of 15 s at 95 °C and 1 min at 60 °C. The prim-
ers and probe for detecting the HTLV-1 Tax or GAPDH mRNA were
used as described previously [31]. Relative quantification of mRNA
was performed using the comparative threshold cycle method with
GAPDH as an endogenous control. For each sample, target gene
expression was normalized against the expression of GAPDH. To
determine relative expression levels, the following formula was
used: target gene expression = 2~(C{tareetl-=CHGAPDHD "Each sample
was tested in triplicate. Values were expressed as means * SEM of
triplicates.

3. Results
3.1. Binding affinity of Tax11-19 for HLA-A2 molecule

Before attempting to develop Tax-specific CTL lines from HLA-
A2 transgenic HHD mice, we evaluated the binding affinity of
Tax11-19 peptide by T2 binding assay, which measures the cell
surface stabilization of HLA-A2 molecules. Tax11-19 peptide dis-
played a binding capacity for the HLA-A2 molecule that was nearly
equal to that of the positive control, the highly antigenic influenza
virus matrix peptide (FMP58-66) [32] (Flps = 0.329 for Tax11-19,
0.284 uM for FMP58-66) (Fig. 1). These data suggest that Tax11-
19 would be a very strong antigenic peptide restricted to the
HLA-A2 molecule.

3.2. Recognition of Tax11-19 peptide by CTL lines of different avidity

Based on the observation that Tax11-19 showed strong antige-
nicity inducing specific CTLs, we next attempted to develop low-
avidity CTLs (LCTL) and high-avidity CTLs (HCTL) from HLA-A2
transgenic mice. HCTL were generated by weekly stimulation using
low concentrations (10 nM) of the Tax peptide pulsed onto APCs,
while LCTLs were also generated using 10 uM of the Tax peptide
pulsed onto APCs. Using these different CTL lines, we examined
Tax-specific CTLs-mediated cytotoxicity with Tax peptide titrated
over a range of concentrations. The titration curve showed a
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Fig. 1. Comparison of HLA-A2 binding curves between Tax11-19 and FMP58-66
peptide in T2-binding assay. The binding affinity of Tax11-19 for HLA-A2 molecule
is almost as strong as that of FMP58-66 in influenza A virus.

0.5-1 log;, difference in functional avidity measured as the pep-
tide concentration necessary to produce 50% lysis (Fig. 2A). Simi-
larly, we examined their properties in antigen-specific IFN-y
production from these CTL lines (Fig. 2B). With a 24 h assay, HCTLs
showed more IFN-y production than LCTLs even at lower concen-
tration of Tax antigen. These data suggest that the two different
CTL lines specific for Tax have different functional avidity.

3.3. Different VB usage and binding ability to Tax-tetramer between
high- and low-avidity CTLs

In order to confirm whether these CTLs with different avidity
possessed different TCR structures, we assessed the difference in
VB usage pattern between HCTLs and LCTLs using flow cytometric
analysis (FCM). On FCM, antibodies available for screening were
those for VB 2, 3, 4, 5, 6, 7, 8.1, 8.2, 8.3, 9, 10, 11, 12, 13, 14, and
17. On FCM, no VP were detected in LCTLs, while only VB5 was
detected in HCTLs (Fig. 3A). The data suggested that the major
TCR repertoire of HCIL is Vp5, indicating that these two Tax-
specific CTL lines have different TCR structures.

We next compared the binding affinity of TCR between HCTL and
LCTL using Tax11-19/HLA-A2 tetramer-LLFGYPVYV and anti-CD3
Ab (Fig. 3B). On FCM with both Tax11-19-tetramer and anti-CD3
Ab titration, HCTLs showed a stronger fluorescence than LCTLs
(Fig. 3B). On Tax11-19-tetramer assay, the ratio of fluorescence in-
dex (HCTL/LCTL) was ~5-fold at any titrated concentration, and it
took 1.5 logs more tetramer to achieve the same level of staining.
In the titration of anti-CD3 Ab, the ratio was ~3-fold and also it
required about 3-fold more antibody to reach the same level of
staining. These findings suggested that HCTLs not only have higher
TCR affinity but also express greater numbers of TCR molecules on
their surface when compared with LCTLs.

3.4. Recognition of human ATL targets by Tax-specific CTLs from HHD
mice

We further examined whether these murine CTL lines with dif-
ferent functional avidity could induce cytotoxic activity against
human ATL targets. We used the HTLV-1-infected human ATL cell
lines, KK-1 (HLA-A2)and KOB (HLA-A30) as target cells derived from
peripheral blood and ascitis of ATL patients, respectively [23,24].
These murine CTL lines did not show strong cytotoxicity against
human ATL lines as against murine targets with a 4 h assay, as it
was previously reported that species specificity between murine
CD8 and the o3 domain of human HLA-A2 may reduce the recogni-
tion ability by CTLs [33]. However, on a 12 h assay, cytotoxicity
against human ATL was observed in an HLA-A2 restricted manner
(Fig. 4A). HCTLs were especially more efficient at killing at low
E/T ratios. Furthermore, on kinetics assay, HCTLs showed more effi-
cient cytotoxicity against the human ATL target (KK-1) than LCTLs
(Fig. 4B).
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Fig. 2. Difference in functional avidity between HCTLs and LCTLs. (A) Recognition by the Tax11-19 peptide specific CTLs, HCTL and LCTL, of Tax11-19 antigenic peptide from
107" to 10 uM when presented on C1R.AAD target cells. The effector to target-cell (E/T) ratio was 20:1. Error bars were omitted because all SEMs were <3.5%. (B) Comparison
of Tax11-19-specific IFN~-y production between HCTLs and LCTLs. A total of 200,000 CTL cells were cultured with 100,000 mytomicin-c treated C1R.AAD cell with 0.1-10 pM
Tax11-19 peptide. Culture supernatants at 24 h were assayed using IFN-y ELISA kit according to the manufacturer's instructions. ND, not detected.
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Fig. 3. TCR VP usage and expression level of TCR complex on Tax-specific CTLs with different functional avidity. (A) Comparison of Vp usage pattern between HCTLs and LCTLs
cytometry analysis (FCM). No VBs among available anti-Vp antibodies were detected in LCTL but only VB5 was detected in HCTL. (B) Comparison of binding curves for human
Tax11-19-tetramer and anti-CD3¢ Ab between HCTLs and LCTLs. HCTLs consistently showed a stronger fluorescence index than LCTLs; for Tax11-19-tetramer, the ratio of
fluorescence index (LCTL/HCTL) was ~5-fold, and for anti-CD3g Ab, it was ~3-fold.

3.5. Recognition of HTLV-1 infected human T cells by Tax-specific CTL On a 12 h lytic assay, HCTLs showed more efficient cytotoxicity
from HHD mice against the HTLV-1 infected human T cells while LCTLs were not
able to kill the targets under the these experimental conditions

Next, in order to examine a comparison of the cytotoxicity (Fig. 5A). At no time point was there detectable killing by LCTLs
against HTLV-1 infected non-tumor cells, we used HTLV-1 infected (Fig. 5B). These findings suggested that the superior recognition
human T cells (HCT-4) derived from a patient with HAM/TSP [25]. ability by the CTLs with higher functional avidity may have a more
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Fig. 4. Recognition pattern of human ATL targets by Tax-specific CTLs. (A)
Comparison of cytotoxicity for human ATL targets (KK1, HLA-A2; KOB, HLA-A30)
between HCTLs and LCTLs. (12 h >'Cr release assay) (B) Comparison of kinetics of
Tax-specific CTL-mediated cytotoxicity (E:T ratio = 40:1) between HCTLs and LCTLs.
Similar results were obtained in three different experiments.

striking effect in the case of recognizing normal cells infected with
the virus.

3.6. Expression of Tax product in human ATL tumors and HTLV-1
infected T cell target

The cytotoxicity data against human targets indicated that
higher functional avidity in CTLs is critical for efficient cytotoxicity
against tumor or infected normal cell targets in humans. However,
the amount of Tax antigen expressed in target cells that could be
recognized by higher avidity CTLs was unclear. Therefore, we
investigated how much Tax products could be yielded in these
human ATL and HTLV-1 infected target cells. Using western blot-
ting (Fig. 6A), Tax protein was detected in KOB and HCT-4 target
cells, but not in KK-1. Since KK-1 cells were recognized by HCTLs
more strongly than by LCTLs, we further evaluated the level of
Tax mRNA produced in KK-1 using real-time PCR. The expression
levels of Tax mRNA in KK-1 were around one thousand-fold lower
than that in KOB (Fig. 6B). These results demonstrated that Tax11-
19-specific higher avidity CTLs showed more efficient cytotoxicity
against ATL by recognizing very small amount of Tax product
detected only with real-time PCR.

4. Discussion

HTLV-1 infection elicits a strong CTL response, with Tax protein
being the major target of HTLV-1-specific CTLs [10,11]. In the field
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Fig. 5. Recognition pattern of HTLV-1 infected human T cell line by Tax-specific
CTLs. (A) Comparison of cytotoxicity for human IL-2 dependent HTLV-1 infected
cell, HCT-4 (HLA-A2), between HCTLs and LCTLs. (12 h 5'Cr release assay). (B)
Comparison of kinetics of Tax-specific CTL-mediated cytotoxicity (E:T=40:1)
between HCTLs and LCTLs. Similar results were obtained in four different
experiments.

of anti-tumor immunity, the in vivo relevance of differences in
functional avidity has been established by demonstrating that
high-avidity CTLs clear tumor antigens more efficiently than low-
avidity CTL [34-38]. In HTLV-1 infection, however, while there is
increasing body of evidence that CTL quality from the aspect of
functional avidity of CTL might be crucial for the efficient control
of HTLV-1 infection [17,39], little is known about how the func-
tional avidity of HTLV-1 virus-specific CTLs is related to the control
of HTLV-1-infected cells and tumors. Furthermore, the virus is
latent in the tumor cells and it is difficult to detect expression of
viral proteins [40-42]. This is the reason why there has not been
direct evidence on whether Tax11-19 works as a definitive CTL
antigen in HLA-A2-restricted patients with HTLV-1 infection and
ATLs. The present study provides clear evidence regarding the
notion that high avidity CTLs specific for Tax protein play a greater
role in the specific destruction of ATL and HTLV-1-infected cells
using Tax-specific CTLs with different functional avidity generated
from HLA-A2 transgenic HHD mice, with human ATL lines and
HTLV-1 infected cells acting as targets. As Tax11-19 peptide anti-
gen binds HLA-A2 with almost as high affinity as FMP58-66 in
influenza A virus (Fig. 1), which has one of the highest affinity
peptides among HLA-A2 restricted peptide antigens [27,28], we
developed CTL lines specific for Tax11-19, HCTL and LCTL, for
which we found the optimum antigen-presenting conditions for
the induction and maintenance of the CTL lines were 10 nM- and
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10 pM-peptide pulsing APCs, respectively. The 1000-fold differ-
ence of such antigenic concentration resulted in the CTL lines with
differences of functional avidity in antigen-specific cytotoxicity
and IFN-y production (Fig. 2). These different avidity CTLs also
had different repertoires of TCRVB, suggesting the structure of
TCR in the major repertoire of two lines were distinct (Fig. 3A).
In order to compare TCR affinity for the human Tax-tetramer, the
mismatch of which to murine CD8 could permit assessment of
the strength of TCR ligation to peptide/MHC complex more closely
without the influence of CD8 binding {43], we titrated the tetramer
and evaluated the effect of the number of TCR molecules expressed
at the same time. Higher avidity Tax-specific CTLs showed higher
fluorescene on both Tax-tetramer (~5-fold) and anti-CD3Ab (~3-
fold) staining (Fig. 3B), thus suggesting that CTL might acquire
higher avidity state by possessing the different structure of the
TCR as well as by increasing the number of TCR molecules ex-
pressed although other factors could also play a role for determin-
ing the avidity of CTLs [15].

HTLV-1 Tax, a critical viral protein for HTLV-1 leukemogenesis,
is the most likely target for HTLV-1 specific CTL in HTLV-1-infected
individuals [10,11]. In HTLV-1-infected patients with HLA-A2, the
Tax11-19-specific CTL response is predominantly detected in cul-
ture [44]. However, few details are known about the recognition
mechanism by Tax-specific CTLs because of the difficulty of devel-
oping CTL lines specific for Tax11-19 antigen [9]. Although both
HCTLs and LCTLs developed from HLA-A2 transgenic mice were
not able to induce cytotoxicity against the human HLA-A2-
restricted ATL line, KK-1, on 4 h assay because of the mismatch be-
tween the murine CD8 and human o3 domain [22], HCTLs clearly
showed more efficient cytotoxicity than LCTLs with longer-term as-
say of more than 4 h (Fig. 4). Furthermore, the use of the human
IL-2-dependent HTLV-1-infected non-tumor cell, HCT-4, clearly
brought out the difference in cytotoxic efficacy between HCTL and
LCTL (Fig. 5). These findings could be direct evidence not only that
Tax11-19 might be naturally processed for presentation as a CTL
antigen in both ATL tumor cells and virus-infected cells but also
that the higher avidity CTL for Tax11-19 could be more critical in
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Fig. 6. Expression of Tax product in human ATL tumors and HTLV-1 infected T cell
targets. (A) Tax protein is detected in KOB and HCT-4 by western blotting, but not in
KK-1. Jurkat cells were used as a negative control. (B) Comparison of mRNA
production of Tax by real-time PCR among KOB, KK-1 and HCT-4. Tax production in
KK-1 was detected by real-time PCR, but not in a western blotting, Jurkat cells as a
negative control gave no detectable signal with the Tax-primer.

clearing HTLV-1-infected cells as well as ATL tumors in HLA-A2-
restricted patients. In addition, HCTLs could more strongly recog-
nize a latent level of Tax product detected only with a real-time
PCR, not detectable with western blotting in the ATL target
(Fig. 6). Furthermore, HCTLs also possessed higher elimination po-
tential against HTLV-1 infected non-tumor targets when compared
with LCTLs (Figs. 4 and 5).

The present findings are consistent with previous reports show-
ing that the lytic efficiency of CD8" T cell response was inversely
correlated with the proviral load and the rate of proviral expres-
sion in patients with HTLV-1 infection [17]. These data also
strongly support the notion that induction of high avidity CTLs is
critical for development of more effective vaccines against cancer
and chronic viral infection such as HTLV-land HIV. In addition,
based on the observation that the high-avidity CTLs expressed a
greater number of TCR molecules when compared with the low-
avidity CTLs (Fig. 3B), such more multivalent TCR display might
be one of the critical factors in establishing functional high avidity,
leading to more efficient TCR cell therapy in the future [45].
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Activation of NF-kB by human T cell leukaemia virus
type 1 Tax is thought to be crucial in T-cell transform-
ation and the onset of adult T cell leukaemia. Tax
activates NF-kB through activation of the IxB kinase
(IKK) complex, similar to cytokine-induced NF-xB
activation, which involves active signalling complex
formation using polyubiquitin chains as a platform.
Although polyubiquitination of Tax was reported to
be required for IKK activation, most studies have
been performed using intact cells, in which secondary
NF-xB activation can be induced by various cytokines
that are secreted due to Tax-mediated primary NF-xB
activation. Therefore, a cell-free assay system, in
which IKK can be activated by adding highly purified
recombinant Tax to cytosolic extract, was used to
analyse Tax-induced TKK activation. In contrast to
the cytosolic extract, the purified IKK complex was
not activated by Tax, whereas, it was efficiently acti-
vated by MEKK1, that does not require polyubiquitina-
tion to activate IKK. Moreover, Tax-induced IKK
activation was blocked when the cytosolic extract was
mixed with either lysine-free, methylated or K63R
ubiquitin. These results obtained through our cell-free
assay suggest that K63-linked polyubiquitination is
critical, but linear polyubiquitination is dispensable or
insufficient for Tax-induced IKK activation.

Keywords: Human T cell leukaemia virus type 1/IxB
kinase/NF-kB/polyubiquitination/Tax.

Abbreviations: ATL, Adult T-cell leukaemia; CYLD,
cylindromatosis; HTLV-1, Human T cell leukaemia
virus type 1; IKK, IxB kinase; MEKK1, MAPK/
ERK kinase; NEMO, NF-kB essential modulator;
NF-xB, nuclear factor-kB; TRAF6, TNF
receptor-associated factor 6.

Human T-cell leukaemia virus type 1 (HTLV-1)
infects and transforms CD4" T cells in vitro and is
etiologically associated with an acute T cell

malignancy, Adult T-cell leukaemia (ATL) (/). The
HTLV-1 genome encodes the Tax protein, which
plays a critical role in T-cell transformation (2, 3).
Tax regulates the expression of cellular genes involved
in T-cell proliferation, cell survival and anti-apoptosis
by modulating various transcription factors, including
nuclear factor-kB (NF-kB), cAMP-responsible elem-
ent binding protein (CREB) and serum response
factor (SRF) (7, 4). NF-«kB is one of the key transcrip-
tion factors that facilitate cell transformation because
the Tax mutant M22, which can activate CREB but
not NF-xB, is unable to immortalize T cells (5).
Therefore, elucidation of the mechanism that underlies
Tax-induced NF-xB activation may aid in preventing
the onset of ATL.

NF-«B is normally sequestered in the cytoplasm by
associating with inhibitory proteins from the NF-xB
family (IxBs). Extracellular stimuli, such as tumour
necrosis factor (TNF)-a and interleukin (IL)-1, acti-
vate the IxB kinase (IKK) complex, that is composed
of the catalytic subunits IKKo and IKKP and
the regulatory subunit NF-xB essential modulator
(NEMO). The activated IKK complex phosphorylates
IxBe, which, in turn, induces Lys48-linked polyubiqui-
tination and proteasomal degradation of IxBo. NF-xB
is then translocated into the nucleus and promotes
transcription of its target genes (6). It has been well
established that Lys63-linked polyubiquitination is
involved in the cytokine-mediated NF-xB activation
pathway (7). In the interleukin-1 receptor (IL-1R)
and Toll-like receptor (TLR) signalling pathways,
TNF receptor (TNFR)-associated factor 6 (TRAF6),
an E3 ubiquitin ligase, conjugates Lys63-linked poly-
ubiquitination to itself and TGF-B-activated kinase
(TAK) 1 together with Ubcl3, an E2 ubiquitin-
conjugating enzyme (8, 9). Polyubiquitination leads
to formation of a signalling complex that contains
MAPK/ERK kinase (MEKK3), TAKI, TAKI-
binding (TAB) 2/TAB3 and the IKK complex, which
induces activation of TAK1 and the IKK complex
(10). In TNFRI signalling, cIAPs act as an E3 ubiqui-
tin ligase that conjugates polyubiquitin chains to
receptor-interacting protein (RIP) 1 (11, 12).
Polyubiquitin chains that are conjugated to RIP1
also act as platforms for the formation of a signalling
complex to activate downstream molecules.

To date, many studies have been conducted to elu-
cidate the mechanism of Tax-induced IKK activation.
Tax binds to NEMO and induces activation of the
IKK complex (/3, 14). We have shown that, unlike
the cytokine-mediated NF-kB signalling pathway,
Tax does not require Ubc13 and MAP3Ks, including
TAKI1, MEKKI, MEKK3, NF-kB-inducing kinase
(NIK) and tumor progression locus (TPL)-2 for IKK
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activation (15). We have further shown that expression
of cylindromatosis (CYLD) does not affect Tax-
induced NF-xB activation, whereas it does inhibit
TRAF6-induced NF-xB activation (/5), which
led us to hypothesize that polyubiquitination may
not be required for Tax-induced NF-xB activation.
However, other groups have shown that Ubcl3 and
TAK]1 are required for Tax-induced NF-kB activation
(16). Therefore, the molecular mechanisms for
Tax-induced IKK activation are controversial and:
largely unknown.

Herein, we establish a cell-free assay system that
induces IKK activation in response to recombinant
Tax and demonstrate that Tax requires unidentified
cytosolic factor(s) to activate the purified IKK com-
plex. We further show that a ubiquitin mutant, which
is unable to form polyubiquitin chains, inhibit
activation of the IKK complex, which suggests that
polyubiquitination is involved in the Tax-induced
IKK activation pathway.

Experimental Procedures

Plasmids

The cDNAs that encode Tax, M22, TRAF6, MEKKI (the
C-terminal 321 amino acids) were inserted into the pFastBac
HT A vector (Invitrogen) to generate a recombinant baculovirus
for expression of these proteins in Sf9 cells.

Cell culture and reagents

The Jurkat and JM4.5.2 cells were maintained in RPMI 1640 with
10% heat-inactivated fetal bovine serum (FBS). The S{9 cells were
maintained in SF900™ II SFM (Gibco) with 10% heat-inactivated
FBS. Wild-type (WT) and Traf6™'~ mouse embryonic fibroblasts
(MEFs) (/7) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% heat-inactivated FBS. BAY 11-7082
and BMS-345541 were obtained from Calbiochem. The wild-type
ubiquitin and ubiquitin mutants were purchased from Boston
Biochem.

Purification of the recombinant proteins

Hisg-tagged Tax, M22, TRAF6 and MEKK1 were produced using
the Bac-to-Bac Baculovirus Expression System (Invitrogen). Briefly,
a S0-ml culture of SM cells (1x10%cells/ml) was infected with
a recombinant baculovirus that expressed each protein. On complet-
ing 72 h after infection, the cells were harvested, and the Hiss-tagged
recombinant proteins were purified using the Ni-NTA resin
(QIAGEN) according to the manufacturer’s instructions.

Preparation of cytosolic extract (S100) from Jurkat cells

The Jurkat cells (1.5x108cells) were resuspended in 500ul of
hypotonic buffer [10mM Tris—HC! (pH 7.5), 1.5mM MgCl,
10mM KCI, 0.5mM dithiothreitol (DTT) and a protease inhibitor
cocktail (Roche)] and homogenized using a Dounce homogenizer.
The cell debris was removed by ultracentrifugation at 100,000¢g for
1h, and the cleared supernatant (S100) was collected.

Cell-free assay for IKK activation

The Jurkat cytosolic extract (10mg/ml) was incubated with the
indicated amount of either recombinant Tax, M22, TRAF6 or
MEKKI in ATP buffer [50mM Tris—HCI (pH 7.5), SmM MgCl,,
2mM ATP, SmM NaF, 20 mM B-glycerophosphate, I mM Na3VOy
and a protease inhibitor cocktail]. After incubation at 30°C for 1h,
the reaction mixtures were immunoblotted, immunoprecipitated or
pulled down. For the cell-free assay using the purified IKK complex,
the IKK complex was immunoprecipitated with an anti-Flag
antibody from Jurkat cells that stably expressed Flag-NEMO
(5.0x 10% cells). The purified IKK complex was incubated with the
indicated recombinant proteins in the presence of 100ng of
GST-IkBa (amino acids 1-54) in ATP buffer.
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Immunoblotting

Either the immunoprecipitates or the whole-cell lysates were sepa-
rated by sodium dodecy! sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) and transferred to a polyvinylidenedifluoride (PVDF)
membrane (Millipore). The membranes were incubated with the ap-
propriate primary antibodies. Immunoreactive proteins were visua-
lized with anti-rabbit or anti-mouse 1gG conjugated to horseradish
peroxidase (Amersham Biosciences), followed by processing with an
enhanced chemiluminescence (ECL) detection system (Amersham
Biosciences). The following antibodies were used: anti-p-IxBa
(9246), anti-IxBa (9242), anti-p-IKKo/IKKB (2681), anti-IKKo
(2682), anti-IKKB (2684) and anti-NEMO (2695) from Cell
Signaling Technology as well as ubiquitin (sc-8017) (Santa Cruz
Biotechnology), anti-Tubulin (CP06) (Calbiochem), anti-His-tag
(PMO032) (MBL) and anti-Tax (Lt-4).

Pull-down assay and immunoprecipitation

For the pull-down assays, pull down buffer [10mM Tris—HCI
[pH 7.0], 150mM NaCl, 0.5mM ethylenediaminetetraacetic acid
(EDTA), 1% NP-40, 10mM imidazole] and Ni-NTA resin were
added to an in vitro assay reaction mixture. After incubation at
4°C for 1h, the Ni-NTA resin was washed three times with the
pull-down buffer and immunoblotted. To detect polyubiquitination
of Tax and NEMO, the reaction mixtures were boiled for 10min
with 1% SDS to remove non-covalently attached proteins. The re-
action mixtures were diluted 10-fold in Tris/NaCl/EDTA (TNE)
buffer [20mM Tris—HCl (pH 7.5), 150mM NaCl, 2mM EDTA,
1% NP-40, 5mM N-ethylmaleimide and a protease inhibitor cock-
tail] to reduce the concentration of SDS to 0.1%. The reaction mix-
tures were then incubated with antibodies against Tax or NEMO.
The immunoprecipitates were washed three times with TNE buffer
and immunoblotted using an anti-Ub antibody.

Results and Discussion

Establishment of a cell-free assay system that
reproduces Tax-induced IKK complex activation
Once Tax activates NF-kB, various cytokines, includ-
ing TNF-a and IL-1, may be induced by NF-xB
and secreted, which in turn further activates
NF-¢B through the cytokine-specific receptors on
the Tax-expressing cells (I8, 19). This potential
autocrine-stimulated NF-xB activation enhances the
difficulty of distinguishing signalling events induced
by Tax from those induced by cytokines. Therefore,
we tried to establish an in vitro cell-free system, in
which Tax-induced IKK activation can be analysed
without cytokine-induced IKK activation. The
involvement of polyubiquitination in Tax-induced
IKK activation is unclear, although its involvement
in cytokine-induced IKK activation has been
established (7). Thus, the cell-free system is suitable
to address the role of polyubiquitin chains in
Tax-induced IKK activation. We first expressed
recombinant Hisg-Tax and the Tax mutant M?22,
which is defective in NF-kB activation, in Sf9 cells
and purified them using Ni-NTA agarose (Fig. 1A)
To examine whether recombinant Tax activates the
IKK complex, the cytosolic extract was prepared
from the human T cell line Jurkat and incubated
with either recombinant Tax or M22, and the resulting
reaction mixture was analysed using immunoblots
with anti-p-IxBa  and anti-p-IKKa/B antibodies.
Recombinant Tax, but not recombinant M22, induced
phosphorylation of IxBa in a dose-dependent manner
(Fig. 1B). Phosphorylation of IxkBa was also indicated
by the appearance of a slower migrating form of
IxBa (Fig. 1B). Phosphorylation of IKKa/f was also
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Fig. 1 Recombinant Tax activates the IKK complex in the cell-free assay system. (A) Purification of recombinant Hiss-Tax and the Tax M22
mutant. We performed SDS—PAGE on the recombinant Tax and M22 that were purified from Sf9 cells, which was followed by silver staining,
An arrow indicates the Tax protein. (B) Recombinant Tax induces phosphorylation of IxBa in a dose-dependent manner. The Jurkat
cytosolic extract (10 mg/ml) was incubated with the indicated amount of recombinant either Tax or M22 with ATP (2mM) at 30°C for 1 h.
Phosphorylation of IxBa was detected by immunoblot with the anti-p-IxBa, anti-IxBao, anti-Tax and anti-Tubulin antibodies. (C) Recombinant
Tax induces phosphorylation of the IKK complex. The Jurkat cytosolic extract (10 mg/ml) was incubated with the indicated amount of
recombinant TRAF6, Tax or M22 at 30°C for 1h. The reaction mixtures were immunoprecipitated with an anti-NEMO antibody and then
immunoblotted with anti-p-IKKo/IKKf, anti-IKKa and anti-IKKf antibodies.

induced by recombinant Tax, but not by M22, to a
similar extent as induced by TRAF6 (Fig. 1C).

To further confirm that recombinant Tax-induced
phosphorylation of IxBa is catalysed by IKK, two
distinct IKK inhibitors, BAY 11-7082 (20) and
BMS-345541 (21), were added to the cell-free TKK
activation system. Both of the IKK inhibitors
inhibited Tax-induced phosphorylation of IxBa in a
dose-dependent manner (Fig. 2A and B). Moreover,
we performed the cell-free assay using cytosolic extract
prepared from JM4.5.2, which is a NEMO-deficient
Jurkat cell line, because the interaction of Tax with
NEMO is indispensable to Tax-induced IKK activa-
tion (22, 23). We confirmed that NEMO was not
expressed in JM4.5.2 cells, whereas, IKKa and IKKJ
were expressed to a similar extent in the JM4.5.2 and
Jurkat cells (Fig. 2C, left). Previous study has shown
that TRAFG6 fails to induce IxBa phosphorylation in
the absence of NEMO (9). While we reproduced the
TRAF6 requirement for NEMO, recombinant Tax
also failed to induce IxBa phosphorylation in the
NEMO-deficient cytosolic extract (Fig. 2C, right).
To examine whether Tax binding to the IKK complex
depends on NEMO in the cell-free assay, Tax was
pulled down with Ni-NTA beads, and IKK /B binding
to Tax was analysed by immunoblots. Recombinant
Tax interacted with the IKK complex in the Jurkat
cytosolic extract, whereas, Tax did not bind the IKK
complex without NEMO (Fig. 2D). Taken together,
Tax binds the IKK complex through NEMO and
subsequently activates the IKK complex in the cell-free
assay system. Given that M22, which is unable to bind
NEMO (74), does not activate the IKK complex in the

cell-free system (Fig. 1B and C), these results strongly
suggest that our cell-free assay system reconstitutes the
Tax-mediated NF-kB activation in intact cells. A simi-
Jar assay system has been reported previously using
partially purified recombinant Tax generated in
Escherichia coli (24). As the purity of our Tax protein
generated in sf9 cells is >95% (Fig. 1A) and its specific
activity may be >8-fold over that of the Tax from
E. coli [a minimum concentration of the Tax from
Sf9 required for IKK activation is ~0.1 uM (Fig. 1B)
while that of the Tax from E. coli is ~0.8 uM (24)], our
system is well suited for further investigation of the
molecular mechanism for Tax activation of NF-xB.

Tax requires cytosolic intermediary factors for
activation of the purified IKK complex

Using the cell-free systems, we next addressed whether
Tax alone induces IKK activation. The IKK complex
was purified from unstimulated Jurkat cells and then
incubated with either recombinant Tax or other
NF-kB activators and recombinant GST-IkBa. As
MEKKT1 alone is known to activate the purified IKK
complex without the polyubiquitination reaction
(9, 25), we used MEKK!1 as a positive control. On
the other hand, TRAF6 requires other molecules,
such as Ubcl3, Uevla, TAKI] and TAB2, for IKK
activation (9, 26). Therefore, TRAF6 was used as a
negative control. When incubated with Jurkat cytosol-
ic extracts, all the recombinant proteins were able to
induce phosphorylation of IxkBo (Fig. 3A). However,
when the recombinant proteins were incubated
with the purified IKK complex, only MEKK 1 induced
phosphorylation of IxBo and IKKf (Fig. 3B, +IKK).
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Fig. 2 Phosphorylation of IxBo induced by recombinant Tax is dependent on IKK activation. (A and B) IKK inhibitors inhibit IxBo phosphor-
ylation induced by recombinant Tax in a dose-dependent manner. The Jurkat cytosolic extract (10 mg/ml) was incubated with recombinant Tax
(0.5uM) and ATP (2mM) and either the IKK inhibitor BAY 11-7082 (A) or BMS-345541 (B) at 30°C for 1 h. Phosphorylation of IxkBo was
detected by immunoblot with an anti-p-IxBa antibody. (C) NEMO is essential for Tax-induced phosphorylation of IxkBa. The expression levels
of IKKo, IKKp and NEMO were analysed by immunoblot (left). Either the Jurkat or JM4.5.2 cytosolic extract (10 mg/ml) was incubated with
either recombinant TRAF6 (0.5 uM) or Tax (0.5 uM) and ATP (2mM) at 30°C for 1 h. Phosphorylation of IxBo was detected by immunoblot
with an anti-p-IxBe antibody (right). (D) Tax binding to the IKK complex depends on NEMO. The cell-free assay was performed as described in
(C), and the reaction mixtures were then subjected to a Ni-NTA pull-down assay to analyse interaction of Tax with the IKK complex subunits
by immunoblot with anti-IKKa, anti-IKKf and anti-NEMO antibodies.
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Fig. 3 Tax requires intermediary factors for IKK activation. (A) Recombinant MEKK1, TRAF6 and Tax activated the IKK complex in

the Jurkat cytosolic extract. The Jurkat cytosolic extract (10 mg/ml) was incubated with either recombinant MEKK1 (0.75 uM), TRAF6
(0.75uM) or Tax (0.75uM) and ATP (2mM) at 30°C for 1 h. Phosphorylated IxBo was detected by immunoblot with an anti-p-IkBa antibody.
(B) Recombinant Tax did not activate the purified IKK complex. Recombinant MEKK 1, TRAF6 or Tax was incubated with ATP (2mM)
and GST-IxBo (100 ng) at 30°C for 1 h either without (—IKK) or with (+1KK) the IKK complex purified from unstimulated Jurkat cells.
The reaction mixtures were analysed by immunoblot with anti-p-IxBe, anti-GST, anti-p-IKKp and anti-IKKp antibodies.

Polyubiquitination is involved in Tax-induced IKK
activation but not in the interaction between Tax
and NEMIO

We next sought to determine that cytosolic intermedi-

MEKK!1 was unable to induce phosphorylation of
IxBa without the IKK complex (Fig. 3B, —IKK), indi-
cating that MEKK1 does not directly phosphorylate
IxBa. Similar to TRAF6, Tax alone did not activate

the purified IKK complex (Fig. 3B), indicating that
Tax requires intermediary factors for IKK activation,
which are in the Jurkat cell cytosol.
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ary factor(s) required for Tax-induced IKK activation.
It has been well established that various polyubiquitin
chains are crucial in IL-1- and TNF-a-induced IKK



activation (7). IL-1 induces the polyubiquitinated
forms of TRAF6 and TAKI, and TNF-a induces
those of RIP1 (8, 9, 11, 12). Moreover, it has been
reported that unanchored polyubiquitin chains are
generated in response to these stimulating events
(27). These polyubiquitin chains act as a platform
for the formation of an active TAK I-containing sig-
nalling complex, which activates IKK. In addition to
TAKI1 activation, the activation of IKK requires
stimulation-induced Lys63-linked or linear polyubiqui-
tin chain conjugation to NEMO (28—32), which may
induce either oligomer formation or a conformational
change in NEMO to activate the TKK complex.
The former conjugation is catalysed by TRAF6 with
Ubcl3 and the latter by the linear ubiquitin chain
assembly complex (LUBAC), which is composed of
HOIL-1, HOIP and Sharpin (33—35). We have previ-
ously shown that Ubc13 is dispensable to Tax-induced
IKK activation, and expression of CYLD does not
affect Tax-induced NF-xB activation (/5). However,
we cannot exclude the possibility that Lys63-linked
polyubiquitination is involved in Tax-induced IKK
activation because E2 ubiquitin-conjugating enzymes
other than Ubcl3 could be involved and that the
Lys63-linked polyubiquitin chains could be somehow
blocked from CYLD-mediated deubiquitination.
Because our cell-free assay system is not affected by
the Tax-induced secretion of various cytokines that
trigger generation of polyubiquitin chains, we next
investigated whether polyubiquitination was required
in Tax-mediated IKK activation using the cell-free
system. To inhibit polyubiquitin chain formation,
we used two ubiquitin mutants. We used a lysine-free
ubiquitin mutant, in which all the lysine residues were
mutated to arginine (K0-Ub). We also used a methy-
lated ubiquitin, in which the amino groups, including

Polyubiquitination in Tax-induced IKK activation

the e-amino group, on all the lysine residues and
the N-terminal Met a-amino group were blocked by
methylation (Me-Ub). The addition of these ubiquitin
mutants suppressed TRAF6-induced IKK activation,
whereas MEKK I-induced IKK activation was not
affected (Fig. 4A). This result is consistent with the
notion that polyubiquitination is involved in TRAF6-
induced IXK activation but not in MEKK Il-induced
IKK activation (9). More importantly, both ubiquitin
mutants suppressed Tax-induced IKX activation
(Fig. 4A). This result indicates that polyubiquitination
is involved in Tax-induced TKK complex activation.

As Tax binding to NEMO is essential for
Tax-induced IKK activation (22, 23), we next exam-
ined whether the ubiquitin mutants inhibited the
interaction between Tax and the IKK complex. The
Jurkat cytosolic extract was incubated with recombin-
ant Tax with and without either wild-type ubiquitin or
the mutants. An aliquot of the reaction mixture was
immunoblotted directly to examine IKK activation,
and the remaining mixture was used for Ni-NTA
pull-down assays to analyse the interaction between
Tax and the IKK complex. Although KO0-Ub and
Me-Ub inhibited Tax-induced IKK activation as
expected (Fig. 4B, left), the addition of these mutants
had no effect on the association between Tax and the
IKK complex (Fig. 4B, right). These results suggest
that the interaction between Tax and the IKK complex
is insufficient to induce IKK activation, and there may
be additional steps, in which polyubiquitination is
involved, for Tax-induced activation of the IKK
complex.

As the addition of KO0-Ub does not inhibit the
generation of linear polyubiquitin chains (36),
KO0-Ub-mediated inhibition of Tax-induced IKK
activation suggests that linear polyubiquitination is

Tax MEKK1

Ug: -
IB: p-lkBa

KB

Tubulin

- & &

pull-down

- Lo - e

Fig. 4 Polyubiquitination is involved in Tax-induced IKK activation. (A) The Jurkat cytosolic extract (10 mg/ml) was mixed with wild-type
(WT, 100 uM), lysine-free (K0, 100 uM), or methylated (Me, 100 uM) ubiquitin and then incubated with recombinant TRAF6 (0.5 uM),

Tax (0.5uM) or MEKK1 (0.5 pM) and ATP (2mM) at 30°C for 1 h. Phosphorylation of IxBa was detected by immunoblot with an anti-p-IxBa
antibody. (B) The Jurkat cytosolic extract (10 mg/ml) was mixed with either WT ubiquitin or the ubiquitin mutants (100 uM), as well as
recombinant Tax (0.5uM) and ATP (2mM) at 30°C for 1 h. After incubation, aliquots of the reaction mixtures were immunoblotted directly
with an anti-p-IxBe antibody to examine IKK activation, and the remaining mixture was used for a Ni-NTA pull down to analyse the
interaction between Tax and the IKK complex by immunoblot with anti-IKKae, anti-IKK B, anti-NEMO and anti-Tax antibodies.
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dispensable or insufficient for IKK activation by Tax.
These results led us to test whether Lys63-linked poly-
ubiquitination is involved. We first examined whether
Tax induces polyubiquitination in the cell-free system.
Immunoprecipitation and subsequent immunoblot
with an anti-ubiquitin antibody revealed that Tax in-
duces polyubiquitination of Tax and NEMO in the
cell-free system (Fig. 5A). The cell-free assay was
then performed with the ubiquitin mutant, either
K48R or K63R, in which the Lys-48 or Lys-63 of ubi-
quitin was mutated to Arg, respectively. K48R did not
have an effect, but K63R completely inhibited
Tax-induced IKK activation (Fig. 5B), which indicates
that Lys-63-linked polyubiquitination is required
for Tax-induced IKK activation. In the IL-1R and
TLR pathways, TRAF6 acts as an E3 ubiquitin
ligase to generate K63-linked polyubiquitin chains
upon stimulation (8, 9). Therefore, cytosolic extracts
were prepared from wild-type MEF cells and Traf6™~
MEF cells and then tested for Tax-induced IKK
activation. Similar levels of IxBa phosphorylation
were observed in the WT and Traf6~'~ extracts
(Fig. 5C), which indicates that TRAF6 is dispensable
for Tax-induced IKK activation.

In this study, using a cell-free assay system, we
demonstrated that activation of the IKK complex by
HTLV-1 Tax requires cytosolic factor(s) that are

o A0
A Tax: — oY Q’-\ M

192

1B Ub
1P Tax

Tax

kDa

Ut
IB: plkBa

kB
Tax '

Tubulin

involved in Tax-induced polyubiquitination. As poly-
ubiquitination is catalysed by three enzymes, El, E2
and E3 (37), it is important to identify these enzymes
to further elucidate the' molecular mechanisms of
Tax-induced IKK activation. Although our results
strongly suggest that K63-linked polyubiquitin chains
are involved in the Tax-induced IKK activation,
TRAF6 does not act as an E3 and the involvement
of Ubcl3 as an E2 is still controversial (15, 16). It is
well known that polyubiquitin chains with different
lysine linkages have distinct biological roles (38, 39).
Lys48-linked polyubiquitin chains are a signal for
proteasomal degradation. On the other hand, Lys63-
linked and linear polyubiquitin chains play an import-
ant role in the cytokine signal transduction pathway
that leads to NF-kB activation. Further studies are
required to determine which types of polyubiquitin
chain are involved in Tax-induced IKK complex
activation. We also found that polyubiquitination
was not required for the interaction between Tax and
the IKK complex. This result raises the possibility that
polyubiquitination might be required either to recruit
IKK kinase (IKKK) or to induce trans-autophosphor-
ylation of the IKK complex, which induces IKK
activation. It has been reported that ubiquitination
of Tax is required for the interaction of Tax with
NEMO (76). Although the reason for the discrepancy

P NEMO

NEMO

Fig. 5 Potential involvement of Lys-63-linked polyubiquitination in Tax-induced IKK activation. (A) Recombinant Tax induces polyubiquitination
of Tax and NEMO in the cell-free system. The Jurkat cytosolic extract (10 mg/ml) was incubated with recombinant Tax with ATP (2mM) at
30°C for 1 h. After incubation, the reaction mixture was first boiled to remove the non-covalently attached proteins and then immunoprecipitated
with either an anti-Tax (left) or anti-NEMO (right) antibody. Ubiquitination of Tax and NEMO was detected by immunoblot with an
anti-ubiquitin antibody. (B) The Lys63-linked polyubiquitin chain is involved in Tax-induced IKK activation. The Jurkat cytosolic extract
(10 mg/ml) was incubated with recombinant Tax (0.5 uM) and either the WT or ubiquitin mutants (100 uM) with ATP (2 mM) at 30°C for 1 h.
IxBo phosphorylation was detected by immunoblot with an anti-p-IxBo antibody. (C) TRAF6 is not involved in Tax-induced IKK activation.

Recombinant Tax (0.5 uM) was incubated with the cytosolic extract from either WT or Traf6~

e

MEFs (10 mg/ml) with (2mM) at 30°C for 1 h.

Phosphorylation of IkxBo was detected by immunoblot with an anti-p-IxBa antibody.
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is not clear, identification of the polyubiquitinated
proteins and IKK-interacting proteins using our
cell-free system may provide clues to understanding
the molecular mechanisms of Tax-induced IKK
activation,
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There is no effective therapy for human T-cell
lymphotropic virus type | (HTLV-l)-associated
myelopathy/tropical spastic paraparesis (HAM/
TSP). Glucocorticoids are effective to reduce
the motor disability in these patients, but its
role as anti-spastic drugs is unknown. Here it
is reported the use of corticosteroids in HAM/
TSP. The goal was to find reliable molecular
markers linked to treatment effectiveness. The
clinical efficacy of corticosteroids was studied
in 22 HAM/TSP. The treatment was a single
dose of 7.0 mg of systemic betamethasone.
Pre-treatment samples were obtained immedi-
ately before steroid administration and post-
treatment samples were collected after 5 days.
Neurological disability was evaluated by the
Osame’s Motor Disability Scales. Relative levels
of Tax, Foxp3, IL-10, TGF-B, CTLA-4, and GITR
mRNA were measured and the percentage of
CD4"Foxp3* and CD4"Tax™ populations was
quantified in PBMCs by real-time PCR and flow
cytometry, respectively. The same parameters
were studied in eight untreated carriers. Beta-
methasone treatment showed neurological im-
provement in 21 HAM/TSP patients, with one
patient without response to treatment. This
therapy was associated with a decrease in Tax
mRNA load and CD4*Tax™ T cells in HAM/TSP.
Simultaneously, an increase in Foxp3 mRNA
and CD4*Foxp3® T cell was detected in these
patients. The other markers studied had no sig-
nificant changes after treatment. Clinical
improvement in betamethasone-treated HAM/
TSP was associated with an inverse relation-
ship between a decrease in Tax and an
increase in Foxp3 at the mRNA and protein
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levels. These results suggest that both Tax and
Foxp3 may represent potential biomarkers
for drug treatment assessments in HAM/TSP.
J. Med. Virol. 83:1641-1649, 2011.
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KEY WORDS: HTLV-l; betamethasone the-
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INTRODUCTION

Human T-cell lymphotropic virus type I (HTLV-I) is
the etiologic agent of HTLV-I-associated myelopathy/
tropical spastic paraparesis (HAM/TSP) [Osame et al.,
1986]. This progressive spastic paraparesis without
remittances is interpreted as an inflammatory disease
[Nakagawa et al., 1995; Uchiyama, 1997], and also as
a neurodegenerative disease [Cartier et al., 1997,
2007; Liberski et al., 1999]. Nevertheless, the progres-
sion of the disease is still unknown [Oh et al., 2006].
Worldwide the majority of infected individuals remain
asymptomatic carriers while approximately 0.25-3.0%
of those infected develop HAM/TSP [Kaplan et al.,
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1990]. There are no effective ways to prevent the
development of HAM/TSP. Glucocorticoids are effec-
tive to reduce the motor disability in these patients,
probably because of their anti-inflammatory proper-
ties [Gotuzzo et al., 2004; Verdonck et al., 2007].

The anti-inflammatory and immunosuppressive
effects of the corticoids are widely known, but the
anti-spastic action of these drugs is less mentioned
[Cartier et al., 1977; Cartier and Verdugo, 1988].
Based on the last effect, corticoids have been used to
obtain an effective decrease of spasticity in HAM/TSP
patients. The repeated use of corticosteroids allowed
the selection of 7.0 mg of rapid and slow action beta-
methasone in a single-dose monthly as a suitable
treatment. This small dose of the drug produces de-
fined improvements, increasing the step-length,
speed, gait, and balance in HAM/TSP patients; effects
on the control of spastic bladder are seen as well. Ad-
ditionally, patients in long-term treatment show a
slower functional deterioration compared with un-
treated patients [Cartier, 1998]. As a result of these
findings, factors that could be involved in this func-
tional improvement were studied.

In HAM/TSP, natural regulatory T cells (nTreg)
characterized by the markers CD4*CD25MFoxp3™ are
the main reservoir of the virus in vivo [Yamano et al,,
2004, 2005]. These cells have the function to suppress,
through cell-cell contact, the response of effector T
cells and antigen-presenting cells in chronic diseases,
including those caused by retroviruses [Grant et al.,
2006; Roncarolo and Gregori, 2008]. Tax is a viral and
cellular transcriptional regulator associated with the
progression of HAM/TSP in most cases [Uchiyama,
1997, Nagai and Jacobson, 2001]. In vitro studies
have demonstrated a decrease in Foxp3 levels in the
presence of Tax protein [Yamano et al, 2004]. The
mechanism of this regulation and its implication in
the progression of HAM/TSP are still unknown
[Yamano et al., 2005; Toulza et al., 2008].

The aim of this work was to find reliable molecular
markers for the effectiveness of betamethasone treat-
ment. In order to characterize the immunological
and neurological effects of betamethasone in HAM/
TSP patients, this study was directed to evaluate
the variation of cytokine levels and receptors in-
volved in down-regulate the immune-response as
well as the neurological improvement reflected in
gait commitment. In this study, a clinical improve-
ment of HAM/TSP patients treated with betametha-
sone is reported. This improvement is associated
with a characteristic molecular pattern of immuno-
logical and viral markers. A clear inverse relation-
ship between a decrease in Tax viral protein and an
increase in nTreg marker Foxp3 in response to treat-
ment was found. Other immunological markers such
as IL-10, TGF-B, CTLA-4, and GITR were also stud-
ied to estimate the involvement in immuno-modula-
tor processes, but no correlation was found either
between markers or between markers with gait
improvement.

J. Med. Virol. DOI 10.1002/jmv

Alberti et al.

MATERIALS AND METHODS
Patients and Healthy Control Subjects

All the experiments were performed in compliance
with relevant laws and the University of Chile Ethics
Committee guidelines and in accordance with the eth-
ical standards of the Declaration of Helsinki. In-
formed consent was obtained from all individuals.
HAM/TSP patients fulfilled criteria of gait commit-
ment according to The World Health Organization.
Patients were evaluated clinically before and after
therapy. Motor disability was evaluated by neurolo-
gists in each patient visit. Motor dysfunction was
evaluated on the basis of the Osame’s Motor Disabili-
ty Score, in which motor dysfunction is graded on
the scale from 0 (normal gait and running) to
13 (completely bedridden). EDTA-treated blood was
obtained from 22 HAM/TSP patients, 8 asymptomatic
carriers (Carriers), and 8 healthy non-infected sub-
jects. All patients were treated with systemic betame-
thasone in a single dose of 3.0 mg of rapid action
betamethasone plus 4.0 mg of slow action betametha-
sone. Pre-treatment samples were obtained immedi-
ately before steroid administration and post-
treatment samples were collected after 5 days. Table I
shows clinical data of HAM/TSP patients before and
after treatment. Carriers were used as a reliable
infected control group without neurological manifesta-
tions, and healthy non-infected donors were used as
non-infected controls. Both control groups were not
treated with betamethasone. The Carriers group was
characterized by absence of motor disability, a mal-
e:female ratio of 1:1 and a mean age of 37.3 + 10.2.
The healthy non-infected group was similar but with
a mean age of 32.7 + 13.6.

PBMCs Isolation

Peripheral blood mononuclear cells (PBMCs) were
obtained from 10 ml of EDTA-treated blood by Ficoll-
Hypaque density gradient centrifugation; they were
washed three times with phosphate-buffered saline
(PBS). The number of PBMCs collected varied be-
tween 7 x 10% and 10 x 10°.

Nucleic Acid Isolation and ¢cDNA Synthesis

RNA was isolated with RNeasy kit (Qiagen, Valen-
cia, CA) from PBMCs according to the manufacturer’s
protocol. Reverse transcription was performed with
Tag-Man reverse transecription in a one-step PCR.

Relative Real-Time PCR

¢DNA was synthesized for relative quantitation of
Tax, CTLA-4, GITR, IL-10, TGF-B, and Foxp3 tran-
scripts, after and before betamethasone treatment of
HAM/TSP patients. Samples from Carriers and
non-infected healthy donors were also analyzed.
Hypoxanthine ribosyltransferase (HPRT) was used as
housekeeping gene. We designed Tax, Foxp3, HPRT,
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TABLE I. Clinical Data of HAM/TSP Patients Treated With

Betamethasone
Disease OMDS OMDS
evolution before after
Patients Age Sex (years) treatment treatment
1 40 F 3 4 3
2 46 F 3 5 4
3 68 F 14 4 3
4 74 F 9 5 4
5 63 F 12 5 4
6 69 F 12 5 4
7 61 M 17 5 4
8 56 M 7 6 5
9 53 M 5 4 3
10 71 F 17 7 6
11 74 F 20 5 4
12 79 M 25 4 2
13 54 M 12 9 8
14 61 F 16 7 7
15 36 F 11 6 4
16 5 F 10 5 4
17 57 F 10 3 2
18 5 M 18 4 3
19 72 F 12 5 4
20 49 F 24 7 6
21 63 F 14 4 3
22 65 F 15 5 4

Each column shows different parameters related with age, sex, and
vears of disease evolution. Motor disability stage measured as gait
commitment was evaluated before treatment and 5 days after beta-
methasone administration.

OMDS, Osame’s Motor Disability Scales.

and GITR primers using AmplifiX 1.4 software based
on sequences reported in GeneBank; Tax: forward
primer (5’-ATC CCG TGG AGA CTC CTC AA-3'), re-
verse primer (5-CCA AAC ACG TAG ACT GGG TAT
CC-3'); GITR: forward primer (5-CGA GGA GTG
CTG TTC CGA GT-3), reverse primer (5-TGG AAT
TCA GGC TGG ACA CAC-3); Foxp3: forward primer
(6'-AAT GGC ACT GAC CAA GGC TTC ATC T-3),
reverse primer (5-GTG CCT CCG GAC AGC AAA
CA-3'); and HPRT: forward primer (5-TGC TGA GGA
TTT GGA AAG GGT GTT-3), reverse primer (5-AGC
ACA CAG AGG GCT ACA ATG TGA-3). Primers for
CTLA-4, IL-10, and TGF-8 were described previously
[Boeuf et al., 2005; Schaub et al., 2006]. PCR products
were spanning exon—intron borders in order to avoid
amplification of contaminant genomic DNA. ¢cDNA
was amplified using Brilliant® II SYBR® Green mas-
ter mix (Stratagene, Agilent Technologies, Wilming-
ton, DE). When possible, amplifications were carried
out in duplicates. Analysis of melting curves showed a
single pick for each marker amplified, coincident with
the size of PCR products analyzed in agarose gels.
Relative quantitation was made with the comparative
threshold cycle (AACy) formula with HPRT as endoge-
neous housekeeping gene. Carriers were used as con-
trol group for calculation of AACy, having previously
compared them with healthy non-infected individuals.
It was not possible to compare Tax mRNA levels in
both groups because of the lack of Tax gene in healthy
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non-infected individuals. Data were normalized to the
average value of Carriers.

Flow Cytometry

PBMCs for flow cytometry were cultured 14 h in
RPMI 1640 (Gibco, Paisley, UK) supplemented with
10% fetal bovine serum (Gibco) and 20 nM Concana-
myecin A (Sigma-Aldrich, St Louis, MO) in order to
inhibit the action of CD8 cytotoxic T lymphocytes.
Cells were harvested and stained with fluorophore-
conjugated antibodies against the following antigens:
CD4-FITC (BD Biosciences, San Jose, CA), Foxp3-PE
(BD Biosciences) and Tax-APC, kindly provided by
Dr. Yuetsu Tanaka. For nuclear Foxp3 and Tax stain-
ing, cells were permeabilized with fixation and
permeabilization reagents (eBiosciences, San Diego,
CA). Matched isotype controls were used at the same
concentfration as the respective antibodies. A three-
color flow cytometry in a FACS-CANTO instrument
(Beckton Dickinson) was performed; WinMDI 2.9 soft-
ware was used for data analysis. To calculate mean
fluorescence intensity (MFI) the MFI software (Uni-
versity of Massachusetts) was used. Mean fluores-
cence of each marker over CD47 subpopulation was
used to determine the level of Foxp3 and Tax protein.
Values of MFI plotted were divided by 100 to keep the
same scale range of the mRNA data.

Statistics

Statistical analysis was made with Graph Pad
Prisma 5.0. Data were verified for Gaussian distribu-
tion. For evaluating betamethasone effects in HAM/
TSP patients, data before and after treatment were
compared using Wilcoxon-singed rank test. Kruskal-
Wallis test was used for calculation of differences be-
tween independent groups. Data are shown as
mean £ SD. The Pearson’s correlation was used to
evaluate relationship between mRNA and protein lev-
els and between cell populations percentage. Differen-
ces in P-values of 0.05 or less were considered
significant.

RESULTS

Effects of Betamethasone in Relative Expression
of Foxp3 and Tax mRNA in PBMCs of HAM/TSP
Patients

A significant increase in the relative amounts of
Foxp3 mRNA in HAM/TSP patients treated with sys-
temic betamethasone was observed, compared with
pre-treatment samples from the same individuals.
There was also a statistical difference between
amounts of Foxp3 mRNA from pre-treatment patients
and Carriers, but not between healthy non-infected
individuals and Carriers, or post-treatment samples
(Fig. 1A). Samples from 21 HAM/TSP patients treated
with betamethasone showed significant decreases in
Tax mRNA compared with those from pre-treatment
controls (Fig. 1B). Pre-treatment samples of HAM/

J. Med. Virol. DOI 10.1002/jmv
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Fig. 1. Fold change of Foxp3 and tax mRNA in HAM/TSP patients
treated with betamethasone. A: Patients treated with betametha-
sone showed significant differences in Foxp3 mRNA amounts
(4.315 + 0.73) compared to their pre-treatment condition
(1.368 + 0.16; **P < 0.0032). Carriers did not reveal significant dif-
ferences compared to healthy non-infected controls, as well as with
post-treatment samples. B: Betamethasone produced a decrease in
relative amounts of tax mRNA in HAM/TSP patients (0.469 = 0.09),
in relation to pre-treatment samples (1.039 £ 0.18; **P < 0.0045).
Relative quantitation of mRNA in Carriers (0.308 + 0.038) did not
show significant differences with post-treatment samples.

TSP showed significant increases compared with
those from Carriers. Furthermore, post-treatment
HAM/TSP did not show differences from the carriers
group. Thus, betamethasone decreased Tax mRNA
close to the amounts seen in Carriers. Only patient 14
did not show changes in Tax mRNA levels before and
after treatment. Tax mRNA levels were low and
similar with those from Carriers.

No significant differences were found in the
amounts of mRNA of the immunological markers
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CTLA-4, GITR, IL-10, and TGF-B in PBMCs from
HAM/TSP patients before and after betamethasone
treatment, compared with Carriers. There were no
statistical differences between these two groups in all
analyzed markers (data not shown).

- Effect of Betamethasone Treatment in
CD4 Foxp3' and CD4"Tax" Cell Population in
HAM/TSP Patients

Betamethasone treatment led to a significant in-
crease in the CD4"Foxp3™ cell population in 21 HAM/
TSP patients compared with pre-treatment controls
(Fig. 2A and B). Patient 14 showed a decrease from
2.5 to 1.9% in CD4 "Foxp3* cells in pre-treatment
and post-treatment samples, respectively. However,
the relative amount of Foxp3 mRNA remained similar
before and after treatment. No significant differences
between the percentages of CD4"Foxp3™ in carriers,
healthy non-infected and HAM/TSP patients post-
treatment were observed. Inverse results in the
CD4%Tax™ cell population in response to betametha-
sone compared to those of CD4"Foxp3™ cells were
found. There was a significant decrease in the per-
centage of CD4"Tax"in 21 HAM/TSP-treated patients
compared with non-treated controls (Fig. 3A and B).
Only patient 14 did not show changes in the percent-
age of CD4"Tax™" cells, with similar levels as those of
asymptomatic carriers characterized by very low lev-
els of CD4"Tax™. A comparison of this cell population
between Carriers and HAM/TSP-treated patients did
not show statistically significant differences. A corre-
lation between CD4*Foxp3™ and CD4"Tax* popula-
tion before treatment did not show a statistically
significant result (data not shown). When data of both
cell populations after betamethasone treatment were
plotted together, the result was a negative and sta-
tistically significant correlation (Pearson’s r = —0.56;
Fig. 4A).

Correlation of mRNA Expression and Protein
Levels of Foxp3 and Tax

To support the findings at the mRNA level related
with Foxp3 and Tax levels, a correlation between
protein and mRNA for each marker was made. Foxp3
and Tax showed both a positive and statistically
significant correlation between mRNA expression and
protein levels in HAM/TSP patients before and after
treatment (Fig. 4B and C). Tax and Foxp3 mRNA of
PBMCs from patients before treatment did not show a
statistically significant correlation. Instead, the evalu-
ation of Tax and Foxp3 mRNA after the treatment
revealed a significant negative correlation with a
Pearson’s r = —0.55 (data not shown).

DISCUSSION

Effective treatment strategies for HAM/TSP are
still a challenge and clinical studies available are not
enough to support their therapeutic effects. Most
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Fig. 2. Flow cytometry analysis of CD4 ‘Foxp3" population in HAM/TSP patients treated with beta-

methasone. Percentage of Treg population was

obtained from PBMCs collected from HAM/TSP

patients before treatment and 5 days after betamethasone administration. Data were also compared
with PBMOCs from Carriers and healthy non-infected controls. A: Dot-plot representation of
CD4'Foxp3" population obtained from a pre-treatment sample (left) and post-treatment sample
(right). B: Comparison of results from different groups analyzed. Significant differences were found
between pre-treatment (2.33 =+ 1.24) and post-treatment (5.01 + 2.24) conditions (**P < 0.0036). Post-
treatment patients did not show significant differences compared to Carriers (4.34 + 1.01) and healthy

non-infected controls (4.44 + 1.03).

therapies are symptomatic, being focused on reducing
the inflammatory vresponse in affected tissues.
Interferon-a (IFN-a), which has both cytostatic and
antiviral activity has been used as a potential therapy
for HAM/TSP, but with modest results in reducing
HTLV-I proviral load [Izumo et al., 1996; Nakagawa
et al., 1996; Feng et al., 2003, 2004]. This decrease
would be associated with changes in the number of
CD8" T cells [Saito et al, 2004]. Alternative
treatments such as oral prednisolone, intrathecal
hydrocortisone [Kira et al., 1991; Araujo et al., 1995;
Nakagawa et al., 1996], plasmapheresis, and intrave-
nous gammaglobulin have been used [Matsuo et al.,
1988; Kuroda et al., 1991; Gold et al., 2007].

Nevertheless, they have not shown clear beneficial
effects. The use of antiretroviral drugs including
zidovudine and lamivudine has not reported clinically
significant changes in 16 patients in a randomized,
double-blind study [Taylor et al., 2006]. Even though
other kinds of glucocorticoids have been used in HAM/
TSP, the advantages of the treatment presented in
this work are based on the following characteristics:
(a) betamethasone has no interaction with mineralocor-
ticoid receptors, thus there is a higher concentration
interacting with glucocorticoid receptors compared
with other drugs [Habib and Safia, 2009]; (b) the
equivalent dosage compared with other glucocorti-
coids is eight times less; (¢) patients treated with
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Fig. 3. Quantitation of CD4"Tax" population in HAM/TSP patients under betamethasone treat-
ment. PBMCs obtained from HAM/TSP patients before and after treatment as well as from Carriers,
were used to quantify CD4"Tax"' cells and to evaluate the effect of systemic betamethasone in this
population. We used Carriers as control group, considering that their CD4'Tax" levels are very low
and manifestation of motor disability are absent in this individuals. A: Dot-plot analysis of a pre-treat-
ment sample (left) and post-treatment sample (right) highlighting the percentage of CD4"Tax" cells.
B: Results show a statistical difference between pre-treatment (3.03 + 2.79) and post-treatment
(1.43 + 1.23) conditions (""P < 0.0038). No statistical differences were observed when post-treatment

and Carriers individuals were compared.

betamethasone do not develop hypertension and fea-
tures related with this condition; (d) betamethasone
has the longest half-life compared with other glucocor-
ticoids; (e) the drug formulation with phosphate and
acetate salts increases its bioavailability; (f) a single
unique dose is effective for ameliorate disease
symptoms; (g) patients do not show secondary effects
related with corticoid usage like polyuria, polydipsia,
and polyphagia (NIH Clinical Trials). These data
were obtained from experimental database (http://
www.cancer.gov/Search/ClinicalTrialsLink.aspx?id=
39273&idtype=1" active clinical trials) and from
clinical observation of patients in this study.

The action of glucocorticoids as immune-modulators
in chronic diseases by increasing Foxp3 is well
documented [Karagiannidis et al., 2004; Braitch et al.,
2009]. It has been suggested that HAM/TSP patients
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present a reduced Foxp3-dependent suppression
capacity [Grant et al., 2008]. This study showed that
HAM/TSP patients treated with betamethasone
exhibit an increase in Foxp3 mRNA and CD4 Foxp3™
T cell population at levels comparable with those of
non-infected individuals and Carriers. It remains to
establish if glucocorticoids-dependent Foxp3 up-
regulation leads to a recovery in Treg function com-
pared to Treg obtained from pre-treated HAM/TSP
patients. Foxp3 regulatory properties only become
active if the immunological environment lacks of
danger signals or immune responses are exhausted
[Karagiannidis et al., 2004]. Thus, the relatively high
levels of pro-inflammatory cytokines or inflammatory-
signals present in HAM/TSP might explain the Treg
response observed in these patients. A positive corre-
lation was observed between the mRNA expression



