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Figure 1. Representative profiles of the PB and LN samples of case 1. Array
CGH results for case 1 are shown. (A) In the PB sample of case 1, regions of gain
were detected. The log2 ratio of chromosome 3 was 0.53 (arrowhead). The log2
ratios of chromosomes 7 and 8 were the same as for chromosome 3 (dotted line).
(B) In the LN sample of case 1, a log? ratio imbalance was found. Log2 ratios among
chromosomes 2, 3, 7, 8, and 9 differed. The log?2 ratios of chromosome 3 and 7 were
0.41 (arrowhead and dotted line). Arrows show different log2 ratios: chromosome
2 = 0.10, chromosome 8 = 0.25, and chromosome 9 = 0.15.
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57 years (range, 32-74 years). Detailed patient information is provided in
supplemental Table 1 (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article).

Four cell lines, SP-49,° HANK 1,10 ATN-1,!! and Jurkat,'? were also
analyzed. SP-49 is a mantle cell lymphoma cell line, HANKI1 is a natural
killer/T-cell lymphoma line, ATN-1 is an ATLL cell line, and Jurkat is a
T-cell lymphoblast-like cell line.

Peripheral blood samples were obtained from the blood of 8 healthy
male donors. PBMCs were isolated by Ficoll-Paque PLUS centrifugation
(GE Healthcare).

DNA extraction

CD4* cells in PB samples were purified using a magnetic-activated
cell-sorting protocol (Miltenyi Biotec). High-molecular-weight DNA was
extracted from CD4* cells, frozen LNs, and from the SP-49, HANKI,
ATN-1, and Jurkat cell lines using standard proteinase K treatment and
phenol-chloroform extraction.!> Normal DNA was obtained from PBMC
samples of 8 healthy male donors.

Oligo-array CGH

Characterization of the genomic aberrations was performed using Agilent
44K Whole Human Genome CGH arrays (Agilent Technologies) contain-
ing 44 000 probes. Procedures for DNA digestion, labeling, hybridization,
scanning, and data analyses were performed according to the manufactur-
er’s protocol (Agilent Technologies).

CGH data analysis

CGH data were extracted from scanned images using Feature Extraction
software (version 10.3; Agilent Technologies). Raw data were transferred to
the Genomic Workbench v5.0 software (Agilent Technologies) for further
analysis. We defined gains and losses over a continuous 15-probe dataset as
a linear log2 ratio average of =0.05 or = —0.05, respectively, and
microdeletion for a range of 3-15 probes as a linear log2 ratio average
of = —0.4. A detailed explanation of the log2 ratio is available in the
supplemental data. The array CGH data have been deposited in Array-
Express under the accession number E-MEXP-3042.

Southern blot analysis of HTLV-1 integration and TCRy
rearrangement

Integration of the HTLV-1 provirus genome and TCR'y rearrangement were
assayed as described previously.!* In brief, DNA samples (5 ug) of LNs
were digested with restriction enzymes (Pstl) and electrophoresed through
0.7% agarose gels. The DNA was then transferred onto a Hybond N*
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membrane (Amersham Pharmacia Biotech) and hybridized to randomly
primed 32P-labeled DNA probes specific for the HTLV-1 and TCRyy genes.
Blots were then washed at the appropriate stringency and visualized by
autoradiography. The HTLV-1 probe comprised a 1.0-kb fragment of the pX
region, which was PCR amplified using the primers 5'-ccacttcccagggtttgga-
cag-3’ and 5'-tctgectetttticgttaaaaagtagagaaatggg-3’, and the TCRy probe
comprised a 0.6-kb fragment of Jy2.1.14

Resulis

Oligo-array CGH analysis against paired samples obtained
from the PB and LNs

In all of the 13 acute-type ATLL cases, genomic aberrations were
detected by oligo-array CGH. Representative profiles of the paired
samples obtained from the PB and LNs in cases 1 and 2 are shown
in Figure 1A and B and Figure 2A and B, respectively.

In the PB sample of case 1, genomic aberration regions showed
a constant log2 ratio. Regions of gain were detected on chromo-
somes 3, 7, and 8. The log2 ratios corresponding to these regions
were 0.53, suggesting that there was no imbalance (Figure 1A
arrowhead). On the other hand, imbalance of the log2 ratio
among chromosomes was found for the LN sample of case 1.
Genomic aberrations of the case 1 LN sample were similar to
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Figure 2. Representative profiles of the PB and LN samples of case 2. The
results for case 2 were more complex than those for case 1. In boththe PB and the LN
samples of case 2, a log2 ratio imbalance was found. (A) In the PB sample, the
arrowhead and dotted line indicate the majority of log2 ratios of gain and loss regions. Log2
ratios of the majority of loss regions were —0.82. The log2 ratio of chromosome 4 was
—0.57. (B) In the LN sample, the arrowhead and dotted line indicate the majority of log2
ratios of gain and loss regions. Log2 ratios of the majority of loss regions were —0.55. The
log2 ratio of chromosome 4 was —0.13. Chromosome 7 regions of PB and LN samples
are magnified as Ci and Cii, respectively. (C) Chromosome 7 of the case 2 PB
sample shows complex aberrations (i). This result also indicates a log2 ratio imbalance.
Chromosome 7 of the case 2 LN sample shows more complex aberrations (ii). An arrow
indicates a region (7q11.21-11q.23) without genomic aberration. Ci and Cii suggest that the
genomic profiles of the PB and LN samples differ.
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Table 1. Array CGH results of paired samples of acute-type ATLL

Case Log2 imbalance Genomic profiles of Common aberration regions

no. Genome aberrations PB LN PBand LN between PB and LN ATLL clones

1 + - different + Multiple subclones
2 + + + different + Multiple subclones
3 + - - same + Monoclone

4 + + + different + Multiple subclones
5 + + - different + Multiple subclones
6 + - - same + Monoclone

7 + + + different + Multiple subclones
8 + - + different + Multiple subclones
9 + - + different + Multiple subciones
10 + - + different + Multiple subclones
11 + - - same + Monoclone

12 + - - same + Monoclone

13 + + + different + Multiple subclones
Total 13 (100%) 5 (38.4%) 8 (61.5%) 9 (69.2%) 13 (100%) 9 (69.2%)

+ indicates present; and —, absent.

that of the PB sample. However, the log2 ratios among
chromosomes 2, 3, 7, 8, and 9 differed as follows. Regions of
gain were detected on chromosomes 2, 3, 7, 8, and 9, as shown
by the log2 ratios: chromosome 2 = 0.10, chromosomes 3 and
7 = 0.41, chromosome 8 = 0.25, and chromosome 9 = 0.15
(Figure 1B arrowhead and arrows). The log2 ratio of chromo-
some 8 was lower than that of chromosomes 3 and 7. Gains of
chromosomes 2 and 9 were detected in the LN sample, but not in
the PB sample. These results indicated that a log2 ratio
imbalance occurred in the LN sample.

Case 2 had a log2 ratio imbalance in both the PB and LN
samples (Figure 2A). The genomic aberrations of the case 2 PB
sample differed from those of the LN sample, as was also found
with case 1. In the case 2 PB sample, regions of loss were detected
on chromosomes 4, 9, and 10, as shown by the log2 ratios:
chromosome 4 = —0.57 (Figure 2A arrow) and chromosomes
9 and 10 = —0.82 (Figure 2A arrowhead and dotted line). In the
case 2 LN sample, regions of loss were also detected on chromo-
somes 4, 9, and 10, as shown by the log2 ratios: chromosome
4 = —0.13 (Figure 2B arrow) and, chromosomes 9 and 10 = —0.55
(Figure 2B arrowhead and dotted line). These data indicated that
both samples had a log2 ratio imbalance. Complex genome
aberrations were found for chromosome 7 in the paired samples
of case 2. Consecutive gain regions were found in the whole of
chromosome 7 of the PB sample (Figure 2Ci, and a region
(7q11.21-11q.23) without genomic aberrations was found in
chromosome 7 of the LN sample (Figure 2Cii arrow).

A log2 ratio imbalance among chromosomes was present in
many other samples of acute-type ATLL, as summarized in Table 1.

Confirmation of log2 ratio imbalance among chromosomes

A log2 ratio imbalance among chromosomes was found in many
ATLL clinical samples. We expected that a log2 ratio imbalance
would indicate the presence of clones with different genomic
aberrations. Therefore, we prepared 2 cell lines, SP-49 and
HANK, which possess different genomic aberrations. The genomic
DNA of SP-49 was mixed with that of HANK1. We then conducted
oligo-array CGH using the mixed-genomic DNA samples at
various ratios.

Array CGH analysis of the SP-49 genome showed some
genomic aberration regions, which were consistent with the G-band
result that had been reported.® Log2 ratios of all 1-copy gain

regions were 0.55, and log2 ratios of all 1-copy loss regions were
—0.80. Imbalance of the log2 ratio among the chromosomes was
not found. The same was true for HANKI, in which genomic
aberration regions were consistent with the G-band result that had
been reported and an imbalance of the log2 ratio among the
chromosomes was not found.!

A representative array CGH result using a mixed-DNA sample
at a ratio of 7:3 (SP-49:HANK1) is shown in Figure 3. The results
showed an imbalance of the log2 ratio among chromosomes. It was
possible to reproduce the log2 ratio imbalance. For example, the
log2 ratios of chromosomes 2p14-pter, 2q14.3-qter, and 7p were
0.55, 0.15, and 0.46, respectively. These log2 ratios clearly
differed. Furthermore, additional regions with different log2 ratios
were found.

These results indicated that some of the clones present in the
sample that had different genome profiles caused a log2 ratio
imbalance in the array CGH result. The log?2 ratio did not differ in
chromosome 2p, which had a copy region identical to both SP-49
and HANKI.
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Figure 3. Confirmation of log2 ratio imbalance among chromosomes. The
manner in which the log2 ratio imbalance occurred was confirmed. (A) SP-49 showed
no imbalance. Log2 ratios of gain regions were 0.55 (arrowhead and dotted line).
Log?2 ratios of loss regions were —0.88 (arrowhead and dotted ling). (B) HANK1
showed no imbalance. Log2 ratios of gain regions were 0.55 (arrowhead and
dotted line). (C) Mixed-genomic DNA at a ratio of 7:3 reproduced the log2 ratio
imbalance. The log2 ratio of chromosome 2p14-pter of the mixed DNA sample was
0.55 (arrowhead). Chromosome 2p had a copy region identical to both SP-49 and
HANK1. Arrows indicate the log? ratio imbalance.
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Figure 4. Log2 ratio reflects the ratio of tumor. The genome profiles of mixed-DNA
samples comprising various ratios were superimposed. Gain was detected in chromosome
7 of all mixed samples, as shown by the log2 ratio: SP-49 = 0.55; 100%, 7:3 = 0.46; 70%,
6:4 = 0.32; 60%, 3:7 = 0.20; 30%. Loss was also detected in chromosome 7 of all mixed
samples as shown by the log2 ratio: Sp-49 = —0.88; 100%, 7:3 = --0.62; 70%,
6:4 = —0.39;60%, 3:7 = —0.14; 30%. Chromosome 2p had a copy region identical to both
SP-49 and HANK1. The log2 ratios never changed in these regions.

Log?2 ratios reflect the ratio of tumor

The genome profiles of mixed-DNA samples comprising various
ratios were superimposed (Figure 4). The ratios of SP-49 to
HANKI1 were 7:3, 6:4, and 3:7. These results clearly revealed that
the log2 ratio reflected the ratio of the tumor. When tumors
included in a sample had identical genomic aberration regions, the
log2 ratio never changed in these regions.

Southern blot analysis of HTLV-1 integration and TCRy
rearrangement

HTLV-1 integration

HTLV-1 integration was examined using Southern blot analysis,
and the results showed HTLV-1 integration in all of the 11 cases
examined. Eight of the 11 cases examined comprised a mono-
integration band, whereas the others showed multi-integration
bands. (Figure 5A)

TCRy rearrangement

Southern blot analysis of TCR Jy rearrangement was also con-
ducted and evaluated as described previously by Moreau et al.!4
The results indicated that all samples were monoclonal (Figure
5B). Five of the 11 cases examined had a 6.8-kb rearrangement
band, and 2 had a 2.9-kb rearrangement band. The others showed
loss of germinal bands. In case 2, one allele of TCRy was
rearranged, because the germinal band of 8.0 kb was weaker than
that of 4.9 kb. Case 7 lost all germinal bands, such as ATN-1, which
is an ATLL cell line. This result indicated that both alleles of TCR+y
were rearranged at Jy2.3, because no deletion was found in case
7 by array CGH. Given that 3 or more TCR rearrangement bands
were not found, no cases showed definite multi-clonality in tumor
cells. These results indicated that the acute-type ATLL examined
represented a monoclonal tumor comprising TCR rearrangements
and with some possessing multiple integrations of HTLV-1.

Appearance of LN subclones before PB subclones

Array CGH analysis revealed that PB samples from 5 of 13 cases
had homozygous loss regions that were not found in the correspond-
ing LN samples of each case. In case 2, 1p12-1p13.1 of the PB
sample was seen to represent homozygous loss, unlike the case
with the LN sample (Figure 6). However, log2 ratios of same
region in the LN sample seemed to be slightly lower than those of
neighboring regions. This raised the possibility that a minor
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Figure 5. Southern blot analysis. (A) Southern blot analysis of HTLV-1 integration in
11 of 13 cases. (B) Southern blot analysis of TCRy rearrangement. Arrows indicate
the 8.00- and 4.9-kb germline bands. Arrowheads indicate the 6.8- and 2.9-kb
rearrangement bands. G indicates a germinal allele; R, rearrangement allele;
G/R, rearrangement of one allele; R/R, rearrangement of both alleles.

subclone was present. The PB samples from cases 1, 4, 8, and
10 also had homozygous loss regions that were not clearly found in
the corresponding LN samples (Table 2).

No cases had a homozygous loss region in the LN samples
when the PB samples had a heterozygous loss in the same regions.
Array CGH and Southern blotting results indicated that multiple
subclones had developed from one clone. Therefore, when 2 clones
were found in a patient, the clone with homozygous loss must have
developed from the clone with heterozygous loss. The homozygous
loss analysis revealed that in about 40% of ATLL patients,
subclones that had appeared in the PB were derived from LN
subclones.
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Figure 6. Homozygous loss region analysis. A representative homozygous loss
region of case 2 is shown (1p12-p13.1). The total scale of the figure is approximately
2 Mb. The arrowhead indicates a homozygous loss region; arrows indicate heterozy-
gous loss regions. Homozygous loss was found only in the PB sample. The log2 ratio
of this region in the LN sample was slightly lower than that in the neighboring regions,
suggesting the possibility that a minor subclone may exist in the LNs.
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Table 2. PB samples of 5 of 13 cases only had homozygous loss
regions that were not found in the LN samples

Case Homozygousloss Homozygous loss

no. only in PB only in LN Locus Gene
1 + - 3q22.3 PCCB, STAG1
2 + - 1p12-p13.1  IGSF3

3 - —

4 + - 6p22.3 ATXN1

5 - —

6 - -

7 —_ -

8 + - 4g31.21 INPP4B

9 - —

10 + - 9g31.2 KLF4

1 - -

12 - -

13 - -

Total 5 0

-+ indicates present; and —, absent.

Selected subclone of LNs in the PB

Tumor cells in the PB samples of some cases (eg, cases 1 and 9)
appeared to have been selected from multiple subclones. In these
cases, a log2 ratio imbalance was not found in the PB sample but
was found in the LN sample. This indicated that PB samples were
monoclonal and that the LN samples contained multiple subclones.
Both samples from each case had common aberrations, and the
LN samples had aberrations that were not found in the PB samples.
These results may indicate that the LNs contain multiple subclones
with different genomic aberrations, and that one of these subclones
then appears in the PB (Figure 7).

Discussion

The imbalance and differing genomic profiles of PB and LN
samples indicate that acute-type ATLL comprises multiple
subclones

In this study, we revealed the presence of a log2 ratio imbalance
among chromosomes of LN samples in many patients with
acute-type ATLL. Most of the genomic profiles were found to differ
from those of the PB samples. Although monoclonal proliferation
of acute-type ATLL is referred to in the World Health Organization
classification,!> these data clearly show that acute-type ATLL
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Figure 7. Selected subclone from the LN in the PB. Shown is a schematic
representation of a selected subclone from the LN sample in the PB of case 1. In the
LN sample of case 1, at least 4 subclones exist: a subclone with chromosome 3 and
7 aberrations; a subclone with additional chromosome 8 aberrations; a subclone with
chromosome 3, 7, 8, and 2 aberrations; and a subclone with chromosome 3, 7, 8, and
9 aberrations. Among these subclones, a subclone with chromosome 3, 7, and
8 aberrations appeared in the PB sample.
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contains multiple subclones that originate as a result of clonal
evolution in ATLL patients.

Shinawi et al'® reported a case of pediatric AML in which
2 clones with different chromosome aberrations showed a log2
ratio imbalance as detected by array CGH. We were able to
reproduce a log?2 ratio imbalance among chromosomes by mixing
different ratios of DNA prepared from 2 different cell lines. The
log?2 ratio reflected the ratio of tumor clones. Based on these data,
we analyzed the acute-type ATLL data and identified that a log2
ratio imbalance indicated the presence of multiple subclones in a
sample. Minority clones with low log2 ratios could be found in this
experiment by taking advantage of the high sensitivity associated
with the use of array CGH. As a result, the presence of multiple
subclones was unambiguously determined.

Cases showing different genomic profiles between PB and LN
samples reached as high as 69%. We reported previously that
paired samples obtained from different sites had different chromo-
somal aberrations in some cases.!” We also reported that sequential
samples at chronic and crisis or acute onset and relapse in each case
showed different chromosome aberrations or integrations as deter-
mined by chromosomal CGH or Southern blot analysis.!? Similar
clonal change has been reported previously in some cases of B-cell
lymphoma.'® Although analysis of sequential samples is important
when examining the stability of multiple subclones, it is difficult to
acquire sequential samples from acute-type ATLL patients because
these patients require immediate chemotherapy. However, chronic-
type ATLL can be treated with “watchful waiting,” so the clonal
stability of ATLL may be explored in these patients.

Our data indicate that acute-type ATLL comprises multiple
subclones with differing genomic aberrations. Several morphologic
variants of ATLL have been described,’ and the presence of a
mixture of cells of different sizes has been reported. However, the
histological type does not correspond to the clinical subtype.!®
Therefore, it is reasonable to postulate that the histological type
does not always reflect the clinical features because the tumor
subclones may differ at various sites.

HTLV-1 integration and TCRy rearrangement determined by
Southern blotting

We focused on the cell origin of the multiple subclones in each
patient. Southern blot analysis revealed a monoclonal band of
HTLV-1 integration or monoclonal rearrangement of TCRyy in all
samples examined. These data indicated that the ATLL clones in
each case had a common tumor cell origin. ATLL research and
treatment utilize the Shimoyama classification. Acute-type ATLL
represents one subtype in the classification, and is considered to be
a monoclonal tumor. Our data are also consistent with this
classification. However, it is possible that multiple subclones in the
LNs possess a diversity that may account for the variable clinical
manifestations and drug resistance that can occur during the
treatment of ATLL.

Selection of leukemic clone and diversity in LNs

Array CGH suggested that the subclones in the PB and LNs
differed even though they are derived from an identical mono-
clonal tumor cell, as determined by in Southern blot analysis.
Given that the clones are derived from one clone, theoretically the
clone with heterozygous loss is never derived from a cell with
homozygous loss. Homozygous loss regions were only present in
the PB samples examined at a frequency of 38% (5 of 13 cases
examined). None of the 5 samples showed homozygous loss
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regions found in the LN samples, indicating that in these cases,
subclones present in the LNs were not derived from those in the
PB. These results suggested that the selected subclones appeared
in the PB after subclones developed in the LNs. However, it
remains to be determined how these clones in the PB become stable
during the course of disease. It is also important to determine
whether the tumor cells in the PB can proliferate at the level of
tumor cells in the LNs.

In conclusion, the results of the present study showed that there
are multiple subclones in acute-type ATLL, all of which possess a
common TCR rearrangement and the genomic profiles of which
often differ between the PB and LNs. Cases were identified in
which a selected subclone from multiple subclones in the LN
samples was also identified in the PB samples. ATLL was clinically
classified into 4 subtypes by Shimoyama. However, the specific
genes that characterize acute-type ATLL have not been identi-
fied. Our results reveal that acute-type ATLL is a genetically
heterogeneous neoplasm and that clonal evolution of ATLL
takes place in the LNs.
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Abstract: Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus that is the
causative agent of adult T cell leukemia/lymphoma (ATL) and associated with multiorgan
inflammatory  disorders, including HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP) and uveitis. HTLV-1-infected T cells have been hypothesized to
contribute to the development of these disorders, although the precise mechanisms are not
well understood. HTLV-1 primarily infects CD4" T helper (Th) cells that play a central
role in adaptive immune responses. Based on their functions, patterns of cytokine
secretion, and expression of specific transcription factors and chemokine receptors, Th
cells that are differentiated from naive CD4" T cells are classified into four major lineages:
Thl, Th2, Th17, and T regulatory (Treg) cells. The CD4'CD25'CCR4" T cell population,
which consists primarily of suppressive T cell subsets, such as the Treg and Th2 subsets in
healthy individuals, is the predominant viral reservoir of HTLV-1 in both ATL and
HAM/TSP patients. Interestingly, CD4'CD25"CCR4" T cells become Thl-like cells in
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HAM/TSP patients, as evidenced by their overproduction of IFN-y, suggesting that HTLV-1
may intracellularly induce T cell plasticity from Treg to IFN-y" T cells. This review
examines the recent research into the association between HTLV-1 and Treg cells that has
greatly enhanced understanding of the pathogenic mechanisms underlying immune
dysregulation in HTLV-1-associated neuroinflammatory disease.

Keywords: HTLV-1; HAM/TSP; ATL; CD4'CD25'CCR4" T cell; regulatory T cell;
exFoxp3" cell; inflammation; immune-dysfunction

1. Introduction

Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus associated with chronic, persistent
infection of human T cells. HTLV-1 infection is endemic in Japan, the Caribbean, and part of South
America, Africa, the Middle East, and Melanesia [1]. Studies conducted in HTLV-1 endemic areas
have demonstrated that HTLV-1 infection is associated with a variety of human diseases, including
an aggressive mature T cell malignancy termed adult T-cell leukemia (ATL) [2], which is defined
as neoplastic growth of HTLV-1-infected T cells. HTLV-1 is also associated with non-neoplastic
inflammatory conditions such as HTLV-1l-associated myelopathy/tropical spastic paraparesis
(HAM/TSP) [3,4], uveitis [5], Sjégren syndrome [6], bronchoalveolitis, arthritis [7], and polymyositis [8],
where high tissue concentrations of HTLV-1 infected T lymphocytes have been observed. Importantly,
some patients have more than one of these HTLV-1-associated inflammatory conditions [9].

Although HTLV-1-associated disorders have been extensively studied, the exact mechanism by
which HTLV-1 induces these inflammatory conditions is not completely understood. The proviral load
of HTLV-1 may contribute to development of HTLV-1-associated inflammatory conditions, since the
number of HTLV-1-infected T cells circulating in the peripheral blood is higher in patients with
HAM/TSP than in asymptomatic HTLV-1-infected individuals [10,11], and is even higher in the
cerebrospinal fluid of patients with HAM/TSP [12]. In HAM/TSP patients, the proviral load correlates
with not only the percentage of activated CD4" T cells but also with that of HTLV-1-specific CD8"
cytotoxic T lymphocytes (CTLs) [11,13]. These HTLV-1-specific CTLs produce various cytokines,
such as IFN-y and TNF-a, that may suppress viral replication and kill infected cells and/or promote
bystander activation and killing of nearby resident cells in the central nervous system (CNS) [14—17].
In addition, increased viral expression, particularly of the transactivating viral gene encoding HTLV-1
Tax, has also been hypothesized to play a role in HTLV-1 disease progression [11,12]. Transgenic
mice expressing HTLV-1 Tax develop an inflammatory arthropathy [18], and transgenic rats
expressing HTLV-1 env-pX develop destructive arthropathy, Sjégren syndrome, vasculitis, and
polymyositis [19]. These findings support the hypothesis that HTLV-1 tax is one of the exogenous
retrovirus genes responsible for immune dysregulation.

HTLV-1 Tax is a transactivator/oncoprotein that has potent effects on infected T cells, including
activation of nuclear factor(NF)-xB [20] with subsequent enhancement of cell activation and
proliferation and expression of various cellular genes, such as IL-2 [21], the a-chain of the IL-2
receptor (IL-2Ra) [22], IL-15 [23], and IL-15Ra [24]. Such virus-induced intracellular activation may
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directly contributes to T cell activation and the ex vivo T cell proliferation observed in patients with
HAM/TSP [25]. These findings suggest that invasion by HTLV-1-infected T cells, together with viral
gene expression and cellular-signaling mechanisms, trigger a strong virus-specific immune response
and increased proinflammatory cytokine production, leading to CNS inflammation and autologous
tissue damage. However, the precise mechanisms underlying the induction of immune activation by
HTLV-1-infected T cells are not well understood.

2. HTLV-1 and Regulatory T Cells

The recent discovery of regulatory T cells (Treg cells) has generated new opportunities for and
increased interest in elucidating the above mentioned mechanisms. In healthy individuals, the Treg
cells, a subset of CD4'CD25" T cells, play a key role in maintaining immune system homeostasis by
suppressing the proliferation of and cytokine production by pathogenic T cells [26]. Although Treg
cells are phenotypically similar to activated T cells, they can be identified ex vivo by their intracellular
expression of the transcriptional regulator Foxp3 [27], which is critical in the development and
functioning of Treg cells in both mice and humans. Significant reductions in Foxp3 expression
and/or Treg cell function have been observed in patients with several types of human autoimmune
diseases [28], suggesting that defects in Foxp3 expression and/or Treg functioning may precipitate loss
of immunological tolerance. CD4°CD25" T cells are also the predominant viral reservoir in the
peripheral blood of HTLV-l-infected individuals [29]. Recently, significant reductions in Foxp3
expression and Treg cell function have been observed in CD4"CD25" T cells from patients
with HAM/TSP [30-34]. Furthermore, decreased expression levels of CTL antigen-4 (CTLA-4), a
Treg-associated immune-suppressive molecule, and glucocorticoid-induced tumor necrosis factor
receptor-related protein (GITR) have also been observed on the CD4"'CD25" T cells of HAM/TSP
patients [30,34]. Notably, overexpression of HTLV-1 Tax has been observed to reduce Foxp3
expression and inhibit the suppressive function of Treg cells in vitro [30]. Furthermore, because of a
Tax-induced defect in TGF-B signaling, Foxp3 expression was decreased and Treg functions were
impaired in patients with HAM/TSP [35]. Recently, significantly decreased numbers of
CD4'CD25'Foxp3" Treg cells were observed in transgenic mice expressing HTLV-1 Tax that develop
an inflammatory arthropathy [36]. In addition, increased viral expression of the HTLV-1 bZIP factor
(HBZ) gene encoding the minus strand of HTLV-1 has also been suggested to play a role
in HTLV-1 disease progression [37], and CD4 Foxp3" Treg cells in HBZ transgenic mice were
functionally impaired [38]. These findings indicate that HTLV-1-induced dysfunctioning of
CD4'CD25" Treg cells may be one of the mechanisms underlying the induction of immune activation
by HTLV-1-infected T cells.

In contrast to the decreased expression of Foxp3 in CD4'CD25" T cells observed in HAM/TSP
patients [30-34], most CD4'CD25" ATL cells have been shown to express Foxp3 in patients with
ATL [39,40]. Therefore, it has been hypothesized that ATL cells may be derived from Treg cells [41].
Interestingly, some ATL cells exhibit immunosuppressive functions similar to those of Treg cells,
which may contribute to clinically observed cellular immunodeficiency in ATL patients [41-43],
although some of these ATL cells lose this regulatory function [44].
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3. HTLV-1 and CD4"'CD25"CCR4" T Cells

Although HTLV-1 has been reported to infect a number of cell types both in vifro and
in vivo [29,45-49], CD4" Th cells, which play a central role in adaptive immune responses, are the
predominant viral reservoir in the peripheral blood [50]. To understand the effects of HTLV-1
infection on the functioning of CD4" Th cells, it is necessary to discover if, and if so which of the Th
subpopulations is preferentially infected with HTLV-1. Based on their functions, patterns of cytokine
secretion, and expression of specific transcription factors and chemokine receptors, CD4" Th cells,
which are differentiated from naive CD4" T cells, are classified into four major lineages: Thl, Th2,
Th17, and Treg cells (Figure 1).

Figure 1. T cell subsets of CD4" T helper cells. Th cells are differentiated from naive
CD4" T cells into 4 major lineages: Thl, Th2, Th17, and T-regulatory (Treg) cells. Each
Th subset exhibits characteristic functions, patterns of cytokine secretion, and expression
of specific chemokine receptors.
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CXCR3

IL-12
IL-6
IL-23
TGF-8
IL-4

The chemokine receptor CCR4 has recently been found to be expressed on HTLV-1-infected
leukemia cells in ATL patients [51]. Because CCR4 is known to be selectively expressed on Treg
and Th2 cells [51-53] (Figure 1) and because most ATL cells express high levels of Foxp3, it has
been hypothesized that ATL cells may be derived from Treg cells [41]. Although it has been
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demonstrated that CD4'CD25" T cells in HAM/TSP patients exhibit reduced Foxp3 expression and
Treg suppression [30-33] and that HTLV-1-infected CD4" T cells in HAM/TSP patients produce Thl
cytokines (IFN-y) [16,30], it has also been observed that CCR4 selectively overexpresses on
HTLV-1-infected T cells in HAM/TSP patients [54]. Furthermore, the majority of CD4'CD25"CCR4"
T cells have been found to be infected with HTLV-1 and this T cell subset has increased numbers in
HAM/TSP patients [54]. Thus, CD4"CD25'CCR4" T cells are a major reservoir of HTLV-1-infected T
cells, which are increased in numbers in both HAM/TSP and ATL patients.

4. HTLV-1 and Foxp3 CD4'CD25"CCR4" T Cells

Although CCR4 is known to be selectively expressed on Treg and Th2 cells in healthy individuals,
more detailed flow cytometric analysis of Foxp3 expression in CD4'CD25'CCR4" T cells of
HAM/TSP patients demonstrated that the frequency of the Foxp3™ population was greatly increased in
CD4'CD25'CCR4" T cells [54]. Moreover, analysis of proinflammatory cytokine expression in this
Foxp3"CD4'CD25'CCR4" T cell subset demonstrated that these cells uniquely produced multiple
proinflammatory cytokines such as IL-2, IL-17, and few IFN-y in healthy individuals while
Foxp3'CD4'CD25'CCR4" T cells (Treg cells) did not. Furthermore, it was demonstrated that
HAM/TSP patients had only few Foxp3'CD4'CD25'CCR4" T cells that did not produce such
cytokines [54]. The Foxp3 CD4'CD25"CCR4" T cells in HAM/TSP were greater in number and
overproduced [FN-y [54]. Further, the proportion of these IFN-y-producing Foxp3 CD4"CD25'CCR4*
T cells may have a functional consequence, since the presence of this subpopulation could be
correlated with disease activity and severity of HAM/TSP in vivo [54]. Thus, in a CD4'CD25'CCR4"
T cell population that mainly consists of suppressive T cell subsets such as Treg and Th2 under healthy
conditions, IFN-y-producing Foxp3"CD4'CD25'CCR4" T cells, rarely encountered in healthy
individuals, were increased in number and overproduced IFN-y in HAM/TSP patients (Figure 2). We
therefore propose to call this IFN-y Foxp3 CD4'CD25"CCR4" T cell subset Tyay cells. Interestingly,
increased numbers of Foxp3'°“CD4"CD25" memory T cells, which have cytokine secretion patterns
similar to those of Tyam cells, have recently been observed in patients with active systemic lupus
erythematosus (SLE) [55]. Therefore, it would be of interest to build on this finding by confirming
whether this newly defined unique T cell subset, which has been observed in both HAM/TSP and SLE
patients, is found in both these patient groups and can be functionally deregulated in other
immunological diseases.

Although most CD4'CD25"CCR4" T cells are infected with HTLV-1 in both HAM/TSP and
ATL patients [54,56], the ratio of Tyam cells (CCR4'Foxp3~ with IFN-y production) to Treg
cells (CCR4'Foxp3" with no cytokine production) in the CD4'CD25'CCR4" T cell subset has
been found to be high in HAM/TSP patients but low in ATL patients [54]. This differential Tyaw/Treg
ratio in HTLV-1-infected T cells may be associated with the differential immune responses observed
between HAM/TSP and ATL patients (Figure 3). ATL patients tend to have very low numbers
of Tax-specific CD8" T cells in peripheral blood mononuclear cells (PBMCs) and to develop
opportunistic infections [57,58], while HAM/TSP patients tend to have high numbers of Tax-specific
CD8" CTLs [11,12,14,59]. As CD4'CD25" T cells with high levels of Foxp3 expression have been
reported to have an immunosuppressive function in ATL patients [41-43], the increased number of
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CD4'CD25'CCR4" leukemia T cells with Treg functions observed in ATL patients may contribute
to their clinically observed cellular immunodeficiency. However, HAM/TSP patients show very
high cellular and humoral immune responses, such as high proportions of Tax-specific CD8" T cells,
as well as cytomegalovirus (CMV)-specific CD8" T cells in the PBMCs [14,33]; high antibody
titer to HTLV-1 [9]; and increased production of proinflammatory cytokines, such as IL-12 and
IFN-y [60]. Ithas been reported that CD4'CD25" T cells with low expression of Foxp3 [30]
and HTLV-1 Tax-expressing Foxp3" Treg cells [61] extracted from HAM/TSP patients exhibit
defective immunosuppressive functioning. Moreover, it has been demonstrated that HTLV-1-infected
IFN-y-overproducing CD4 ' CD25 CCR4 'Foxp3™ T cells (Tyawm cells) increase in number in HAM/TSP
patients, and their levels can be correlated with disease severity [54]. Thus, CD4'CD25'CCR4" T cells
with increased proinflammatory functioning, together with a defective Treg compartment [30-33,54],
may overcome the regulatory effect of HTLV-1-uninfected Treg cells [61] and at least partly account
for the heightened immune response observed in HAM/TSP patients. Collectively, these observations
support the hypothesis that an imbalance in the Tyam/Treg ratio in HTLV-1-infected
CD4'CD25'CCR4" T cells is an important contributing factor in the immunological differences in host
immune response observed between HAM/TSP and ATL patients (Figure 3).

Figure 2. Cellular components of CD4'CD25 CCR4" T cells in healthy donors and
HAM/TSP patients. In healthy donors, the CD4'CD25'CCR4" T cell population
primarily consists of suppressive T cell subsets, such as Treg and Th2, whereas that of
HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) patients consists
of an increased number of IFN-y-producing Foxp3 CD4'CD25 CCR4" T cells (Tyawm cells).
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Figure 3. Differential immune responses and Tyaw/Treg ratios in CD4'CD25'CCR4" T
cells in HAM/TSP and adult T cell leukemia/lymphoma (ATL) patients.
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5. Increased Numbers of CD4 Foxp3" Cells in HAM/TSP Patients

Recently, it has been reported that the number of CD4 Foxp3" cells increases in HTLV-1-infected
asymptomatic carriers, and is even higher in patients with HAM/TSP [61]. Although this report
initially appears to conflict with the observations described above, it may not. In contrast to the
decreased number of CD4" T cells in patients with human immunodeficiency virus (HIV) infection,
the number of HTLV-1 infected CD4" T cells—most of which are CD4+CD25+CCR4+ T cells—in
HAM/TSP patients is greatly increased. Therefore, although the percentage of Foxp3" cells among the
CD4'CD25'CCR4" T cells is lower, the overall number of CD4 Foxp3" cells in HAM/TSP patients
may be higher than that in healthy donors (Figure 4). Indeed, when we analyzed the number of Foxp3*
cells in healthy donors and HAM/TSP patients, we found it to be nearly equivalent between the two
groups or slightly higher in HAM/TSP patients [54]. This difference (from slightly high to higher)
would depend on the number of HTLV-1-infected CD4" T cells in the samples tested. Importantly,
Toulza et al. demonstrated that the rate of CTL-mediated lysis was negatively correlated with the
number of HTLV-1-Tax CD4 Foxp3" cells, but not with the number of Tax'CD4 Foxp3" cells [61],
again suggesting that HTLV-l-infected Treg cells lose their regulatory function, while
HTLV-1-uninfected Treg cells contribute substantially to immune control of HTLV-1 infection.
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“Figure 4. Scheme of proportion of each cellular component in CD4'CD25 CCR4" T cells
of healthy donors, asymptomatic carriers (AC), and patients with HAM/TSP or ATL.
Although the proportion of Foxp3" cells among the CD4'CD25 CCR4" T cells is lower in
HAM/TSP patients, the overall number of CD4 Foxp3" cells in HAM/TSP patients is
higher than that in healthy donors. In ATL patients, the majority of CD4'CD25'CCR4" T
cells are Foxp3" cells.
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6. Does the Tyam Cell Population Include exF oxp3+ Cells?

According to Hieshima ef al.’s recent delineation of the molecular mechanism underlying HTLV-1
tropism to CCR4'CD4" T cells [60], HTLV-1 Tax does not induce expression of CCR4, but Tax does
induce expression of CCL22, which is the ligand for CCR4. Therefore, HTLV-1-infected T cells
produce CCL22 through Tax and selectively interact with CCR4'CD4" T cells, resulting in preferential
transmission of HTLV-1 to CCR4'CD4" T cells (Figure 5). In HTLV-1-seronegative healthy
individuals, CD4'CD25 CCR4" T cell populations primarily consist of suppressive T cell subsets, such
as Treg and Th2 cells [61]. However, as described above, cells of this T cell subset become Th1-like
cells that overproduce IFN-y in patients with HAM/TSP, while leukemogenesis develops and
maintains the Foxp3" Treg phenotype in ATL patients (Figure 5).
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Figure 5. Differential fate of HTLV-1-infected CD4 'CD25'CCR4" T cells in HAM/TSP
and ATL patients. After HTLV-1 infection, CD4'CD25'CCR4" T cells in HAM/TSP
patients, which are primarily Th2 and Treg cells before infection, become IFN-y Foxp3™ T
cells (Tuam cells) with high levels of intracellular HTLV-1 zax expression. In ATL patients,
leukemogenesis develops and the Foxp3" Treg phenotype is maintained.
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To determine whether HTLV-1 expression contributes to the differential fate of HTLV-1-infected
CD4'CD25'CCR4" T cells between HAM/TSP and ATL patients, differences in the HTLV-1 proviral
load and the HTLV-1 tax mRNA and HTLV-1 HBZ mRNA expression of these populations were
analyzed (Figure 6). Although HTLV-1 fax mRNA expression in CD4'CD25'CCR4" T cells was
found to be significantly higher in HAM/TSP patients than in ATL patients, HTLV-1 proviral DNA
loads and HBZ mRNA expression levels were found to be equivalent in the two groups [54] (Figure 6).
This high HTLV-1 Tax expression in HAM/TSP CD4'CD25'CCR4" T cells (Foxp3 ) and low HTLV-1
Tax expression in ATL CD4'CD25'CCR4" T cells (Foxp3") suggests that intracellular HTLV-1
expression may act as a “switch” that directs T cell plasticity from Foxp3" Treg cells to IFN-y Foxp3
T cells. Indeed, a recent report highlighted that loss of Foxp3 in Treg cells and acquisition of IFN-y
may result in conversion of suppressor T cells into highly autoaggressive lymphocytes (exFoxp3"
cells), which can contribute to the development of autoimmune conditions [62,63]. These findings
support the hypothesis that HTLV-1 zax may be one of the exogenous retrovirus genes responsible for
immune dysregulation through its interference in the equilibrium between inflammation and tolerance.
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This hypothesis is currently being tested as a means of elucidating the precise molecular mechanisms
by which HTLV-1 influences the fate and function of CD4 ' CD25'CCR4" T cells, especially Foxp3"
Treg cells. Further research investigating this hypothesis using animal models is required, as is further
work to pathologically identify the exFoxp3" cells in the spinal cord lesions of HAM/TSP patients.

Figure 6. Increased HTLV-1 fax mRNA expression in CD4'CD25'CCR4" T cells in
HAM/TSP patients. The HTLV-1 proviral load in CD4'CD25'CCR4" T cells from
HAM/TSP and ATL patients was quantified by real-time PCR (left panel, n = 3).
Expression levels of HTLV-1 fax mRNA (center panel, HAM/TSP: n =4, ATL: n = 3) and
HBZ mRNA (right panel, n = 5) in CD4'CD25'CCR4" T cells from HAM/TSP and ATL
patients were quantified by real-time RT-PCR. Data are presented as mean + standard error.
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7. Mechanisms Underlying Increased HTLV-1 Tax Expression in HAM/TSP Patients

As described above, higher levels of HTLV-1 Tax expression have been observed in HAM/TSP
patients [11], and a correlation between Tax expression and disease risk [64] has been identified. Both
findings, together with experimental evidence [65] and theoretical justification [66] for selective
proliferation of HTLV-1 expressing T cells in vivo, indicate that increased HTLV-1 provirus
expression may play an important role in the pathogenesis of HAM/TSP. However, the molecular
mechanisms underlying the increased levels of HTLV-1 provirus expression in HAM/TSP patients are
not understood. Evidence continues to accumulate that the genomic integration site of HTLV-1
provirus affects the level of provirus expression. Continued accumulation of evidence is aided by the
availability of the human genome sequence, which has enabled large-scale research into HTLV-1
integration sites. This research has demonstrated that the provirus integration sites of HTLV-1 in vivo are
not randomly distributed within the human genome but rather associated with transcriptionally active
regions [67,68]; that the frequent integration into these transcription units is associated with increased
levels of provirus expression; and, importantly, that the increased number of integration sites in
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transcription units is associated with HAM/TSP [68]. Future research should endeavor to elucidate the
mechanisms underlying the immune dysregulation observed in HAM/TSP patients.

8. Conclusion

HTLV-1 initiates persistent infection of CD4" T cells and results in the development of HAM/TSP,
a chronic neuroinflammatory disorder characterized by very high strong cellular and humoral immune
responses. Because a higher viral load in HTLV-1-infected individuals increases the risk of HAM/TSP
and is associated with high cellular and humoral immune responses, HTLV-1 infection-induced
immune dysregulation may play an important role in the development and pathogenesis of this disease.
The recent discovery of Treg cells has provided new opportunities for and generated increased interest
in elucidating the mechanisms underlying the induction of immune activation by HTLV-1-infected T
cells. Among the CD4" T helper cell populations that play a central role in adaptive immune responses,
the CD4'CD25"CCR4" T cell population, which primarily consists of suppressive T cell subsets, such
as the Treg and Th2 subsets, in healthy individuals, is the predominant viral reservoir of HTLV-1 in
both ATL and HAM/TSP patients. Interestingly, cells of this T cell subset become Thl-like cells,
overproducing IFN-y in HAM/TSP patients, while leukemogenesis develops and maintains the Foxp3"
Treg phenotype in ATL patients. These results indicate that HTLV-1 may intracellularly induce T cell
plasticity from Treg to IFN-y" T cells, which may contribute to the development of HAM/TSP. As
such, these results support the hypothesis that HTLV-1 is one of the exogenous retrovirus genes
responsible for immune dysregulation through its interference in the equilibrium maintained among
host immune responses. Because the majority of immune disorders are of unknown etiology, the
discovery of HTLV-1 and its association with inflammatory conditions has greatly enhanced our
understanding of the pathogenic mechanisms underlying organ-specific immune disorders. Further
investigation of the mechanism underlying HTLV-1 action in the immune system may result in
identification of new molecular pathways that will further elucidate the basic mechanisms underlying
immune-mediated disorders.
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