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manufacturer’s instructions. For cytokine profiling of a HTLV-1-specific
CD4* T cell line, cells were stimulated with formaldehyde-fixed ILT-#350
for 48 h. Culture supernatant was collected, and various cytokines were
measured using a Human Th1/Th2/Th17 Cytokine Kit for a Cytokine
Beads Array (BD Biosciences).

Induction of HTLV-1-specific CD4™ T cell line (T4 cells)

PBMCs (1 X 10° cells/ml) from patient #350, in complete remission at 180 d
after allo-HSCT, were cultured for 2 wk with 100 nM Tax301-309 peptide in
96-well round-bottom tissue culture plate (BD Biosciences) in a final volume
of 200 i RPMI 1640 medium with 20% FCS and 10 U/ml thIL-2. CD4" cells
were then isolated by negative selection using a Human CD4 T lymphocyte
Enrichment Set-DM (BD Biosciences) and maintained in RPMI 1640 medium
with 20% FCS and 100 U/ml rhIL-2. Cells (1 X 10° cells/ml) were stimulated
with formaldehyde-fixed ILT-#350 (2.5 X 10° cells/ml) every 2-3 wk. After
multiple rounds of stimulation, the resulting CD4" T cell line was assessed for
HTLV-1 specificity by comparing IFN-y production against ILT-#350 to that
against an HTLV-1-negative cell line, LCL-#350.

RT-PCR

Total RNA from cells was isolated using Isogen (Nippon Gene, Tokyo,
Japan) and Turbo DNA-free (Life Technologies). First-strand cDNA was
prepared from 0.5 wg RNA using ReverTra Ace and Oligo(dT),o primers
provided in a ReverTra Ace-a-kit (Toyobo, Osaka, Japan). PCRs were
performed in SO pl reaction mixture containing ReverTra Dash (Toyobo),
0.5 uM of each HTLV-1 pX-specific primer (pX1, 5'-CCA CTT CCC
AGG GTT TAG ACA GAT CTT C-3' and pX4, 5'-TTC CTT ATC CCT
CGA CTC CCC TCC TTC CCC-3"), and 2 ul cDNA. GAPDH-specific
primers (GAPDHS5’, 5'-ACC ACA GTC CAT GCC ATC AC-3';
GAPDH3’, 5-TCC ACC ACC CTG TTG CTG TA-3") were used as an
internal control. The thermal cycling conditions comprised an initial ac-
tivation step at 94°C for 1 min, followed by 30 cycles of denaturation
(98°C, 10 s), annealing (60°C, 2 s), and extension (74°C, 30 s). The PCR
amplicons were visualized by ethidium bromide staining following 2%
(w/v) agarose gel electrophoresis.

Flow cytometry

For cell surface staining, the following fluorochrome-conjugated mouse
anti-human mAbs were used: CD3-FITC (UCHT1; BioLegend, San Diego,
CA), CD4-FITC (RPA-T4; BioLegend), CD8-FITC (RPA-T8; BioLegend),
and CD8-PE-Cy5 (HIT8a; BD Biosciences, San Jose, CA). For tetramer
staining, PE-conjugated HLA-A*0201/Tax11-19, HLA-A*1101/Tax88-
96, HLA-A*1101/Tax272-280, and HLA-A*2402/Tax301-309 tetramers
were purchased from Medical & Biological Laboratories (Nagoya, Japan).
PE-conjugated HLA-DRB1#0101/Tax155-167 tetramer were newly gen-
erated through the custom service of Medical & Biological Laboratories.
Whole-blood or cultured cells were stained with PE-conjugated Tax/HLA
tetramer in conjunction with CD3-FITC and CD8-PE-CyS or CD4-PE-

CyS5. For whole-blood samples, RBCs were lysed and fixed in BD FACS
lysing solution (BD Biosciences) before washing. Samples were analyzed
on a FACSCalibur (BD Biosciences), and data analyses were performed
using FlowJo software (Tree Star, Ashland, OR).

Epitope mapping

T4 cells (3 X 10° cells/ml) were stimulated with LCL-#350, pulsed with
various concentrations of synthetic peptides for 1 h at 37°C, at a responder/
stimulator (R/S) ratio of 3. The culture supernatant was collected at 6 h
poststimulation, and peptide-specific IFN-y production from T4 cells was
determined by ELISA.

HLA class Il restriction assay

T4 cells (5 X 10° cells/ml) were cocultured for 6 h with ILT-#350 (1 X 10°
cells/ml) in the presence or absence of anti-human HLA-DR (10 pg/ml;
1.243; BioLegend), anti-human HLA-DQ (10 pg/ml; SPVL3; Beckman
Coulter, Fullerton, CA), or anti-HLA-ABC (10 pg/ml; W6/32; BioLegend).
The IFN-v in the supernatant was measured by ELISA.

To identify a HILA class I molecule responsible for Ag presentation to T4
cells, Tax155-167 peptide-specific IFN-y responses were evaluated using
various HLA-typed LCLs (LCL-#350, LCL-#341, LCL-#307, and LCL-
Kan). These LCLs (1 X 10° cells/ml) were pulsed with 100 ng/ml Tax155—
167 peptide for 1 h, fixed with 2% formaldehyde, and then cultured with
T4 cells (3 X 107 cells/ml) for 6 h. The culture supernatant was collected,
and IFN-y in the supernatant was measured by ELISA.

Tetramer-based proliferation assay

PBMCs (1.0 X 10° cells/ml) were cultured for 13 or 14 d with or without
100 nM antigenic peptides in the presence of 10 U/ml rhIL-2. Cells were
stained with HLA/Tax tetramer-PE, CD3-FITC, and CD8-PE-CyS5 or CD4-
PE-Cy5 and then analyzed by flow cytometry.

Statistic analysis

Statistical significance was evaluated with the unpaired 7 test using
Graphpad Prism 5 (Graphpad Software, La Jolla, CA). In all cases, two-
tailed p values <0.05 were considered significant.

Results
Tax-specific T cell responses in ATL patients who received
allo-HSCT with RIC

We previously reported that Tax-specific CD8" T cells were in-
duced in some ATL patients after allo-HSCT with RIC from HLA-
identical sibling donors (10). In this study, we examined the Tax-
specific T cell response in a larger number of ATL patients who
received allo-HSCT with RIC. Table I provides a summary of the

Table I.  Clinical information and summary for Tax-specific CD8" T cells in 18 ATL patients at 180 d post-allo-HSCT with RIC

Type of Donor HTLV-1
ID (Age, Sex) ATL Subtype Donor Donor-HLA Sero Status Chimerism (%)* Tetramer (%)" Proviral Load®
239 (55, M) Lymphoma r-PB A 26/33, DR 4/13 ) <5 NT 0.1
241 (61, B) Acute 1-PB A 2/26, DR 10/18 () <5 0.00 0.1
247 (52, F) Lymphoma -PB A 24/—, DR 9/15 (=) <5 0.07 0.1
270 (57, M) Lymphoma r-PB A 24/33, DR 13/15 (-) <5 0.00 0.0
300 (53, F) Lymphoma -PB A 24/26, DR 4/15 () <5 1.34 4.8
301 (57, F) Acute ur-BM A 24/33, DR 13/15 (=) <5 0.72 0.0
307 (68, F) Acute -PB A 2/11, DR 14/15 (€] <5 0.10 54
317 (60, M) Acute ur-BM A 2724, DR 14/15 (=) <5 0.92 0.0
328 (62, M) Acute ur-BM A 11/24, DR 8/9 (=) <5 0.75 NT
340 (50, M) Acute r-PB A 2/24, DR 4/8 (-) <5 1.40 0.7
341 (61, F) Acute ur-BM A 24/33, DR 1/15 (=) <5 0.45 0.1
344 (58, M) Lymphoma ur-BM A 2/24, DR 4/— (=) <5 0.44 0.0
349 (53, M) Acute r-PB A 24/—, DR 8/15 +) <5 0.00 0.0
350 (60, F) Acute ur-BM A 24/26, DR 1/14 () <5 0.59 . 0.6
351 (57, F) Acute ur-BM A 24/26, DR 9/12 (=) <5 0.45 0.0
358 (63, F) Lymphoma r-PB A 2/11, DR 4/14 =) <5 0.42 0.0
352 (61, M) Acute ur-BM A 11/26, DR 8/15 (-) <5 0.14 0.0
364 (52, M) Acute -PB A 24/26, DR 1/— (—) <5 0.11 0.0

“Indicates percentage of recipient-derived T cell chimerism.
“Indicates percentage of tetramer™ cells among CD8" T cells in PBMCs.
“Indicates copy number per 1000 PBMCs. '

F, Female; M, male; NT, not tested; r-PB, related donor-derived peripheral blood stem cell; ur-BM, unrelated donor-derived bone marrow cell.
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results of Tax-specific CD8* T cell detection by flow cytometry,
using the Tax/HLA tetramers, in the peripheral blood of 18 ATL
patients at 180 d after allo-HSCT, together with clinical infor-
mation. During this period, all patients achieved a complete chi-
mera state consisting of >95% of donor-derived hematopoietic
cells. By using four available tetramers (HLA-A*0201/Tax11-19,
HLA-A%*2402/Tax301-309, HLA-A*1101/Tax88-96, and HLA-
A*1101/Tax272-280), Tax-specific CD8" T cells were found in 14
patients. Because the donors were uninfected individuals in the
majority of cases (Table I), induction of the Tax-specific donor-
derived CD8" T cells in recipients indicated the presence of newly
occurring immune responses against HTLV-1 in the recipients.
This evidence strengthens our previous observation (10, 32).

We also used a GST-Tax fusion protein-based assay to evaluate
Tax-specific T cell responses. The tetramer-based assay was lim-
ited to four kinds of epitopes and restricted by three HLA alleles
but did not detect T cells directed to other epitopes or HLAs. The
GST-Tax fusion protein-based assay can detect both CD4* and
CDS8* T cell responses, irrespective of HLA types. However, this
sensitivity is not as good as single-cell analysis by flow cytometry
(31). As shown in Fig. 1A, there was a wide variation in the IFN-y
responses to the Tax protein in the PBMCs among the 16 patients
tested. In five patients (#247, #270, #328, #340, and #349), IFN-y
production of PBMCs against GST-TaxABC proteins was very
low or not specific for the Tax protein. PBMCs from the other 11
patients (#239, #241, #301, #317, #341, #344, #350, #351, #352,

4385

#358, and #364) produced higher amounts of IFN-y in response to
GST-TaxABC proteins compared with GST. However, the levels
of IFN-y production varied among the patients.

We also evaluated the extent to which Tax-specific CD4™ T cells
were responsible for IFN-y in the GST-Tax-based immunoassay
system. We used PBMCs from patients #350 and #341, who
showed high Tax-specific T cell responses. CD8" cell-depleted
PBMCs from patient #350 and #341 showed a reduced but still
significant level of Tax-specific IFN-y~producing response com-
pared with whole PBMCs (Fig. 1B). These results indicate that not
only CD8" but also CD4" T cells against Tax are present in the
peripheral blood from patient #350 and #341 after allo-HSCT with
RIC.

Induction of an HTLV-1-specific CD4" T cell line from patient
#350

We next attempted to induce HTLV-1-specific CD4" T cells from
the PBMCs of patient #350 at 180 d after allo-HSCT, using an
HTLV-1-infected T cell line (ILT-#350) as APCs. Freshly isolated
PBMCs were stimulated for 2 wk with Tax301-309, a dominant
CTL epitope presented by HLA-A*2402, to eliminate HTLV-1-
infected cells, which potentially existed in PBMCs. The CD4"
cells were then isolated from the cultured cells and stimulated
with formaldehyde-fixed ILT-#350 every 2-3 wk. The established
cell line was found to be a CD4™ T cell line (designated as T4 cells
thereafter) because cells expressed CD3 and CD4 but not CD§
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FIGURE 1. Diversity of Tax-specific T cell responses in ATL patients who received allo-HSCT with RIC. (A and B) PBMCs from 18 ATL patients at 180 d
after allo-HSCT (A) or whole and CD8" cell-depleted PBMCs from two patients at 540 d after allo-HSCT (#350 and #341) (B) were cultured for 4 d in
the absence (open square) or presence of GST (gray square), or GST-Tax (black square) proteins. The concentration of IFN-y in the supernatant was determined
by ELISA. The y-axis on the right side indicates the results from three patients (#241, #350, and #364). The dotted horizontal line indicates the detection limit
(23.5 pg/ml). The error bars represent SD of duplicated wells. The representative result of two independent experiments is shown in (B).
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(Fig. 2A). Because HTLV-1 has been shown to preferentially infect
CD4" T cells in vivo and in vitro (24), we examined HTLV-1 ex-
pression in T4 cells by RT-PCR (Fig. 2B). As expected, the T4 cells
did not express HTLV-1 Tax, indicating that the cells were not
infected with HTLV-1. We assessed expression of various cytokines
in T4 cells (Fig. 2C). The T4 cells were stimulated with formal-
dehyde-fixed ILT-#350 or LCL-#350. The cells produced large
amounts of IFN-v and TNF-« and small amounts of IL-2, IL-4, and
1L-10 in response to ILT-#350 but not against LCL-#350. IL-6 and
IL-17A were not detected in the culture supernatant. These data
indicate that T4 cells are mainly HTLV-1-specific CD4* Th1-like
cells but contain minor populations to produce Th2 cytokines.

Determination of the minimum epitope recognized by T4 cells

Freshly isolated PBMCs in the patient #350 produced IFN-vy in
response to GST-Tax (Fig. 1A). We expected that the epitope
recognized by the T4 cells should be present in the Tax protein.
We therefore examined whether the T4 line responded to Tax
using LCL-#350 pulsed with GST-Tax proteins as APCs. As
shown in Fig. 3A, the T4 cells produced significantly higher
amounts of IFN-vy in response to GST-TaxABC and GST-Tax-B
(residues 113-237) (31) but not GST-Tax-A (residues 1-127) (31)
and -C (residues 224-353 (31), when compared with the GST
control protein, indicating that the T4 cells recognized the central
region (residues 113-237) of the Tax Ag. We next synthesized eight
overlapping 25-mer peptides spanning the central region of Tax
(residues 103-246) and analyzed their abilities to stimulate T4 cells
(Table II). The cell line produced high amounts of IFN-y only when
stimulated with Tax154-178 (Fig. 3B). We then prepared four
overlapping 15-mer peptides, covering residues 154-178 of Tax,
to examine the IFN-y responses of the T4 cells (Table II). Both
Tax151-165 and Tax156-170-stimulated cells to induce IFN-y
responses but not at a comparable level to Tax154-178 (Fig. 3C).
These results suggest that the epitope recognized by T4 cells might
be present in the N-terminal half of Tax154—178. We therefore
stimulated the cells with Tax154-168, Tax155-169, or Tax156-170.

The cells showed higher IFN-y responses against Tax154-168 and
Tax155-169 than Tax156-170, indicating that the minimum epitope
might be within residues 155-168 of Tax (Fig. 3D). To identify the
minimum epitope recognized by T4 cells, we next synthesized three
overlapping peptides of 12- to 14-mer lengths beginning at residue
155 of Tax (Table II). Tax155-167 induced IFN-y responses in cells
at a similar level to Tax155-169 and Tax155-168, although Tax155-
166 did not (Fig. 3E). Moreover, IFN-y production of cells in re-
sponse to various concentrations of Tax155-167 was comparable to
that against Tax155-169 and Tax155-168 (Fig. 3F). These data
clearly show that the minimum epitope recognized by the T4 cells is
Tax155-167.

HILA-DRB1%0101 restriction of Tax-specific T4 cells

To analyze HLA class II molecules involved in the presentation of
the minimum epitope, T4 cells were stimulated with ILT-#350 in the
presence or absence of anti-HLA-DR, -DQ, and anti-HLA class I
blocking Abs. As shown in Fig. 4A, the addition of an anti-HLA-
DR blocking Ab abrogated IFN-y responses of the T4 cells against
ILT#-350, indicating that the epitope was HLA-DR restricted.

We further investigated the HLA-DR alleles responsible for the
presentation of the minimum epitope by using four HLA-typed
LCLs displaying different HLA-DRs. As shown in Fig. 4B, the
T4 cells responded by producing IFN-y when Tax155-167 was
presented by autologous LCL-#350 (DR1/14) and allogeneic
LCL-#341 (DR1/15). These results clearly indicate that this epi-
tope is presented by HLA-DRB1*0101 on APCs. We searched for a
known HLA-DRB1#0101 motif in the identified epitope Tax155—
167 and found that this epitope contained the HLA-DRB1*¥0101
motif (Fig. 4C) (33).

Enhancement of Tax-specific CD8" T cell expansion by
Tax155-167-specific CD4* T cell help

As T4 cells were established from PBMCs of an HTLV-1-infected
patient #350, it is suggested that Tax155-167-specific CD4™ T
cells may be maintained in the HLA-DRB1#0101" patient #350.
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FIGURE 2. Phenotype and function of CD4" T cell line (T4) generated from patient #350. (A) Cell surface phenotype of T4 cells was analyzed by flow
cytometry. (B) Total RNA was extracted from LCL-#350 (lane 1), T4 cells (lane 2), ILT-#350 (lane 3), and MT-2 (lane 4). Tax mRNA expression for each
cell type was analyzed by RT-PCR. GAPDH was used as an internal control. (C) T4 cells were stimulated for 24 h with or without formaldehyde-fixed
ILT-#350 or LCL-#350 cells. The concentration of indicated cytokines in the supernatants was measured using a cytometric bead array system.
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FIGURE 3.

Identification of the dominant Tax-derived epitope recognized by established T4 cells. (A) Donor-derived LCL-#350 was pulsed with GST,

GST-Tax-A, GST-Tax-B, GST-Tax-C, or a mixture of GST-Tax-A, -B, and -C (GST-TaxABC) for 24 h and then cocultured for 24 h with the T4 cells at
a responder/stimulator (R/S) ratio of 3. IFN-y production from T4 cells was analyzed by ELISA. (B and C) LCL-#350 was pulsed with the indicated
overlapping 25-mer-long (B) or 15-mer-long (C) synthetic peptides (10 pwg/ml) within the Tax-B region for 1 h. Formaldehyde-fixed ILT-#350 cells were
cocultured with T4 cells for 6 h. IFN-y in the supernatant was measured by ELISA. (D and E) IFN-vy responses of T4 cells were assessed using the indicated
overlapping 12- to 25-mer-long synthetic peptides (100 ng/ml). (F) IFN-y responses of T4 cells against indicated concentrations of 13- to 15-mer-long
peptides were assessed as in (B) and (C). (A-F) Results are representative of two or three independent experiments. The error bars represent SD of triplicate

wells. Statistical significance was analyzed by the unpaired ¢ test.

We therefore evaluated the helper function of Tax155-167-spe-
cific CD4" T cells on the expansion of dominant Tax-specific
CTLs in fresh PBMCs of the patient #350. Freshly isolated PBMCs
from patient #350 (A24/26, DR1/14) at 540 d after allo-HSCT
were stimulated for 13 d with the HLA-A24—restricted CTL epi-
tope peptide (Tax301-309) in the presence or absence of the HLA-
DRB1#0101-restricted CD4" Th epitope peptide (Tax155-167),
and Tax-specific CD8" T cell expansion was evaluated using the
HLA-A*2402/Tax301-309 tetramer. As shown in Fig. 5, Tax301-
309-specific CD8" T cells proliferated to 9.26% of CD8" T cells
when stimulated with Tax301-309 alone. Surprisingly, a highly
elevated frequency (62.3%) of tetramer-binding CD8* T cells
was detected by in vitro costimulation with Tax301-309 and
Tax155-167, suggesting the presence of Tax155-167-specific
CD4™" Th cells in patient #350.

We examined whether Tax155-167-specific CD4* T cells ex-
isted and functioned as helper cells in the other two HTLV-1-in-
fected HLA-DRB1#0101" patients after allo-HSCT (day 360 for
patient #341 and day180 for #364). These patients had detectable

levels of HLA-A*2402/Tax301-309 tetramer-binding CD8" T cells
in the peripheral blood (Fig. 5). In patients #341 and #364, the
tetramer-binding cells expanded to 7.7 and 0.849% of CD8" T cells
at 13 d of culture when stimulated with the CTL epitope peptide,
Tax301-309, alone. Costimulation of PBMCs with both peptides
Tax155-167 and Tax301-309 led to a vigorous proliferation of
tetramer-binding CD8* T cells (59.6% for patient #341 and 15.5%
for patient #364) as observed in patient #350 (Fig. 5). These results
indicate that Tax155~167-specific CD4™ T cells may be present and
contribute to enhancing CD8" T cell responses in HTLV-1-infected
HLA-DRB1#0101" individuals after allo-HSCT.

Tax155-167-specific CD4" T cells were maintained in
HTLV-1-infected HLA-DRBI1*0101* individuals

We next generated the HLA-DRB1#0101/Tax155-167 tetramer
to directly detect Tax155-167-specific CD4" T cells and examined
the presence of Tax155-167-specific CD4™ T cells in the PBMCs
freshly isolated from two HLA-DRB1*0101* patients after allo-
HSCT (day 180 for patient #350 and day 360 for patient #364).
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Table II.

Synthetic oligopeptides used in this study

A NEW EPITOPE-SPECIFIC CD4 HELP IN GRAFT-VERSUS-Tax EFFECTS

Peptide

Sequence

Tax103-127
Tax120-144
Tax137-161
Tax154-178
Tax171-195
Tax188-212
Tax205-229
Tax222-246
Tax146-160
Tax151-165
Tax154-168
Tax155-169
Tax156-170
Tax161-175
Tax166-180
Tax155-168
Tax155-167
Tax155-166
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Tax155~167-specific CD4" T cells were detected ex vivo in the
patient #350 (0.11%) and proliferated to 11.6% among CD4*
T cells at 13 d poststimulation with Tax155-167 peptide. In the
patient #364, tetramer-binding CD4"* T cells were undetectable in
fresh PBMCs but expanded to 0.37% by in vitro stimulation with
Tax155-167 peptide (Fig. 6A). In an HLA-DRB1*0101"-sero-
negative donor #365, Tax155-167-specific CD4"* T cells were not
found in fresh PBMCs and did not become detectable at 13 d after
stimulation with Tax155-167 peptide (Fig. 6A). This result indi-
cates that Tax155-167-specific CD4™ T cells are maintained and
possesses the abilities to proliferate in response to HTLV-1 Tax in
these patients.

We further examined whether Tax155-167-specific CD4*
T cells existed in two HTLV-1-infected individuals carrying HLA-
DRB1#0101, an AC #310 and a HAM/TSP patient #294, and
detected 0.18 and 0.31% of tetramer-binding cells in peripheral

CD4" T cells, respectively (Fig. 6B). These results suggest that
Tax155-167-specific CD4™ T cells are maintained in HTLV-1-
infected individuals expressing an HLA-DRB1*0101 allele, re-
gardless of HSCT.

Discussion

In this study, we demonstrated Tax-specific CD4" T cell responses
in some ATL patients post-allo-HSCT and identified a novel
HLA-DRB1#0101-restricted CD4 T cell epitope, Tax155-167,
which was recognized by HTLV-1-specific CD4™ T cells and
consequently led to robust Tax-specific CD8" T cell expansion.
We also found that Tax155-167-specific CD4* T cells existed in
all HTLV-1-infected HLA-DRB1*0101" individuals tested, re-
gardless of HSCT, by newly generated HLA-DRB1#0101/Tax155-
167 tetramers. These results suggest that Tax155-167 might be a
dominant epitope recognized by HTLV-1-specific CD4* T cells
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FIGURE 4. HLA-DRB1*0101 restriction of Tax155-167 recognition by established T4 cells. (A) T4 cells were cocultured for 6 h with ILT-#350 in the
presence or absence of the following blocking Abs (10 wg/ml): anti-human HLA-DR; anti-human HLA-DQ; anti-HLA-class I; or isotype control. IFN-y
production from T4 cells was measured by ELISA. (B) The T4 cells were cocultured for 6 h with autologous (#350) or allogeneic (#307, #341, and Kan)
LCLs pulsed with (closed bar) or without (open bar) Tax155-167 for 1 h or with recipient-derived ILT-#350. The HLA-DR alleles of each LCL line are
indicated in parentheses. IFN-y production of T4 cells was assessed by ELISA. (A and B) Representative data of three independent experiments are shown.
The error bars represent SD of triplicate wells. Statistical significance was analyzed by the unpaired ¢ test. (C) The amino acid sequence between residues
155 and 167 of Tax contained a putative HLA-DRB1*0101 anchor motif (33).
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FIGURE 5. Augmentation of Tax-specific

CD8™ T cell expansion by costimulation with

CTL epitope and Tax155-167 peptides. PBMCs

from HLA-DRB1#0101~ and HLA-A24-ex-

pressing ATL patients (#350, #3064, and #341) #364
who underwent allo-HSCT with RIC were cul- (O 1/-)
tured for 13 d in the presence of DMSO, 100 nM
CTL epitope (Tax301-309), or a mixture of
Tax301-309 (100 nM) and Tax155-167 (100
nM) peptides. Data indicate percentages of
HLA-A*2402/Tax301-309 tetramer® cells among
CD3*CD8" T cells. Fresh indicates frequency
of HLA-A*2402/Tax301-309 tetramer*CD8"
T cells detected in fresh peripheral blood.
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in HTLV-1~infected individuals expressing HLA-DRB1#0101 and
that Tax-specific CD4™ T cells might efficiently induce HTLV-1-
specific CTL expansion to strengthen the graft-versus-ATL effects
in ATL patients after allo-HSCT.

In HTLV-1 infection, analysis of virus-specific CD4" T cell
responses appears to be limited because CD4" T cells are pref-
erentially infected with HTLV-1 (24, 34, 35), and HTLV-1 Ags are
produced from infected cells at a few hours postculture (34, 36). In
this study, we used blood samples from 18 ATL patients after allo-
HSCT with RIC and from HLA identical-related or unrelated
donors and found that these recipients had undetectable or very
low proviral loads (Table I), as previously shown (7-9). We pre-
viously reported that Tax-specific CTLs were induced in some
patients with complete remission after allo-HSCT for ATL and
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might contribute to the graft-versus-leukemia effect (10). In the
current study, Tax-specific T cell responses or tetramer-binding
CD8" T cells were detected in 63.8% (11 of 16) or 82.4% (14
of 17) of patients tested, respectively (Fig. 1A, Table I). In addi-
tion, helper function of Tax-specific CD4" T cells to enhance Tax-
specific CD8" T cell expansion was observed in PBMCs from all
three HLA-DRB1#0101" patients tested (Fig. 5). These data
suggest that both CD8" and CD4* Tax-specific T cell responses
might contribute to elimination of remaining leukemic and/or in-
fected cells in some patients having T cell responses against Tax.
However, given the fact that not all ATL patients who achieved
complete remission after allo-HSCT had Tax-specific CD8*
T cells, graft-versus-host reaction may mainly contribute to achieve
complete remission after allo-HSCT. It is of note that Tax-specific
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T cell responses were detected in 57.1% (four of seven) or 87.5%
(seven of eight) of the patients after allo-HSCT with RIC from
HTLV-1-seronegative sibling or unrelated donors, respectively. A
Tax-specific T cell response was not detected in three patients who
underwent allo-HSCT from seropositive donors (Fig. 1, Table I).

It has been proposed that CTLs are the main effector cells against
many pathogenic viruses, including HTLV-1. To date, many CTL
epitopes recognized by HTLV-1-specific CTLs have been identi-
fied, some of which are thought to be the candidates of peptide-
based T cell immunotherapy (10, 20, 32, 37-40). CD4™ T cells
have also been known to be critical for induction and maintenance
of Ag-specific CD8* T cells (15-19). With respect to HTLV-1
infection, there are several reports identifying HLA-DRB1*0101—
restricted epitopes recognized by CD4™ T cells against Env or Tax
(Env380-394 (21), Env436-450, Env451-465, Env456-470 (23),
and Tax191-205 (22)), which were established by stimulating
PBMCs from uninfected or infected individuals with synthetic
peptides. In this study, for determination of an epitope recognized
by HTLV-1-specific CD4* T cells, we established an HTLV-1-
specific CD4™ T cell line from the patient #350 at 180 d after allo-
HSCT by several stimulations with an HTLV-1 Ags-expressing
T cell line (ILT-#350) from the same patient. In addition, we
found that Tax155~167-specific CD4™ T cells were present in pe-
ripheral blood from patient #350 at 180 and 540 d after all-HSCT,
indicating that the epitope, Tax155-167, identified in this study is
naturally presented on HTLV-1-infected cells and predominantly
recognized by HTLV-1-specific CD4" Th cells in the patient #350
at least within 540 d after allo-HSCT. Another HLA-DRB1#0101—
restricted Tax epitope, Tax191-205, has been reported previously
(22). In this study, the amino acid sequence within this region was
revealed to be conserved in the infected T cell line, ILT-#350
established from the patient #350 (data not shown), indicating
that Tax191-205 can be presented on APCs and Tax191-205-
specific CD4* T cells may be induced in patient #350. However,
Tax155-167-specific but not Tax191-2035-specific CD4* T cells
were revealed to predominantly appear in the HTLV-1-specific
T4 cell line, established from PBMCs in the patient #350 at
180 d after allo-HSCT. This suggests that in the case of patient
#350 at 180 d after allo-HSCT, Tax191-205-specific CD4™ T cells
may not be the most frequent population among HTLV-1-specific
CD4* T cells.

It has been known that Ag-specific effector and memory CD4*
T cells are typically present at much lower frequencies than their
CDS8" counterparts and that MHC class II tetramer might have
a weak TCR-MHC affinity (41). Although this limited affinity of
MHC class II tetramer might preclude detection of Ag-specific
low-affinity CD4* T cells, the low-affinity CD4" T cells, below
detection with MHC class II tetramers, were also proved to be
critical effectors in Ag-specific responses (42). In the current
study, MHC class II tetramer analysis revealed that Tax155-167-
specific CD4™ T cells were present in HLA-DRB1#0101" HTLV-
1-infected individuals: two ATL patients after allo-HSCT (day
180 for #350 and day 360 for #364), an AC #310, and a HAM/TSP
patient #294 (Fig. 6). Because of a shortage of blood sample from
patient #341, we could not perform the direct detection for
Tax155-167-specific CD4™ T cells by the MHC class II tetramers.
However, enhanced expansion of Tax301-309-specific CD8*
T cells was observed in patient #341 at 360 d after allo-HSCT
when PBMCs were stimulated with Tax301-309 in the presence
of Tax155-167 (Fig. 5). So far, Tax155-167-specific CD4™ T cells
were detected in fresh and/or Tax155-167-stimulated PBMCs of
all HTLV-1-infected HLA-DRB1#0101" individuals tested, al-
though their frequencies were various. These results suggest that
Tax155-167 may be the dominant epitope recognized by Tax-

specific CD4* T cells in HTLV-1-infected HLA-DRB1*0101"
individuals. In ATL patients after HSCT, the donor-derived T cells
reconstituted in recipients will first encounter HTLV-1 Ags, be-
cause HTLV-1 still persists in the patients even though proviral
loads become undetectable in the peripheral bloods. Indeed, we
found that donor-derived Tax155-167-specific CD4™ T cells were
present in three ATL patients after allo-HSCT from seronegative
donors. This finding also suggests that Tax155-167-specific naive
CD4* T cells may pre-exist in HLA-DRB1#0101" individuals and
can be primed with HTLV-1 Ags during the primary infection. In
this study, Tax155-167-specific CD4™ T cells were also detected
in an AC and a HAM/TSP patient (Fig. 6B), suggesting that
Tax155-167-specific CD4* T cells may be maintained in some
HLA-DR1" individuals during the chronic phase of HTLV-1 in-
fection. However, it has been reported that epitope hierarchies
may change because of T cell escape mutants (43, 44) and unre-
sponsiveness or deletion of epitope-specific T cells because of
prolonged Ag stimulation during chronic infection (45, 46). Fur-
ther longitudinal studies with a number of samples will be re-
quired to confirm that Tax155-167 is a dominant epitope of
HTLV-1-specific CD4" T cells in HLA-DRB1#0101"—infected
individuals in the course of HTLV-1 infection.

Among three patients (#241, #350, and #364) showing high
T cell responses against recombinant Tax protein, two patients
(#350 and #364) were found to carry HLA-DRB1*0101 and have
efficient CD4* Th cell responses against Tax155-167. Intrigu-
ingly, it has been reported that HLA-DRB1*0101 is associated
with susceptibility to HAM/TSP (47, 48). In addition, CD4*
T cells have been shown to be the dominant cells infiltrating in
early active inflammatory spinal cord lesions (28, 29) with spon-
taneous production of proinflammatory cytokines (30). These
observations suggest that HLA-DRB1*0101 might be associated
with susceptibility to HAM/TSP via an effect on high CD4™ T cell
activation. Further studies are needed to clarify whether HLA-
DRB1*0101 is associated with high Tax-specific CD4" T cell
responses in HTLV-1-infected individuals.

Early studies using lymphocytic choriomeningitis virus showed
that CD4™ T cell help is critical for maintenance of CD8* T cell
function during chronic infections (18). It has also been suggested
that CD4" T cells are required for optimal CTL responses during
HTLV-1 infection (49). Aubert et al. (50) showed that both Ag-
specific naive and effector CD4™ T cell help rescued exhausted
CD8™ T cells in vivo, resulting in a decrease in viral burden. In the
current study, we determined a novel HLA-DRB1*0101—restricted
Th epitope, Tax155-167, which was capable of augmenting Tax-
specific CD8" T cell expansion by stimulating Tax155-167-spe-
cific CD4" T cells. This epitope would be a useful tool for inves-
tigating the roles of HTLV-1-specific CD4* T cells in antitumor
immunity and in pathogenesis of HTLV-1-related inflammatory
diseases such as HAM/TSP and developing novel vaccines to
prevent progression or recurrence of ATL.
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Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is known to be
the causal agent of a neoplastic disease of CD4" T cells, adult T-
cell leukemia (ATL) [1]. In addition, this virus perturbs the host
immune system, causing inflammatory diseases and immunodefi-
ciency. Inflammatory discases associated with HTLV-1 include
HTLV-1-associated myelopathy/ tropical spastic paraparesis (HAM/
TSP) [2,3], uveitis [4,5], alveolitis [6], infective dermatitis [7]
and myositis [8]. Increased expression of inflammatory cytokines
and immune response to the Tax antigen has been proposed as
mechanisms of these inflammatory diseases [9]. However, the
detailed mechanisms of inflammation remain elusive.

The HTLV-1 bZIP factor (HBZ) gene is encoded in the minus
strand of the provirus and consistently expressed in ATL cases and
HTLV-1-infected individuals [10]. Ir vitro and in vivo experiments
have shown that the HBZ gene promotes the proliferation of T
cells and increases their number [10,11]. Recently, we reported that
HBZ transgenic (HBZ-Tg) mice develop both T-cell lymphomas

PLOS Pathogens | www.plospathogens.org

and inflammatory diseases [12]. In HBZ-Tg mice, we found that the
number of CD4" T cells expressing Foxp3, a master molecule for
regulatory T (Treg) cells, was remarkably increased. HBZ induces
transcription of the Foxp3 gene via interaction with Smad2/3 and a
co-activator, p300, resulting in an increased number of Foxp3™ T
cells [13]. Concurrently, HBZ interacts with Foxp3 and decreases
the immune suppressive function [12]. This interaction could be a
mechanism of the inflammatory phenotype observed in HBZ-Tg
mice. However, detailed mechanisms to induce inflammation by
HBZ remain unsolved.

Treg cells suppress excessive immune responses, and control the
homeostasis of the immune system [14]. Foxp3 is considered a
marker of Treg cells, yet several lines of evidence have shown that
there is heterogeneity within Foxp3'cells [15]. Natural Treg
(nTreg) cells are generated in the thymus while induced Treg
(iTreg) cells are induced in the peripheral lymphoid organs. It has
been reported that Treg cells that have lostFoxp3 expression
(exFoxp3 T «cells) produce interferon-y (IFN-y), indicating
thatFoxp3™ Treg cells are not terminally differentiated cells but
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susceptible to conversion into effector T cells according to their
environment [16]. Recently, Miyao et al. have reported that Foxp3*
T cells induced by activation exhibit transient Foxp3 expression,
and become exFoxp3 T cells [17]. Even though the plasticity of
Treg cells remains controversial [18], these reports suggest that Foxp3*
T cells possess not only suppressive function but also proinflam-
matory attributes.

In this study, we found that iTreg cells increased in HBZ-Tg
mice and that Treg cells of HBZ-Tg mice tend to lose Foxp3
expression, leading to increased IFN-y-expressing proinflamma-
tory cells. Cell adhesion and migration are enhanced in CD4% T
cells of HBZ-Tg mice. Thus, these HBZ-mediated abnormalities
of CD4 T cells play critical roles in inflammatory diseases caused
by HTLV-1.

Results

HBZ-Tg mice spontaneously develop inflammation

We have reported that HBZ-Tg mice develop both T-cell
lymphoma and inflammatory diseases including dermatitis and
alveolitis [12]. To further study the inflammatory changes affect-
ing HBZ-Tg mice, we analyzed various tissues and organs in
detail. In HBZ-Tg mice, moderate lymphoid cell infiltration was
detected in the peri-bronchial space of the lung (Figure 1A), the
peri-follicular area of the skin (Figure 1B), the mucosa of the small
intestine (Figure 1C), and the mucosa of the colon (Figure 1D).
Meanwhile, there was no obvious evidence of inflammation in
liver, kidney or spinal cord. In non-Tg littermates, infiltration of
lymphoid cells was not observed in skin, lung or intestine. These
findings suggest the inflammatory involvement of multiple tissues

and organs in HBZ-Tg mice.

Enhanced cell adhesion and migration of HBZ-Tg CD4*
T cells

Infiltration of lymphocytes into various tissues suggests that the
lymphocytes of HBZ-Tg mice have increased adhesive ability. We

first studied the expression of LFA-1, which is a heterodimer of
CDIla and CD18. As shown in Figure 2A, both CDlla and

PLOS Pathogens | www.plospathogens.org
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non-Tg

HBZ-Tg

Figure 1. Histopathology of mouse inflammatory tissue.
Hematoxylin and eosin staining of lung (A), skin (B), small intestine
(C) and large intestine (D) from non-Tg littermate mice (left) or HBZ-Tg
mice (right). Original magnification, x10. Arrows indicate massive
infiltration of lymphocytes.

doi:10.1371/journal.ppat.1003630.g001

CD18 were upregulated on HBZ-Tg CD4" T cells of spleen, lung
and lymph nodes compared with CD4" T cells from non-Tg mice.
In addition, the expression of CD103 (alpha E integrin) on HBZ-
Tg CD4" T cells was also higher than that on non-Tg CD4* T
cells. These findings suggest an increased adhesive capability of
CD4" T cells in HBZ-Tg mice. Immunohistochemical analyses of
lung and intestine of HBZ-Tg mice confirmed increased expres-

. sion of these molecules, particularly CD18 (Figure 2B, C).

Expression of CD11a, CD18 and CD103 was also studied in
HAM/TSP patients. In addition to healthy donors, we analyzed
expression of these molecules on HTLV-1 infected cells that are
identified using anti-Tax antibody. As shown in Figure 2D, CDlla
and CD18 expression of CD4"Tax™ T cells was upregulated
compared with CD4" T cells from healthy donors and CD4 Tax ™~
T cells of HAM/TSP patients while expression of CD103 was not
different among these cells. These results show that enhanced expres-
sion of LFA-1 is also observed in HTLV-1 infected cells in HAM/TSP
patients.

We next investigated adhesion of CD4" T cells to ICAM-1,
since ICAM-1 is critical for lymphocyte migration and adhesion to
vascular epithelial cells in an inflammatory lesion. We isolated CD4"
T cells from non-Tg or HBZ-Tg splenocytes, placed them on ICAM-
1-coated 96-well plates, and evaluated cell adhesion activity to ICAM-
1. CD4" T cells from HBZ-Tg mice showed increased adhesion in
the absence of stimulation, while no difference was found when cells
were stimulated by anti-CD3 antibody (Figure 3A). Furthermore, we
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Figure 2. Expression of CD11a, CD18 and CD103 in CD4'T cells from spleen, lung and LN cells isolated from HBZ-Tg mice. (A) The
expression of CD11a, CD18 and CD103 in CD4¥ T cells from non-Tg (dashed line) and HBZ-Tg (solid line) mice was analyzed by flow cytometry.
Histograms from one representative mouse splenocytes of each group are shown (top panels). The bottom panel shows the results of 4 or 6 mice in
each group, each symbol representing an individual mouse. The small horizontal lines indicate the mean. Frozen sections of intestine (B) and lung (C)
of non-Tg and HBZ-Tg mice were stained with HE and the indicated antibodies. Original magnification is x20. Results from one representative mouse
of each group are shown. (D) CD11a, CD18 and CD103 expressions are shown on CD4" cells from HDs, CD4*Tax™ and CD4"Tax" cells from HAM/TSP

patients.
doi:10.1371/journal.ppat.1003630.g002

evaluated the migration activity of CD4" T cells on ICAM-1-coated
plates. To induce cell migration, we stimulated CD4™ T cells with
CCL22 as reported previously [19]. Cell migration of HBZ-Tg CD4"
T cells was also increased compared with migration of non-Tg CD4*
T cells (Figure 3B). These results demonstrate an infiltrative phenotype
of CD4" T cells in HBZ-Tg mice.

Infiltration of LFA-1 expressing T cells into various tissues
suggests that ICAM-1 expression is enhanced. Indeed, expression
of ICAM-1 was increased in intestine of HBZ-T'g mice (Figure 2B).

Enhanced migration of CD4" T cells suggests involvement of
chemokine(s)-chemokine receptor for HBZ-Tg mice. We analyzed
expression of chemokine receptors on GD4" T cells of HBZ-Tg
mice. As shown in Figure 3C, CXCRS3 expression of CD4* spleno-
cytes was increased while expression of CCR5 and CCR7 were
not different compared with control mice (Figure S1). CXCR3
expression of CD4" T cells was upregulated in both lung and
lymph node (Figure 3C). Although the ligands for CXCRS3,
CXCL9 and CXCLI10, were not increased in the sera of HBZ-Tg
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Figure 3. Enhanced capacity for cell adhesion and migration of CD4"splenocytes isolated from HBZ-Tg mice. (A) Assays of cell
adhesion to mouse ICAM-1 were performed using purified mouse CD4*splenocytes of HBZ-Tg or non-Tg mice. Results shown are means = s.d. of
triplicate wells. (B) Random CD4" mouse splenocyte migration was recorded at 37°C with a culture dish system for live-cell microscopy. Phase-
contrast images were taken every 15 seconds for 10 min. The cells were traced and migration velocity was calculated. Each dot represents the
velocity of an individual cell, and bars indicate the mean (n =21 for non-Tg, n =30 for HBZ-Tq). Statistical analyses were performed using an unpaired,
two-tailed Student t-test. (C) Representative histograms of CXCR3 expression in CD4" T cells from non-Tg (dashed line) and HBZ-Tg (solid line) mice
(left) and cumulative results from 4 or 6 mice are shown in the graph (right) for spleen, lung and lymph node. Each symbol represents an individual
mouse; small horizontal lines indicate the mean.

doi:10.1371/journal.ppat.1003630.g003
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mice (Figure S1), CXCR3 might be implicated in infiltration of

CD4" T cells.

Pro-inflammatory cytokine production by CD4™ T cells in
the HBZ-Tg mice

To elucidate the mechanism of the pro-inflammatory pheno-
type observed in HBZ-Tg mice, we investigated cytokine produc-
tion in CD4" T cells of the spleen. After stimulation by PMA/
ionomycin, production of IFN-y was increased in CD4" T cells
while that of TNF-o was suppressed (Figure 4A). There were no
significant differences between HBZ-Tg mice and non-Tg mice in
IL-2, 1L-4 and IL-17 production by CD4* T cells. We have
reported that the number of Foxp3"CD4" Treg cells is increased

HBZ Induced Inflammation

in HBZ-Tg mice. Therefore, we simultaneously stained both intra-
cellular cytokines and Foxp3 to distinguish the cytokine produc-
tion of CD4"Foxp3™ T cells from that of CD4"Foxp3™ T cells.
Production of TNF-o, 1L-17 and IL-2 was slightly increased in
CD4*Foxp3™ T cells of HBZ-Tg mice (Figure 4B, C). Since Foxp3
suppresses production of cytokines [19], and HBZ impairs function
of Foxp3 [12], HBZ-mediated impairment of Foxp3 function might
be a mechanism of this increased expression of these cytokines.
However, TNF-0. production was suppressed in CD4* Foxp3™ T
cells and total CD4" T cells (Figure 4A, C). In particular, IFN-y
production of splenic CD4*Foxp3™ T cells from HBZ-Tg mice was
remarkably increased compared with those from non-Tg mice
(Figure 4B). We also studied IFN-y production in CD4" T cells of
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Figure 4. Production of cytokines in HBZ-Tg mice. (A) Splenocytes of HBZ-Tg mice or non-Tg mice were stimulated with PMA/ionomycin and
protein transport inhibitor for 4 h. [FN-y, IL-17, TNF-o, IL-4 or IL-2 production was analyzed in CD4™ T cells by flow cytometry. (B) Cytokine production
was analyzed along with Foxp3 expression. (C) Production of cytokines was shown in CD4*Foxp3* T cells and CD4"Foxp3™ T cells. (D) IFN-y and
Foxp3 expression gated on CD4™ T cells from PBMC or cells isolated from the lungs were analyzed by flow cytometry. Percentage of IFN-y* cells in
CD4" splenocytes, PBMC and lung cells. Each symbol represents an individual mouse; small horizontal lines indicate the mean.

doi:10.1371/journal.ppat.1003630.9g004
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PBMCs and lung-infiltrating lymphocytes. The production of IFN-y
was remarkably increased in PBMC and lung from HBZ-Tg mice
(Figure 4D). Taken together, these results suggest that increased
IFN-y production, especially in CD4"Foxp3™ T cells, is related to
the chronic inflammation observed in HBZ-Tg mice. Immunohis-
tochemical analyses also showed that IFN-y production was
increased in both lung and intestine of HBZ-Tg mice (Figure 2B, C).

Increased number of induced Treg cells in HBZ-Tg mice

We have reported that HBZ enhances the transcription of the
Foxp3 gene in cooperation with TGF-8, leading to an increased
number of Treg cells i vivo [12,13]. Two types of Treg cells have
been reported: natural Treg (nTreg) cells and induced Treg (iTreg)
cells in CD4*Foxp3™ cells. The expression of Helios, a member of
the Ikaros family of transcription factors, is considered a marker of
nTreg cells [20]. To determine which Treg cell population is
increased in HBZ-Tg mice, we analyzed the expression of Helios.
Expression of Helios in CD4*Foxp3™ T cells in HBZ-Tg mice was
lower than that in non-Tg mice (Figure 5A, C), suggesting that the
number of iTreg cells is increased in HBZ-Tg mice. A higher
proportion of CD4*Foxp3*Helios™" cells were found in the lungs

A B

HBZ Induced Inflammation

of HBZ-Tg mice (Figure S2). Next, we analyzed the expression of
Helios in Treg cells from HAM/TSP patients. As shown in
Figure 5 B and D, Helios expression of Treg cells in HAM/TSP
patients was lower than that of Treg cells in healthy controls. We
also analyzed Helios expression in Foxp3™ T (nTreg) cells of the
thymus. The level of Helios expression in nTreg cells in HBZ-Tg
mice was equivalent to that of non-Tg mice (Figure S3). These
data collectively suggest that the iTreg cell population is increased
not only in HBZ-Tg mice, but also in HAM/TSP patients.
Recent studies have reported that Helios expression is not always
associated with nTreg cells [21-23]. A previous study reported that
conserved non-coding DNA sequence (CNS) elements in the Foxp3
locus play an important role in the induction and maintenance of
Foxp3 gene expression [24]. Among these elements, CNS2,
methylated in iTreg cells, was suggested to be responsible for the
lack of stable expression of Foxp3 in these cells [24]. This region is
not methylated in Helios- n'Treg cells, indicating that unmethylation
of this region is a suitable marker of nTreg cells [21]. Therefore, we
sorted the Treg fraction from HBZ-Tg or non-Tg mice splenocytes,
extracted genomic DNA, and determined the DNA methylation
status in the CNS2 region of the Foxp3 gene. The results revealed
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Figure 5. Helios expression in HBZ-Tg mice and HAM/TSP patients. (A) Expression of Helios in CD4"Foxp3* cells of HBZ-Tg mice (solid line),
non-Tg mice (dashed line) and isotype control (filled histogram). (B) Intracellular Helios expression in gated CD4* T cells from HAM/TSP patients (solid
line), healthy donors (dashed line), or isotype control (filled histogram). One representative histogram for each group is shown. (C) Results from 5
non-Tg and 5 HBZ-Tg mice are shown. (D) Comparison of Helios expression in CD4"FoxP3"PBMC's from 10 HAM/TSP patients and 10 healthy donors.
Each symbol represents the value for an individual subject. Statistical analyses were performed using an unpaired, two-tailed Student t-test.

doi:10.1371/journal.ppat.1003630.g005
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that in HBZ-Tg CD4"Foxp3* T cells, the GNS2 region had a
higher methylation status than in non-Tg CD4"Foxp3* cells
(Figure 6), indicating that the increase in CGD4Foxp3™ cells in
HBZ-Tg mice indeed mostly consists of iTreg cells.

Foxp3 expression in CD4"Foxp3™ T cells in HBZ-Tg mice is
unstable, leading to the generation of exFoxp3 T cells
expressing [FN-y

Recent studies have revealed that CD4 Foxp3™ T cells are not
terminally differentiated but have the plasticity to convert to other
T cell subsets [25]. When Treg cells lose the expression of Foxp3
(exFoxp3 T cells), such cells produce pro-inflammatory cytokines
[16]. It has been reported that Foxp3 expression in nTreg cells is
stable but that it is not in iTreg cells [15]. These findings suggest
that in HBZ-Tg mice, which have greater numbers of iTreg cells
as shown in this study, Foxp3 expression in these cells tends to

A

Sorted Foxp3* Sorted Foxp3*
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diminish, letting these cells acquire an effector phenotype associ-
ated with the production of pro-inflammatory cytokines such as
IFN-v. To investigate this possibility, we sorted Treg cells from the
spleens of HBZ-Tg or non-Tg mice based on their expression of
CD4, CD25 and GITR; cultured them for 7 days; and analyzed
Foxp3 expression by flow cytometry. After 7 days in culture, the
percentage of Foxp3™ T cells diminished remarkably in HBZ-Tg
mice compared with non-Tg mice (Figure 7A, B). We investigated
the production of IFN-y at this point, and found that it was
increased in Foxp3™ T cells from HBZ-Tg mice compared with
those from non-Tg mice (Figure 7C). In sharp contrast to this
finding, Foxp3 expression of nTreg cells did not change in CD4*
thymocytes of HBZ-Tg mice (Figure 7D). Collectively, these data
indicate thatFoxp3 expression in nTreg cells is stable in HBZ-Tg
mice, while most of the Treg cells in the periphery are iTreg cells.
The enhanced generation of exFoxp3 T cells in the periphery is a

(HBZ-Tg) (non-Tg)
120 120 |
86.1% 93.9%
90 90
2
‘@
O 60 60
H
30 A 30
] : : r 0 T T T
Foxp3
B Mouse Foxp3
Promoter CNS1 CNS2
ooy i ey
-2K 0 +2K +4K +6K +8K +10K +12K +14K
i CpG
A position

Sorted Foxp3*
{non-Tg)

G0 o -62
oo -35 ¢

ol
o
o
<
T
Sorted Foxp3*
(HBZ-Tg)

1
1

promoter region

intronic region

Figure 6. DNA methylation status in the promoter and intronic CpG island region of the Foxp3 gene. (A) The purity of the isolated Treg
cells, sorted from the spleens of male mice, was confirmed by staining the intracellular expression of Foxp3 and analysis by flow cytometry. (B) DNA
methylation status in the indicated regions was determined by bisulfite sequencing. Each line represents one analyzed clone; open circles,
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possible mechanism of the increase in IFN-y -producing Foxp3 ™ T
cells in HBZ-Tg mice. We reported that HBZ induced the Foxp3
gene transcription via interaction with activation of TGF-B/Smad
pathway [13]. Reduced expression of Foxp3 in HBZ-Tg
CD4'Foxp3™ T cells might be caused by low HBZ expression
in that cell population. To investigate this possibility, we analyzed
the relationship between HBZ and Foxp3 expression in CD4" T
cells of HBZ-Tg mice. We isolated CD4*CD25"GITR™E® T cells
as Foxp3™ T cells, and CD4"CD25~ GITR"" T cells as Foxp3™ T
cells from HBZ-Tg mice. Although Foxp3+ T cells are contami-
nated in CD4*CD25~ GITR™™ T cells, level of the Foxp3 gene
transcript was much higher in CD4*CD25™"GITR"™" T cells
(Figure S4). However, level of HBZ transcript was no different
among these cells, indicating that level of HBZ expression is not
associated with reduced Foxp3 expression.

Discussion

HTLV-1 is a unique human retrovirus with respect to its
pathogenesis, since it causes not only a neoplastic disorder, but also
various inflammatory diseases. For most viruses, tissue-damaging
inflammation associated with chronic viral infection is generally
triggered by the immune response against infected cells, which
involves both antigen specific and non-specific T cells that produce
pro-inflammatory cytokines, chemokines, and other chemical
mediators that promote tissue inflammation [26]. However, this
study shows that HTLV-1 can induce inflammation by a different
mechanism that does not involve an immune response against
infected cells, but instead, involves deregulation of CD4" T-cell
differentiation mediated by HBZ. Since transgenic expression of
HBZ does not induce an immune response to HBZ protein itself,
the inflammation observed in this study is attributed to an intrinsic
property of HBZ-expressing cells.

Studies of the pathogenesis of inflammatory diseases related to
HTLV-1 are usually focused on HAM/TSP, since it is the most
common inflammatory disease caused by this virus [9]. Two
different mechanisms of HAM/TSP pathogenesis have been
reported: one mechanism involves the immune response to viral
antigens, and another mechanism implicates the proinflammatory
attributes of HTLV-1-infected cells themselves. Previous studies
reported a strong immune response to Tax in HTLV-I-infected
individuals [9,27]. In lesions of the spinal cord, CD4" T cells expres-
sing viral gene transcripts were identified by in situ hybridization
[28]. The presence of CTLs targeting Tax in cerebrospinal fluid and
lesions in the spinal cord suggest an important role of the immune
response and the cytokines produced by CTLs in the pathogenesis
of HAM/TSP by HTLV-1 [29]. Those studies showed the involve-
ment of the immune response to Tax in the pathogenesis of HAM/
TSP. In addition, cell-autonomous production of proinflammatory
cytokines by HTLV-1-infected cells has been reported. HTLV-1-
transformed cells produce a variety of cytokines, including IFN-y,
1L-6, TGF-B, and IL-lo [30]. It was speculated that Tax was
responsible for the enhanced production of these cytokines. In this
study, we have shown a new role of HBZ in inflammatory diseases.
CTLs against HBZ have been reported in HTLV-1 carriers and
HAM/TSP patients; this immune response might be involved in
inflammation caused by HTLV-1 [31]. However, an immune
response to HBZ does not occur in HBZ-Tg mice, indicating that
the proinflammatory phenotype of HBZ expressing T cells is
sufficient to cause the inflammation.

Does HBZ induce IFN-y production in CD4" T cells? HBZ and
Tax have contradictory effects on many pathways. For example,
Tax activates both the canonical and non-canonical NIF-kB
pathways, while HBZ suppresses the canonical pathway [32,33].
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Conversely, HBZ activates TGF-B/Smad pathway, while Tax
inhibits it [13,34,35]. Tax activates the IFN-y gene promoter,
whereas HBZ suppresses the transcription of the IFN-y gene
through inhibition of AP-1 and NFAT, which are critical for IFN-y
gene transcription [36]. These findings collectively suggest that the
enhanced production of IFN-y is not due to a direct effect of HBZ,
but may be attributed to the increased presence exFoxp3 T cells
triggered by HBZ as shown in this study. Recent studies reported
that exFoxp3 T cells produce higher amount of IFN-y [17,37]. This
indicates that increased production of IFN-y in exFoxp3 T cells
surpasses the suppressive function by HBZ. In this study, HBZ
inhibited the production of TNF-o as we reported [36], indicating
that enhanced production is specific to IFN-y. However, it remains
unknown how the production of IFN-y is enhanced in exFoxp3
T cells.

We have shown that the Foxp3™ T cells of HBZ-Tg mice tend to
lose Foxp3 expression and change into IFN-y-producing proin-
flammatory cells. This observation makes sense in the light of
several other studies on Treg cells. It was reported thatFoxp3* T
cells convert to Foxp3™ T cells [37-39]. Recently, Miyao et al.
reported that Foxp3 expression of peripheral T cells induced by
activation is promiscuous and unstable, leading to conversion to
exFoxp3 T cells [17]. Peripheral induced Foxp3" T cells show
lower expression of CD25 and Helios, which corresponds to the
phenotype we observed in the Foxp3"™ T cells of HBZ-Tg mice.
Thus it is likely that HBZ induces unstable Foxp3 expression and
generates iTreg cells, which then convert to exFoxp3 T cells with
enhanced production of IFN-y as shown in this study. It has
recently been reported that CD4*CD25"CCR4™ T cells in HAM/
TSP patients were producing extraordinarily high levels of IFN-y,
when compared to cells of healthy donors. These findings are
consistent with those of this study. Importantly, the frequency of
these IFN-y-producing CD4*CD25"CCR4 Foxp3™ T cells was
increased and found to be correlated with disease severity in
HAM/TSP patients [40]. In addition, it has been reported that
HBZ expression is correlated with the severity of HAM/TSP [41].
Thus, the presence of abnormal HBZ-induced IFN-y-producing
cells is a plausible mechanism that leads to inflammation in HAM/
TSP patients.

FOXP3 expression is detected in two thirds of ATL cases,
suggesting that ATL cells originate from Treg cells in these cases
[42,43]. Human FOXP3* T cells have been divided into three
subgroups based on their functions and surface makers: resting
Treg cells (rTreg), activated Treg (aTreg) cells, and FOXP3'*"non-
suppressive T cells [44]. Recently, we reported that HTLV-1
infection is frequently detected in Treg cells, which include
FOXP3'" non-suppressive T cells and FOXP3™" activated Treg
cells, and concordantly, some ATL cells also belong to the
population of FOXP3™ non-suppressive T cells [44,45]. This
suggests that HTLV-1 increases the population of aTreg and
FOXP3"" non-suppressive T cells and induces leukemia/lymphoma
of these cells. It is thought that most of nTreg are resting and
activated Treg cells and iTreg cells contain both aTreg cells and
Foxp3"® non-suppressive T cells in human. The CNS2 region in
the Foxp3 locus is highly methylated in FOXP3'" non-suppressive
T cells [44], like we report for the iTreg cells of HBZ-Tg mice. It is
likely that a fraction of FOXP3'" non-suppressive T cells lose
FOXP3 expression and change to FOXP3™ proinflammatory T
cells as reported in HAM/TSP patients [40], suggesting that the
finding of this study is indeed the case in HTLV-1 infection.

It has been widely believed that nTreg cells represent a highly
stable lineage in which few cells lose Foxp3 expression under
normal homeostatic conditions [46]. In contrast, small subsets of
CD25  Foxp3™ Treg cells have recently been reported to be unstable
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Figure 7. Stability of Foxp3 expression during ex vivo culture. (A) Treg cells, sorted from HBZ-Tg or non-Tg mice, were cultured in the presence
of IL-2 for 3 or 7 days. The expression of Foxp3 was analyzed by flow cytometry. (B) Sequential changes of the Foxp3™ population are shown. (C) IFN-y
production of ex vivo cultured Foxp3™ cells was evaluated by intracellular staining. Sorted Treg cells were cultured for 7 days, and then stimulated for 4 h
with PMA/ionomycin and protein transport inhibitor. (D) Foxp3 expression of sorted CD4"CD25*GITR" thymocytes from HBZ-Tg mice.

doi:10.1371/journal.ppat.1003630.g007

PLOS Pathogens | www.plospathogens.org

September 2013 | Volume 9 | Issue 9 | 1003630



and to rapidly lose Foxp3 expression after transfer into a lympho-
penic host [16]. The CNS2 sequence is methylated in iTreg cells
[24]. Consistent with this finding, CNS2 was heavily methylated in
Treg cells of HBZ-Tg mice, indicating that Treg cells in HBZ-Tg
mice largely belong to the iTreg cell subset. Foxp3 expression of
CD4" thymocytes in HBZ-Tg mice did not decrease after in vitro
culture, a fact which shows that loss of Foxp3 expression is not a
direct effect of HBZ, but is due to the increased number of iTreg
cells converting to exFoxp3 cells. Recently, it was reported that
Foxp3™ T cells without suppressive function convert to exFoxp3 T
cells [17]. We recently reported that HBZ enhances Foxp3 gene
transcription by activating the TGF-8/Smad pathway [13]. Collec-
tively, it is likely that HBZ increases Foxp3™* T cells in HBZ-Tg mice
and most of Foxp3* T cells are iTreg and/or non-suppressive
Foxp3" T cells. Foxp3 expression in HBZ-Tg mice is unstable as
shown in this study, and such cells easily convert to exFoxp3 T cells,
which produce excess amounts of IFN-y, leading to inflammation.

Helios expression has been reported to be high in nTreg cells,
and low in iTreg cells [20]. This study showed that Helios expres-
sion in CD4'Foxp3* cells of HBZ-Tg mice was low although it
was higher than control iTreg cells. Recently, it has been reported
that stimulation enhances Helios expression of iIreg cells, which
might account for increased Helios expression in CD4"Foxp3*
cells of HBZ-Tg mice compared with control iTreg cells [22]. In
particular, inflammation caused by HBZ expression might
increase Helios expression of iTreg cells of HBZ-Tg mice. In
addition, it has been reported that Helios is not expressed in a part
of nTreg cells and its expression is induced in iTreg cells,
indicating that only Helios expression cannot discriminate nTreg
cells from iTreg cells [21-283]. However, CNS2 is not methylated
in Helios™ nTreg cells, which shows that the methylation status of
CNS2 is critical [21]. In this study, analysis of DNA methylation of
CNS2 confirms that most of CD4*Foxp3™ cells in HBZ-Tg mice
are iTreg cells. Importantly, the similar pattern of Heilos expres-
sion was observed in HAM/TSP patients.

The present study has demonstrated that HBZ-Tg mice develop
inflammation in the intestines, skin and lungs. These tissues are
always exposed to extrinsic antigens and commensal microbes,
where Treg cells are critical for maintaining the homeostasis of the
host immune system. In addition to the increased production of
IFN-y by HBZ-expressing cells, it is likely that the cell adhesion
attributes of these cells also play a role in their pro-inflammatory
phenotype. Treg cells express a variety of molecules that are
important for cell adhesion, including LFA-1, CCR4, and CD103
[12]. We have shown that these molecules are also present on
HBZ-expressing CD4" T cells. In this study, we showed that HBZ
increases the number of iTreg cells, which subsequently convert
into exFoxp3 T cells. The proinflammatory phenotype of HBZ-
expressing T cells indicates that HBZ plays an important role in
the inflammatory diseases caused by HTLV-1.

In conclusion, HBZ-Tg mice developed chronic inflammation
accompanied with hyper IFN-y production, which is consistent
with the findings in HAM/TSP patients. CD4*Foxp3™ T cells,
especially iTreg cells, were increased in HBZ-Tg mice. The
expression of Foxp3 was not stable and tended to be lost, which
resulted in the enhanced generation of exFoxp3 cells producing
IFN-y. This could be a mechanism for the development of chronic
inflammation in HBZ-Tg mice and HTLV-I-infected individuals.

Materials and Methods

Mice and subjects
Transgenic mice expressing HBZ under the murine CD4 promoter
have been previously described [12]. Genotypes were determined
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by means of PCR on mouse ear genomic DNA. All the mice were
used at 10-20 weeks of age. Animal experimentation was performed
in strict accordance with the Japanese animal welfare bodies (Law
No. 105 dated 19 October 1973 modified on 2 June 2006), and the
Regulation on Animal Experimentation at Kyoto University. The
protocol was approved by the Institutional Animal Research
Committee of Kyoto University (permit number: D13-02). All
efforts were made to minimize suffering. A total of 10 HAM/TSP
patients and 10 healthy donors participated in this study. Written
informed consents were obtained from all the subjects in accordance
with the Declaration of Helsinki as part of a clinical protocol
reviewed and approved by the Institutional Ethics Committee of
Kyoto University (approval number: 844). Blood samples were
collected from the subjects and peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll-Paque Plus (GE Healthcare Bio-
Sciences) density gradient centrifugation.

Adhesion of CD4+ T cells to immobilized ICAM-1

Production of recombinant mouse ICAM-1 was performed as
described previously [47]. A 96-well plate was coated with 100 ul/
well of 0.25 ug/ml mouse mICAM-1-Ig (R&D Systems) at 4°C
overnight, followed by blocking with 1% BSA for 30 min. Mouse
CD4" cells were labeled with 27, 7'-his-(2-carboxyethyl)-5-(and-6)
carboxyfluorescein (Molecular Probes, Inc.), suspended in RPMI
1640 containing 10 mM HEPES (pH 7.4) and 10% FBS,
transferred into the coated wells at 5x10* cells/well and then
incubated at 37°C for 30 min. Non-adherent cells were removed
by aspiration. Input and bound cells were quantitated in the 96-
well plate using a fluorescence concentration analyzer (IDEXX
Corp.).

Cell migration assay

Random cell migration was recorded at 37°C with a culture
dish system for live-cell microscopy (DT culture dish system;
Bioptechs). Thermoglass-based dishes (Bioptechs) were coated with
0.1 pg/ml mouse ICAM-1. CD4" mouse splenocytes were loaded
in the ICAM-1-coated dish, and the dish was mounted on an
inverted confocal laser microscope (model LSM510, Carl Zeiss
Microlmaging, Inc.) Phase-contrast images were taken every 15 s
for 10 min. The cells were traced and velocity was calculated using
ImageProR Plus software (Media Cybernetics).

Flow cytometric analyses

Single-cell suspensions of mouse spleen, lung or PBMC or
human PBMC were made in RPMI 1640 medium supplemented
with 10% FBS. To detect Tax, CD8" cells were depleted from
human PBMC using the BD IMAG cell separation system with the
anti-human CD8 Particles-DM (BD Pharmingen) according to the
manufacturer’s directions and then the cells were cultured for
6 hours. Surface antigen expression was analyzed by staining with
the following antibodies: anti-mouse CD4 (RM4-5), CD11a (2D7),
CD18 (C71/16) or CD103 (M290) (all purchased from BD
Pharmingen) or anti-human CD4 (RPA-T4), CDlla (HI111),
CXCRS3 (G025H7) (all purchased from BioLegend), CD18 (6.7),
CD103 (Ber-ACTS) (all purchased from BD Pharmingen). For
intracellular cytokine staining, cells were pre-stimulated with
20 ng/ml phorbolmyristate acetate (PMA, NacalaiTesque), 1 uM
ionomycin (NacalaiTesque) and Golgi plug (BD Pharmingen) for
4 h prior to surface antigen staining. After this stimulation period,
cells were fixed and permeabilized with Fixation/Permeabilization
working solution (eBioscience) for 30 min on ice and incubated
with antibodies specific for the following cytokines: IFN-y (XMG
1.2), IL-17 (TC11-18H10), IL-2 (JES6-5H4) (all BD Pharmingen),
TNF-o (MP6-XT22, eBioscience) and IL-4 (11B11, eBioscience).
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Intracellular expression of mouse Foxp3 (FJK-16s, eBioscience),
human FoxP3 (PCHI101, eBioscience), Tax (MI73), human IFN-y
(4SB3, BD Pharmingen) and Helios (22F6, BioLegend) was
detected following the protocol for cytokine staining. Dead cells
were detected by pre-staining the cells with the Live/dead fixable
dead cell staining kit (Invitrogen). Subsequently, the cells were
washed twice, and analyzed by FACS Cantoll with Diva software
(BD Biosciences).

Histological analysis

Mouse tissue samples were either fixed in 10% formalin in
phosphate buffer and then embedded in paraffin or frozen in
embedding medium Optimal Tissue-TeK (SAKURA Tinetek
Japan). Hematoxylin and cosin staining was performed according
to standard procedures. Tissue sections prepared from the frozen
samples were also stained with anti-mouse IFN-y (RMMG-1,
Abcam), CD11a (M17/4, BioLegend), CD18 (N18/2, BioLegend),
CD103 (M290, BD Pharmingen) and CD54 (ICAM-1)(YN1/
1.7.4, BioLegend). Images were captured using a Provis AX80
microscope (Olympus) equipped with an OLYMPUS DP70 digital
camera, and detected using a DP manager system (Olympus).

ELISA assay for chemokines

The o chemokines CXCL9 and CXCL10 were analyzed using
an enzyme linked immunosorbent assay (ELISA). For o chemo-
kines, capture and detection antibody concentrations were
optimized using recombinant chemokines from R&D Systems
Inc. (Minneapolis, MN, U.S.A.) according to the manufacturer’s
guidelines.

Direct sequencing after sodium bisulfite treatment
Genomic DNA was extracted from sorted Treg cells as
described below. One mg of genomic DNA (10 pl) was denatured
by the addition of an equal volume of 0.6 N NaOH for 15 min,
and then 208 pl of 3.6 M sodium bisulfite and 12 pl of 1 mM
hydroxyquinone were added. This mixture was incubated at 55°C
for 16 hours to convert cytosine to uracil. Treated genomic DNA
was subsequenty purified using the Wizard clean-up system
(Promega), precipitated with ethanol, and resuspended in 100 uml
of dHoO. Sodium bisulfite-treated genomic DNAs (50 ng) were
amplified with primers targeting the specified DNA regions, and
then PCR products were subcloned into the pGEM-T Easy vector
(Promega) for sequencing. Sequences of 10 clones were deter-
mined for each region using Big Dye Terminator (Perkin Elmer
Applied Biosystems) with an ABI 3100 autosequencer. The
primers used for nested PCR were as follows:
for the mouse Foxp3 promoter:
mproF, 5'-GTGAGGGGAAGAAATTATATTTTTAGATG-3';
mproR, 5'-ATACTAATAAACTCCTAACACCCACC-3';
mproF2, 5 " TATATTTTTAGATGATTTGTAAAGGGTAAA-3";
mproR2, 5'-ATCAACCTAACTTATAAAAAACTACCACAT-3'.
For mouse Foxp3 intronic CpG:
mintF, 5" TATTTTTTTGGGTTTTGGGATATTA-3";
mintR, 5-AACCAACCAACTTCCTACACTATCTAT-3;
mintl2, 5'-TTTTGGGTTTTTTTGGTATTTAAGA-3';
mintR2, 5'-TTAACCAAATTTTTCTACCATTAAC-3'.

Sorting of Treg cells

To sort Treg cells, we isolated mouse splenocytes and resus-
pended them in FACS buffer for subsequent staining with the
following antibodies purchased from BD Pharmingen: anti-mouse
CD4 (RM4-5), GITR (DTA-1), CD25 (PC61). CD4"CD25"
GITR™®" cells and CD4"CD25~ GITR*Vcells were sorted as
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Foxp3® or Foxp3 ~cells using FACS Ariall with Diva software (BD
Biosciences). To confirm the purity of the sorted Treg cells, we
measured the percentage of Foxp3 expression by intracellular
staining, as described above. Sorted Treg cells were cultured in
RPMII640 containing 10% IFBS, antibiotics, and 50 uM 2-
mercaptoethanol (Invitrogen).

Synthesis of ¢cDNA and quantitative RT-PCR

Total RNA of sorted cells was extracted with TRIZOL reagent
(Invitrogen) according to the manufacturer’s instructions. Approx-
imately 200 ng of RNA were used to prepare ¢cDNA using the
SuperScript III enzyme (Invitrogen). Levels of HBZ and Foxp3
transcripts were determined with FastStart Universal SYBR Green
Master reagent (Roche) in a StepOnePlus real time PCR system
(Apllied Biosystems). Data was analyzed by the delta Gt method.
The sequence of the primers used were as follows:

HBZ Forward: 5'-GGACGCAGTTCAGGAGGCAC-3’, Re-
verse: 5'-CCTCCAAGGATAATAGCCCG-3'; Foxp3 Forward:
5'-CCCATCCCCAGGAGTCTTG-3, Reverse: 5'-ACCATGA-
CTAGGGGCACTGTA-3'; 18S rRNA Forward: 5'-GTAACCC-
GTTGAACCCCATT-3', Reverse: 5'- CCATCCAATCGGTA-
GTAGCG -3'.

Supporting Information

Figure S1 Expression of CCR5 and CCR7 on CD4™ T
cells and production of CXCL9 and CXCL10 in HBZ-Tg
mice. Expression of CCR5 (A) and CCR7 (B) on CD4" T cells
was analyzed by flow cytometry. (C) CXCL9 (left) and CXCL10
(right) in sera of HBZ-Tg or non-Tg mice were measured by
ELISA. The data shown mean % SD of triplicates.

(PPTX)

Figure S2 Expression of Helios in CD4'Foxp3* T cells in
spleen and lung. Expression of Heilos of Foxp3"CD4" T cells
was analyzed in lungs (upper panels) and spleen (lower panels)
from HBZ-Tg mice and non-Tg mice.

(PPTX)

Figure S3 Helios expression in thymocytes. Expression of
Helios in CGD4" Foxp3™ cells of HBZ-Tg mouse (solid line) is
compared to that of non-Tg mouse (dashed line) and isotype
control (filled histogram). One representative result of three
independent experiments is shown.

PPTX)

Figure S4 HBZ expression is not correlated with Foxp3
expression in HBZ-Tg mice. (A) The proportion of Foxp3*
cells in the Foxp3 (+) and Foxp3 (—) sorted populations was of
91.2% and 42.6%, respectively, when determined by intracellular
staining. Expression of HBZ (B) and Foxp3 (C) as measured by
qRT-PCR in the sorted populations as described in material and
methods. The expression level in whole CD4 cells from HBZ or
WT mice were used as reference for HBS and Foxp3, respectively.
(PPTX)
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