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CD4'CD25" Tregs are important in the maintenance of immunological self tolerance and in the prevention of
autoimmune diseases. As the CD4*CD25* T cell population in patients with human T cell lymphotropic virus
type I-associated (HTLV-I-associated) myelopathy/tropical spastic paraparesis (HAM/TSP) has been shown
to be a major reservoir for this virus, it was of interest to determine whether the frequency and function of
CD4*CD25" Tregs in HAM/TSP patients might be affected. In these cells, both mRNA and protein expression
of the forkhead transcription factor Foxp3, a specific marker of Tregs, were lower than those in CD4'CD25* T
cells from healthy individuals. The virus-encoded transactivating HTLV-I tax gene was demonstrated to have a
direct inhibitory effect on Foxp3 expression and function of CD4*CD25* T cells. This is the first report to our
knowledge demonstrating the role of a specific viral gene product (HTLV-I Tax) on the expression of genes
associated with Tregs (in particular, foxp3) resulting in inhibition of Treg function. These results suggest that
direct human retroviral infection of CD4*CD25* T cells may be associated with the pathogenesis of HTLV-I-

associated neurologic disease.

Introduction

The human T cell lymphotropic virus type I (HTLV-I) is an exoge-
nous human retrovirus that is associated with chronic, persistent
infection of human T cells. While the majority of infected individ-
uals remain healthy, lifelong asymptomatic carriers, approximate-
ly 2-3% develop an aggressive mature T cell malignancy termed
adult T cell leukemia, and another 0.25-3% develop an inflam-
matory disease of the CNS termed HTLV-I-associated myelopa-
thy/tropical spastic paraparesis (HAM/TSP) (1-3). Furthermore,
in some HAM/TSP patients, other autoimmune diseases charac-
terized by multiorgan lymphocytic infiltrates, including uveitis,
arthritis, polymyositis, Sjogren syndrome, atopic dermatitis, and
alveolitis, have been reported (4, 5). Patients with HAM/TSP have
high frequencies of HTLV-I-infected T cells and heightened virus-
specific immune responses, including increased proinflammatory
cytokine production (6-8). One of the most striking features
of the cellular immune response in HAM/TSP patients is the
increased numbers of HTLV-I-specific CTLs, which are lower or
absent in asymptomatic carriers (9). In some HLA-A*201 HAM/
TSP patients, the frequency of Tax11-19-specific CTLs can be as
high as 30% of total CD8" T cells in peripheral blood (10) and even
higher in cerebrospinal fluid (6). Neuropathological findings have
demonstrated focal infiltrates of T cells and macrophages in the
CNS (11). These observations have suggested that inflammatory
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T cells (particularly virus-specific CD8* CTLs) may play an immu-
nopathologic role in this disorder.

Recently, a large body of information has demonstrated that
CD4* Tregs constitute an important component of the normal,
healthy immune response. These cells are engaged in the mainte-
nance of immunologic self tolerance by actively suppressing the
activation and expansion of self-reactive lymphocytes that may
cause autoimmune disease (12, 13). The majority of these Tregs
constitutively express CD25 (the IL-2 receptor o chain). The nor-
mal CD4*CD25" Treg population constitutes 5-10% of peripheral
CD4* T cells in mice and 1-2% in humans (only the CD4*CD25high
T cells exhibit similar regulatory function in humans) (14). Remov-
al or functional alteration of this population from normal rodents
leads to the spontaneous development of various autoimmune
diseases (12, 13). CD4*CD25" Tregs have unique immunological
characteristics. For example, they do not proliferate in response to
antigenic stimulation in vitro and can potently suppress the prolif-
eration of other CD4" or CD8" T cells induced either by polyclonal
or antigen-specific stimuli (12, 13). Costimulation with anti-CD28
or provision of exogenous IL-2 inhibits the suppressive ability of
these CD4'CD25" Tregs (15, 16). They constitutively express gene
products of glucocorticoid-induced TNF receptor family-related
(GITR) receptors and cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) (17-21). Furthermore, it has been reported that forkhead
transcription factor (foxp3) gene is specifically expressed in Tregs and
is required for their development and function (22-24). Interest-
ingly, mice of the foxp3 mutant strain, or scurfy mice, succumb to a
CD4" T cell-mediated, lymphoproliferative, and autoimmune dis-
ease characterized by multiorgan lymphocytic infiltrates and over-
production of proinflammatory cytokines (25-27). Furthermore,
similar immunological abnormalities are observed in CTLA-4-defi-
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cient mice (28,29). HAM/TSP patients share many immunological
characteristics with the scurfy foxp3 mutants and CTLA-4-deficient
mice, including the in vitro spontaneous lymphoproliferation of
predominantly CD4* T cells and clinical manifestations associated
with autoimmune disease characterized by multiorgan lymphocytic
infiltrates and overproduction of proinflammatory cytokines. It
was therefore of interest to determine the frequency and function
of CD4* Tregs in patients with HAM/TSP.

We have recently demonstrated that in HAM/TSP patients, the
CD4*CD25"* T cell population is the main reservoir for HTLV-I:
more than 90% of these cells contain HTLV-I proviral DNA, and
they express HTLV-I tax mRNA at significantly higher levels
than in CD4*CD25- cells (30). Moreover, these HTLV-I-infected
CD4*CD25* T cells were not functionally suppressive but rather
were shown to be stimulatory for the HTLV-I Tax-specific pro-
liferation of CD8" T cells (30). Therefore, we have hypothesized
that HTLV-I infection of CD4*CD25* T cells may alter the regula-
tory function of this population of CD4* cells or that the propor-
tion of Tregs may be decreased in HAM/TSP patients. To answer
these questions, we developed a quantitative TagMan PCR assay
for the detection of human foxp3 mRNA and a FACS assay for
the detection of Foxp3 protein. We have shown that foxp3 mRNA
expression in CD4'CD25" T cells of HAM/TSP patients is lower
than that of HDs. In addition, CD4*CD25* T cells of HAM/TSP
patients have lower levels of expression of Foxp3 protein as well as
other Treg markers such as CTLA-4 and GITR but were overpro-
ducing proinflammatory cytokines such as IL-2 that are known
to inhibit CD4"CD25" regulatory activity. Importantly, we have
1362
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Figure 1

Decreased Foxp3 expression in CD4+CD25* T cells from HAM/TSP
patients. (A) Quantitative expression of foxp3 mRNA was deter-
mined by real-time RT-PCR. The level of foxp3 mRNA expression
was calculated as the relative quantity of foxp3 mRNA expression
divided by the relative quantity of endogenous control HPRT mRNA
expression, as described in Methods. The data represent isolated cell
subsets (CD4+CD25+ or CD4+CD25-) from 13 uninfected HDs and
13 HAM/TSP patients (HAM). Foxp3 mRNA expression was signifi-
cantly reduced in the CD4+CD25* T cell subset from HDs compared
with that from HAM/TSP patients. (B) A representative histogram of
intracellular expression of Foxp3 protein showing results from flow
cytometric analysis of PBMC samples from HAM/TSP patients and
HDs. Foxp3 protein expression was detected in the CD4+CD25+ T cell
subset from HDs but not in CD4+CD25- or in total CD4- T cell sub-
sets. In contrast, the number of Foxp3-positive cells in CD4+CD25+ T
cells from HAM/TSP patients was clearly reduced. (C) Data represent
averaged percentage of Foxp3-positive cells in each T cell subset.
The percentage (mean + SD) of Foxp3-positive cells in CD4+CD25+ T
cells of 8 HAM/TSP patients (3.09% + 1.04%) was significantly lower
than that of 8 HDs (25.9% + 8.23%; P = 0.0014). No difference in the
protein expression levels of Foxp3 was observed in CD4+CD25- or
CD4- cells between HAM/TSP patients and HDs.

also demonstrated defects in the regulatory function of HTLV-I
tax gene-transfected CD4*CD25" T cells. In an attempt to define
which HTLV-I virus gene(s) may be associated with the dysregula-
tion of Foxp3, we have transfected the HTLV-I-transactivating tax
gene into CD4*CD25* T cells from HDs and have demonstrated
a Tax-specific inhibition of foxp3 expression that can suppress
CD4"CD25* Treg function. Collectively, these results demonstrate
that a consequence of HTLV-I infection of CD4*CD25* T cells in
HAM/TSP patients (30) is the suppression in both the frequency
and function of CD4" Tregs, which may be associated with a break
in immunological self tolerance resulting in the HTLV-I-associ-
ated disorders with multiorgan lymphocytic infiltrates.

Results
Decreased foxp3 expression in CD4*CD25" T cells from HAM/TSP
patients. To assess whether CD4*CD25" cells in HAM/TSP patients
have altered expression of Foxp3, we isolated CD4*CD25* and
CD4*CD25 T cells from PBMCs of HAM/TSP patients, HTLV-I-
infected asymptomatic carriers (ACs), and uninfected healthy
donors (HDs) and quantified the expression levels of foxp3 by
real-time RT-PCR. The percentages (mean + SD) of CD4*CD25high
T cells in PBMCs of HAM/TSP patients, ACs, and HDs were
19.52% + 9.00%, 5.30% + 1.62%, and 2.19% + 1.07%, respectively
(Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JCI200523913DS1). As expect-
ed, foxp3 mRNA expression levels were significantly higher
(P=0.0015) in CD4*CD25" cells compared with CD4*CD25" cells
from 13 HDs (Figure 1A). Similarly, foxp3 expression levels were
also higher in CD4*CD25" cells compared with CD4*CD25- T
cells from 13 HAM/TSP patients (P = 0.0024). However, the
expression of foxp3 in the HAM/TSP CD4*CD25* population
(6.81 + 4.77; see Methods) was significantly lower (approximately
2.5-fold; P=0.0011) than that observed in HD CD4*CD25" cells
(16.01 £ 10.76; see Methods) (Figure 1A). foxp3 expression levels in
CD4*CD25" cells from 2 ACs were comparable to levels observed
in cells from HDs (Table 1). No difference in the expression lev-
els of foxp3 mRNA was observed among HAM/TSP, AC, and HD
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Table 1
foxp3 mRNA expression in CD4+CD25* T cells and CD4+CD25-
T cells from HAM/TSP patients, ACs, and HDs

HDsA ACsB HAMA

Mean SD Mean SD Mean SD

CD4+CD25+  16.01 10.76 13.62 017 6.81 4.77
CD4+CD25- 261 1.62 3.73 0.30 248 1.74

Data represent normalized foxp3 mRNA expression. HAM, HAM/TSP
patients.An = 13.Bn = 2.

CD4*CD25" cells. These results are in agreement with previous
studies of both mouse and human (22, 31) Tregs demonstrating
that the transcription factor Foxp3 is preferentially expressed in
CD4'CD25" T cells. However, the foxp3 expression was reduced in
CD4*CD25" T cells from patients with HAM/TSP.

Loss of foxp3 protein expression on CD4*CD25* T cells from HAM/TSP
patients. As we had shown that the level of foxp3 mRNA was signifi-
cantly decreased in CD4'CD25" T cells from HAM/TSP patients
compared with HDs, we wished to determine whether comparable
reductions in Foxp3 protein expression could also be demonstrat-
ed. Therefore, we investigated the intracellular expression of Foxp3
protein in PBMCs from HAM/TSP patients and HDs using flow
cytometry with a commercially available anti-human Foxp3 anti-
body. Analysis of Foxp3 protein expression in subpopulations of
lymphocytes from 8 HDs revealed significant staining, as expected,
in the CD4*CD25* T cell subset but not the CD4*CD25- or CD4~
T cell subsets (Figure 1, B and C). A representative histogram is
shown in Figure 1B. The percentage (mean + SD) of Foxp3-positive
cells in CD4*CD25* T cells from 8 HDs was 25.9% + 8.23% (Fig-
ure 1C). This is consistent with the hypothesis that only a subset
of the CD4*CD25" T cell population may be CD4* Tregs (12, 13).
In contrast, the percentage (mean + SD) of Foxp3-positive cells in
CD4*CD25" T cells from 8 HAM/TSP patients was significantly
reduced to 3.09% + 1.04% (P = 0.0014) (Figure 1C). A representa-
tive histogram is shown in Figure 1B. No difference in the protein
expression levels of Foxp3 was observed in CD4*CD25- or CD4- cells
between HAM/TSP patients and HDs (Figure 1B). These results
support the finding that foxp3 mRNA is reduced in CD4*CD25*
cells from HAM/TSP patients compared with HDs (Figure 1A) and
continue to suggest that dysregulation of Tregs may be contribute
to the pathogenesis of this disorder.

Reduced expression of regulatory cell surface marker and increased
proinflammatory cytokine production in CD4*CD25" T cells from HAM/
TSP patients. Tregs have been characterized by their constitutive
expression not only of Foxp3 but also of cell surface proteins such
as CD25, CD38, CD62L, CD69, CTLA-4, and GITR (17-21, 23,
32, 33). To determine the levels of these cell surface molecules,
we investigated their expression in CD4'CD25* T cells from both
HAM/TSP patients and HDs. As shown in Table 2, CD4*CD25* T
cells from HAM/TSP patients showed lower expression of CD38
(P = 0.0003), CD62L (P = 0.0374), CD69 (P = 0.0101), CTLA-4
(P =0.0104), and GITR (P = 0.0010) molecules than those from
HDs, while the expression of HLA-DR was not significantly
different. We confirmed a decrease in CD45RA expression
(P=0.0112) and an increase in CD45RO expression (P < 0.0001)
in CD4*CD25* T cells from HAM/TSP patients (Table 2), as
had been previously reported (34, 35). We also investigated
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intracellular cytokine expression in CD4*CD25* T cells. The
expression of proinflammatory cytokine such as IL-2 (P =0.0011)
and IFN-y (P = 0.0034) was significantly increased in HAM/TSP
patients compared with HDs, whereas there were no significant
differences in expression of Th2 cytokines such as IL-4 and IL-10
(Table 2). Collectively, these results demonstrate a reduction in
cell surface molecules, particularly GITR and CTLA-4, which have
been associated with CD4* Tregs, on HAM/TSP CD4*CD25" cells
(17-21). These findings are consistent with our previous observa-
tions on reduced Foxp3 expression (Figure 1).

Lack of regulatory function in CD4*CD25* T cells from HAM/TSP
patients. While we have shown a decrease in foxp3 mRNA and protein
expression in HAM/TSP CD4*CD25" cells as well as other cell sur-
face markers that characterize CD4* Tregs, it remains to be deter-
mined whether this corresponds to a reduction in Treg function.
To determine the effect of HAM/TSP CD4*CD25" cells on T cell
regulatory function, we performed functional CFSE proliferation
assays. As shown Figure 2, HD CD4*CD25" T cells specifically pro-
liferated upon stimulation with anti-CD3 antibody. As expected,
addition of irradiated, sorted allogeneic HD CD4*CD25* (which
did not proliferate; data not shown) to these HD CD4*CD25~-
responding cells resulted in an inhibition of proliferation consis-
tent with a Treg function of HD CD4*CD25" cells (14, 36, 37). In
contrast, coculturing irradiated HAM/TSP CD4*CD25" cells with
HD CD4*CD25 cells did not suppress the proliferative capacity of
these anti-CD3-stimulated, responding CD4*CD25" cells (Figure
2). These results suggest that Treg function in CD4*CD25" cells
from HAM/TSP patients is dysregulated.

HTLV-I Tax suppresses foxp3 expression. Since Foxp3 message
and protein expression were significantly reduced in HAM/TSP
CD4*CD25" cells relative to those from HDs, we hypothesized
that the virus-encoded transactivating tax gene (38, 39) might be
associated with this reduction. To investigate this possibility, we
transfected an HTLV-I tax DNA vector known to express high
levels of HTLV-I Tax protein (40) into purified CD4*CD25* T
cells and CD4"CD25" T cells from 7 HDs using a highly efficient
electroporation transfection system (greater than 70% of transfected

Table 2
Cell surface marker expression and proinflammatory cytokine
production in CD4+CD25+ T cells from HAM/TSP patients and HDs

HAM (n = 6) HDs (n=6)

Mean SD Mean SD Pvalue?
CD45RA 534 4.95 289 19.8 P=0.011
CD45RO0 951  3.17 716 989 P <0.0001
cDh27 459 228 64.1 8.97 NS
CD28 884 125 538 318 P=0.0472
CD38 86 151 213 6.23 P=0.0003
HLA-DR  36.2 229 15.5 16.4 NS
CD69 187 1.1 245 195 P=0.0101
CTLA-4 013 0.14 3.83 5.63 P=0.0104
GITR 2.58 3.1 13.2 55 P=0.0010
IL-4 2.82 0.89 282 3.26 NS
IL-10 0.2 0.12 0.68 0.53 NS
IL-2 387 215 2.9 1.79 P=0.001
INF-y 175 103 2.62 2.61 P=0.0034

AAccording to Student’s ¢ test. Data represent percentages in
CD4+CD25+ cells from HAM/TSP patients and HDs.
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cells expressed the transgene). We measured foxp3 mRNA expres-
sion using real-time RT-PCR before and after transfection. As
shown in Figure 3, in all donors, the foxp3 mRNA expression level
in CD4'CD25" T cells was significantly decreased by transfection
with HTLV-I tax DNA (P = 0.018). By contrast, there was no signifi-
cant difference in the level of foxp3 message in CD4*CD25" T cells
before and after HTLV-I tax DNA transfection (Figure 3, A and B).
When CD4*CD25* T cells from HDs were transfected with another
HTLV-I gene expression vector, HTLV-I env, no change in foxp3
mRNA expression level was observed (Figure 3B). These results
support the hypothesis that the transactivating HTLV-I tax gene is
associated with the reduction in foxp3 message and protein expres-
sion observed in HAM/TSP CD4*CD25* T cells.

Loss of regulatory function in HTLV-I tax—transfected HD CD4*CD25*
T cells. As we had demonstrated that HTLV-I tax significantly
reduced foxp3 messenger RNA levels in HTLV-I tax-transfected
HD CD4*CD2S5" cells, it was of interest to determine whether this
also corresponded to a reduction in T cell regulatory function in
this population of cells. As shown in Figure 4 (a representative
experiment using cells from 3 different HDs), HD CD4°CD25" T
cells alone proliferated upon stimulation with anti-CD3 antibody,
while the capacity of HD CD4*CD25" regulatory cells to prolifer-
ate upon this stimulus was significantly diminished. As expected,
addition of HD CD4*CD25* to autologous HD CD4'CD25-
responding cells demonstrated an inhibition of proliferation. In
contrast, coculturing of HTLV-I Tax-transfected HD CD4*CD25*
cells (which induced a reduction in foxp3 message; Figure 3) with
HD CD4*CD25" failed to suppress the proliferation of these anti-
CD3-stimulated, responding CD4*CD25- cells (Figure 4). These
results support the hypothesis that the reduction of levels in
Foxp3 in HAM/TSP CD4*CD25" cells is mediated through infec-
1364
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Figure 2

Lack of regulatory function in CD4+CD25+ T cells from HAM/TSP
patients. A total of 1 x 105 CD4+CD25- T cells/well from HDs were
labeled with CFSE. They were cultured for 6 days in the culture medi-
um in the absence or presence of 2.5 ug/ml anti-CD3 antibody (top
2 panels). They were also cultured for 6 days in 2.5 ug/ml anti-CD3
antibody added to culture medium with 1 x 105 irradiated allogeneic
CD4+CD25* T cells from HDs or with 1 x 105 irradiated CD4+CD25*
T cells from HAM/TSP patients (bottom 2 panels). The data indicate
that regulatory function in CD4+CD25* T cells from HAM/TSP patients
is reduced in comparison with that in CD4+CD25+ T cells from HDs.
Failure of CD4+CD25* T cells to suppress lymphoproliferation of acti-
vated HD cells was observed in separate experiments with cells from 4
HAM/TSP patients, while suppression of activated HD cell proliferation
by allogeneic HD CD4+CD25+ T cells from 2 HDs was demonstrated.

tion with HTLV-I and may result in dysregulation in Treg func-
tion of HTLV-I-infected CD4*CD25" Tregs.

Discussion
Naturally arising CD4'CD25" Tregs are engaged in dominant
control of self-reactive T cells, contributing to the maintenance of
immunological self tolerance. It has been known that foxp3 is spe-
cifically expressed in CD4*CD25" Tregs and is a key gene for the
development and function of Tregs (22-24). Therefore, to test the
hypothesis that HTLV-I-infected CD4*CD25" T cells may lack reg-
ulatory potential in HAM/TSP patients, we measured foxp3 gene
expression quantitatively and demonstrated that Foxp3 expression
in CD4*CD25" T cells of HAM/TSP patients was lower than that in
cells of HDs (Figure 1). This result suggested 3 possibilities: HTLV-I
has a direct inhibitory effect on Foxp3 expression; the frequency of
Tregs is decreased in the CD4*CD25" T cell population of HAM/
TSP patients; or HAM/TSP patients have genetically determined
low expression of foxp3 gene. Although these possibilities are not
mutually exclusive, to address whether HTLV-I has direct inhibi-
tory effect on the Foxp3 expression, we tested the effect of HTLV-I
tax gene transfection on foxp3 expression in CD4*CD25* T cells
from HDs. As shown in Figures 3 and 4, it was demonstrated that
HTLV-I Tax had a direct inhibitory effect on Foxp3 expression and
inhibited the regulatory function of CD4*CD25* T cells from HDs.
These results suggest that HTLV-I has the potential to induce the
diminution of CD4*CD25" Treg function through the suppres-
sion of Foxp3 expression. Moreover, this is the first report to our
knowledge demonstrating the role of a specific viral gene product
(HTLV-I Tax) on the expression of Foxp3 that results in inhibition
of Treg function. Potentially other viruses tropic for CD4* cells
may have similar effects on this important function of Tregs, as
has been recently reported for HIV (41, 42).

The analysis of cell surface markers and cytokine production of
CD4*CD25* T cells from HAM/TSP further supports the observa-
tions of reduced Foxp3 levels. CD4*CD25" T cells from HAM/TSP
patients expressed lower levels of CTLA-4 and GITR molecules.
CTLA-4 and GITR have also been reported to be constitutively
expressed on Tregs and play a key role in normal CD4*CD25* Treg
function (17-21). Therefore, reduced expression of CTLA-4 and
GITR on CD4*CD25" T cells of HAM/TSP patients may suggest
decreased frequency of Tregs in HAM/TSP patients. However, as
the CTLA-4 expression on CD4*CD25* T cells is not decreased in
scurfy foxp3 mutant mice (23), this low expression of CTLA-4 on
CD4*CD25" T cells of HAM/TSP patients is not caused by low
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Foxp3 expression. HTLV-I may have direct suppressive effect on
CTLA-4 expression. Furthermore, CD4*CD25" T cells from HAM/
TSP patients overproduced proinflammatory cytokines such as
IL-2 and IFN-y (Table 2) and may contribute to the spontaneous
lymphoproliferation that has been observed in such patients (43,
44). It has been reported that normal CD4*CD25" Tregs do not
produce IL-2 by themselves and lose regulatory function in the
presence of exogenous IL-2 (15, 16). Therefore, increased produc-
tion of IL-2 may further support the hypothesis that CD4*CD25*
T cells from HAM/TSP patients have a defect in Treg function.

Activated T cells are increased in HAM/TSP patients (Table 2),
and this raises the possibility that there may be a dilution of Tregs
rather than a functional decrease in this population. To minimize
this concern, we selected the CD25* population from HAM/TSP
patients based on gates set on CD25bsgh in HDs during FACS
sorting. A number of studies have shown that predominantly
CD25high T cells possess regulatory functions, while CD25" rep-
resent activated T cells (14, 37, 45). Importantly, we have direct
evidence that the introduction of HTLV-I tax downregulated foxp3
expression in HD CD4'CD25" T cells, while HTLV-I env did not
(Figure 3B). This downregulation of foxp3 was associated with a
decrease in Treg function (Figure 4).

To demonstrate functional dysregulation, we also compared the
ability of CD4*CD25" Tregs isolated from HDs and from HAM/
TSP patients to suppress plate-bound CD3-activated CD4*CD25~
T cells from HDs. As shown in Figures 2 and 4, proliferation of
plate-bound CD3-activated CD4*CD25- cells was diminished
by 30% (Figure 4) with HD CD4*CD25* T cells, while HAM/TSP
CD4*CD25* T cells (Figure 2) or HTLV-I tax-transfected T cells
(Figure 4) did not suppress T cell proliferation. Collectively, these
data suggest defects in the function of HAM/TSP CD4*CD25*
Tregs. The suppression of activated CD4*CD25- T cells by Tregs
we observed is consistent with previous reports (12, 14, 16, 46),
although Baecher-Allan et al. have demonstrated inhibition of
CD4*CD25" Treg function when responding CD4*CD25- cells
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Figure 3

HTLV-1 Tax suppresses Foxp3 expression. Purified CD4+CD25*
T cells and CD4+CD25- T cells from HDs were transfected with the
HTLV-1 tax gene (n = 7) or HTLV-1 env gene (n = 4). The foxp3 mRNA
expression in these T cell populations before and after transfection
was measured by real-time RT-PCR. (A) The foxp3 mRNA expression
level in CD4+CD25+ T cells was significantly decreased by transfection
with HTLV-1 tax gene (P = 0.018). By contrast, there was no signifi-
cant decrease in foxp3 mMRNA expression in CD4+CD25- T cells. (B)
foxp3 mMRNA expression was significantly decreased in HTLV-1 tax—
transfected CD4+CD25+ T cells compared with HTLV-I env—transfected
CD4+CD25+ T cells (P = 0.020). There was no significant difference
between the foxp3 mRNA expression in HTLV-| tax transfected
CD4+CD25- T cells and that in HTLV-1 env—-transfected CD4+CD25- T
cells. env, HTLV-I env gene; tax, HTLV-I tax gene.

were stimulated with high concentrations of plate-bound CD3
(46). Difference in these 2 studies could be explained by the dif-
ferent ratios of responding suppressor T cells used. In the present
study, we demonstrated the suppressive function using a 1:1 ratio
of CD4'CD25" Tregs to responder cells.

It has been reported that naturally present Tregs may act to
hamper effective immune responses to invading pathogenic
microbes (33, 47, 48). For example, in mice infected with Friend
retrovirus, it was demonstrated that CD4* Tregs were increased
in number and showed immunosuppressive activity. These CD4*
Tregs had increased expression of CD38" and CD69* (33). In con-
trast, the expression of CD38* and CD69* on CD4*CD25* T cells
was decreased in HAM/TSP patients and did not show immuno-
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Figure 4

Loss of regulatory function in HTLV-| tax—transfected HD CD4+CD25+
T cells. CD4+CD25* or CD4+*CD25- T cells from uninfected HDs were
stimulated with 2.5 ug/ml anti-CD3 antibody and irradiated PBMCs
and cultured for 4 days (HD CD25* and HD CD25-). Furthermore, to
compare the suppressive activity of HD CD4+CD25+ T cells before and
after HTLV-I tax gene transfection, CD4+CD25- T cells from HDs were
stimulated with 2.5 ug/ml anti-CD3 antibody and irradiated PBMCs and
cultured for 4 days in the presence of equal numbers of HD CD4+CD25+*
T cells or HTLV-I tax—transfected HD CD4+CD25* T cells (Tax* HD
CD25+). After culture, [3H]thymidine was added for additional 16 hours.
The suppressive activity of CD4+*CD25+ T cells from HDs was inhibited
by transfection with the HTLV-I tax gene. Data represent the mean of
experiments with cells from 3 HDs.
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suppressive activity. These results suggest that CD38" and CD69*
are also important cell surface markers that may distinguish
human Tregs from effector T cells, as reported previously in stud-
ies on rodents (32, 33).

It has been reported that microbial infection can dysregulate
Tregs to suppress pathologic antimicrobial immune responses
that cause tissue damage (i.e., immunopathologic response)
(49, 50). For example, in SCID mice chronically infected with
Pneumocystis carinii, transfer of T cells depleted of CD4*CD25*
Tregs elicited severe pneumonitis, whereas transfer of T cells
not depleted of Tregs did not (49). Thus, in controlling micro-
bial immunity, the frequency of CD4"CD25* Tregs may play an
important role. However, it is not known how these T cells con-
tribute to the regulation of antimicrobial immune responses.
The increased expression of CD28 molecules and decreased
expression of CTLA-4 on CD4*CD25* T cells in HAM/TSP
patients (shown in this study) may therefore serve to regulate
this population of cells (51). CD28 and CTLA-4 share the same
ligands (CD80 and CD86) on APCs, and CD28 has much lower
affinity for CD80 and CD86 than CTLA-4 (52). CTLA-4 has been
reported to be required for the suppressive function of Tregs. In
contrast, stimulation through CD28, with concurrent TCR stim-
ulation, abrogates suppressive function (15, 16). CD4*CD25" T
cells have been reported to be a major reservoir of HTLV-I and
to present HLA-virus peptide complexes (30). This increased
expression of HTLV-I peptide/HLA complexes on CD4*CD25*
cells may increase activation of these cells by signaling through
CD28, resulting in the loss of T cell regulatory/suppressive
activity. Further comparative analysis of the expression of these
molecules on CD4*CD25* T cells between healthy individuals
infected with HTLV-I and patients with HAM/TSP will be neces-
sary to confirm these hypothesis.

In summary, it was demonstrated that in CD4'CD25" T cells
from HAM/TSP patients that were preferentially infected with
HTLV-1, Foxp3 expression was lower than that in cells from
HDs. HTLV-I Tax had a direct inhibitory effect on Foxp3 expres-
sion and inhibited the regulatory function of CD4*CD25* T
cells from HDs. Furthermore, compared to CD4°'CD25" T cells
from HD, CD4"CD25" T cells from HAM/TSP patients showed
lower expression of constitutive molecules of Tregs such as
CD38, CD62L, CD69, CTLA-4, and GITR and overproduced
proinflammatory cytokines such as IL-2 and IFN-y. In addition,
loss of function of CD4*CD25* T cells has also been reported in
other autoimmune disorders such as type 1 diabetes, rheumatoid
arthritis, and multiple sclerosis, a neurodegenerative disorder of
unknown etiology (37, 45, 53). The finding that autoreactive T
cells in patients with autoimmune diseases are more easily acti-
vated (54, 55) than those in healthy individuals suggest that
CD4*CD25" Tregs may play a role in controlling the development
of autoimmunity. A dysfunction in Tregs in HAM/TSP is consis-
tent with the hypothesis that an autoimmune component may
also contribute to the pathogenesis of HAM/TSP (reviewed in ref.
56). Although it has been well demonstrated that the removal or
functional alteration of CD4*CD25* Tregs from normal rodents
leads to the spontaneous development of autoimmune diseases,
how these cells lose their suppressive function in human disease
is unknown. This study suggests the hypothesis that the direct
human retrovirus infection of CD4*CD25" T cells may contrib-
ute to a dysregulation of CD4*CD25* Tregs in a human retro-
virus-associated neurologic disease.
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Methods
Subjects and cell preparation. The PBMCs were prepared by centrifugation
over Ficoll-Hypaque gradients (BioWhittaker) from 13 HAM/TSP patients,
13 HTLV-I-seronegative HDs, and 2 ACs, and the cells were viably cryopre-
served in liquid nitrogen until tested. HAM/TSP was diagnosed accord-
ing to WHO guidelines (57). HTLV-I seropositivity was determined by
ELISA (Abbott Laboratories), with confirmation by Western blot analysis
(Genelabs Technologies Inc.). Blood samples were obtained after informed
consent as part of a clinical protocol reviewed and approved by the NIH
institutional review panel. CD4* T cells were negatively selected from the
PBMCs with magnetic beads (MACS CD4" T cell isolation kit; Miltenyi
Biotec) according to the manufacturer’s instructions. These selected CD4*
T cells were stained with anti-CD25 FITC (Caltag Laboratories) and sorted
into CD4'CD25" (sorted CD25" cells were gated on high levels of expres-
sion of CD25 in HDs during FACS sorting; Supplemental Figure 1) and
CD4*CD25 T cells using FACSVantage (BD).

Foxp3 expression analysis by real-time RT-PCR. Total RNA was extracted
using RNeasy Mini Kit (QIAGEN) according to the manufacturer’s instruc-
tions, and cDNA was synthesized from extracted RNA using TagMan Gold
RT-PCR Kit using Random Hexamer primer (Applied Biosystems). foxp3
mRNA expression was quantified by real-time PCR using ABI PRISM
7700 Sequence Detector (Applied Biosystems). Real-time RT-PCR was
performed using the protocol described in our previous report (10), with
some modification. Sample cDNA from 100 ng RNA was applied per well
and analyzed. Samples were run in duplicate, and the mean values were
used for calculation. The primer set for foxp3 was 5'-GGCCCTTCTC-
CAGGACAGA-3' and 5'-GCTGATCATGGCTGGGTTGT-3'. The probe
for foxp3 was S'-FAM-ACTTCATGCATCAGCTCTCCACTGTGGAT-
TAMRA-3'. Amplification was carried out at 50°C for 2 minutes, 95°C for
10 minutes, and 45 cycles at 95°C for 15 seconds and 60°C for 1 minute in
a total volume of 50 ul. We used the human housekeeping gene hypoxan-
thine ribosyl transferase (HPRT) primers and probe set (Applied Biosystems)
to calculate for normalized values of foxp3 mRNA expression. The nor-
malized values in each sample were calculated as the relative quantity of
foxp3 mRNA expression divided by the relative quantity of HPRT mRNA
expression. The values were calculated by the following formula: normal-
ized foxp3 expression = 2Ctvalue of HPRT— Cevaluc of foxp3

Flow cytometric analysis. PBMCs were immunostained with various com-
binations of the following fluorescence-conjugated antibodies: CD25
(CALTAG Laboratories), CD4, CD45RA, CD45RO, CD27, CD28, CD38,
CD62L, HLA-DR, CD69, CTLA-4 (BD Biosciences — Pharmingen),
and GITR (R&D Systems). These cells were also intracellularly stained
with the following antibodies: IL-2, IFN-y, IL-4, IL-10 (BD Biosciences
— Pharmingen), and Foxp3 (Abcam Inc). Flow cytometric analysis was per-
formed on a FACSCalibur cytometer (BD Biosciences). Data processing
was accomplished with CELLQuest software (BD).

Transfection. The sorted cells from HDs were harvested in a seeding condi-
tion of 1 x 10° cell/ml and were incubated for 2 hours at 37°C in RPMI 1640
supplemented with 10% FCS, 100 ug/ml streptomycin, 100 U/ml penicillin,
and 2 mM glutamine (culture medium). The cells washed once in PBS and
resuspended in the specified electroporation buffer (Nucleofector solu-
tion; Amaxa) to a final concentration of 1 x 10° cells/100 ul. Then 2 pg of
HTLV-I env plasmid DNA or HTLV-I tax plasmid DNA (kindly provided by
D. Derse, National Cancer Institute-Frederick, Frederick, Maryland, USA)
were added to the cell suspension and they were transfected using T cell
Nucleofector kit (Amaxa) according to the manufacturer’s instructions.
After electroporation, the cells were immediately suspended in 2 ml of cul-
ture medium and cultured overnight at 37°C in a 5% CO; incubator.

Proliferation assay by CFSE. A total of 1 x 105 CD4*CD25" T cells/well
from HD were labeled with CFSE using Vybrant CFDA SE Cell Tracer Kit
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(Invitrogen Corp.) according to the manufacturer’s instructions. Cells were
incubated for 6 days in the culture medium with or without 2.5 ug/ml anti-
CD3 antibody in round-bottomed 96-well plates. In some cultures, 1 x 10°
irradiated allogeneic CD4*CD25" T cells from HDs or 1 x 105 irradiated
allogenic CD4°CD25" T cells from HAM/TSP patients were added. Cells
were subjected to flow cytometric analysis.

Proliferation assay by liquid scintillation counter. For the proliferation assay of
T cells from HDs, 1 x 10* CD4*CD25* or CD4*CD25- T cells/well from HDs
were cultured in 200 ul culture medium (RPMI 1640 supplemented with
L-glutamine, penicillin, streptomycin, and 5% human AB serum) in round-
bottomed 96-well plates. These cell populations were stimulated with 2.5
ug/ml anti-CD3 antibody (OKT-3; BD) in the presence of 5 x 10*irradi-
ated PBMCs. After 4 days culture, 1 uCi tritium thymidine ([*H]TdR)/well
was added for additional 16 hours. A liquid scintillation counter was used
to measure proliferation. Furthermore, to compare the suppressive effect
on the cell proliferation between CD4*CD25* T cells and HTLV-I tax gene

—_

.Osame, M., et al. 1986. HTLV-I associated
myelopathy, a new clinical entity [letter]. Lancet.
1:1031-1032.

. Gessain, A, et al. 1985. Antibodies to human T-
lymphotropic virus type-I in patients with tropical
spastic paraparesis. Lancet. 2:407-410.

.Kaplan, J.E., et al. 1990. The risk of development
of HTLV-I-associated myelopathy/tropical spastic
paraparesis among persons infected with HTLV-1.
J. Acquir. Immune. Defic. Syndr. 3:1096-1101.

4.Nakagawa, M., et al. 1995. HTLV-I-associated

myelopathy: analysis of 213 patients based on clin-
ical features and laboratory findings. J. Neurovirol.

1:50-61.

[

(<3

3:135-142.

wn

type I (HTLV-I) and human diseases. Annu. Rev.
Immunol. 15:15-37.
. Nagai, M., Yamano, Y., Brennan, M.B., Mora, C.A,,

N

15. Takahashi, T., et al. 1998. Immunologic self-toler-
ance maintained by CD25+CD4+ naturally anergic
and suppressive T cells: induction of autoimmune
disease by breaking their anergic/suppressive state. 30. Yamano, Y., et al. 2004. Increased expression of
Int. Immunol. 10:1969-1980.

16. Thornton, A.M., and Shevach, E.M. 1998.
CD4+CD25+ immunoregulatory T cells suppress
polyclonal T cell activation in vitro by inhibiting
interleukin 2 production. J. Exp. Med. 188:287-296.

17.Shimizu, J., Yamazaki, S., Takahashi, T., Ishi-
da, Y., and Sakaguchi, S. 2002. Stimulation of
CD25(+)CD4(+) regulatory T cells through GITR 31. Walker, M.R., et al. 2003. Induction of FoxP3
breaks immunological self-tolerance. Nat. Immunol.

. Uchiyama, T. 1997. Human T cell leukemia virus 18.McHugh, R.S., et al. 2002. CD4(+)CD25(+)
immunoregulatory T cells: gene expression analy- 32.Read, S., etal. 1998. CD38+ CD45RB(low) CD4+ T
sis reveals a functional role for the glucocorticoid-
induced TNF receptor. Immunity. 16:311-323.

research article

transfected CD4*CD25* T cells, 1 x 103 CD4*CD25- T cells/well from HD
were stimulated with 2.5 ug/ml anti-CD3 antibody (OKT-3) in the pres-
ence of 5 x 10*irradiated PBMCs, then cocultured with 1 x 10* CD4*CD25*
T cells/well or with 1 x 10* HTLV-I tax-transfected CD4*CD25* T cells/
well. After 4 days culture, 1 uCi [*H]TdR/well was added for additional 16
hours. A liquid scintillation counter was used to measure proliferation.

Statistical analysis. Student’s t tests were used for the significance of
data comparison.
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