Mogamulizumab for CCR4-Positive T-Cell Lymphoma

Table 3. Treatment-Related Adverse Events (N = 37)

All Grade
Grades =3

Adverse Event* No. % No. %

Nonhematologic

Pyrexia 11 30 0 9]
Infusion reaction 9 24 0 0
ALT increased 8 22 1 3
ALP increased 8 22 1 3
Hypophosphatemia 6 16 1 3
Hypokalemia 2 5 1 3
Infection 1 3 1 3
Oral candidiasis 1 3 1 3
Pneumonia 1 3 1 3
Herpes esophagitis 1 3 1 3
Polymyositis 1 3 1 3
Second primary malignancyt 1 3 1 3
‘Skin ‘and subcutaneous i 9

Abbreviations: ALP, alkaline phosphatase; SOC, System Organ Class (accord-
ing to the Medical Dictionary for Regulatory Activities).

*Treatment-related adverse events that were reported in at least 15% of
patients or that were of grade 3-4 severity.

TDiffuse large B-cell lymphoma was reported in one patient with angioim-
munoblastic T-cell lymphoma.

mogamulizumab exhibited a profound depletion of the Treg cell
subset during treatment, and cell levels had not returned to base-
line 4 months after the last dose (Fig Al). Mogamulizumab also
caused a modest decrease in the NK cell subset during treatment
(data not shown).

This report described results from a single-arm, open-label multi-
center phase II study of mogamulizumab in patients with relapsed
CCRA4-positive PTCL and CTCL.

Mogamulizumab showed promising antitumor activity, with an
ORR of 35% (95% CI, 20% to 53%) and a CR/unconfirmed CR of
14%. These data were consistent with those reported with relapsed
ATL.* It is notable that all three patients who relapsed after auto-
peripheral blood stem-cell transplantation responded to mogamuli-
zumab. The total ORR is comparable to that of other US Food and
Drug Administration-approved drugs, such as pralatrexate and ro-
midepsin.'®"! However, the present study differed from previous
studies in several important respects. Firstly, the patient population
was smaller than in the pralatrexate or romidepsin studies. Secondly,
since it has been reported that CCR4 expression correlated with ad-
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vanced disease,* it is important to note that although these two
studies enrolled relapsed and refractory patients irrespective of their
CCR4 expression status, the present study only recruited relapsed
patients who were CCR4-positive. However, almost all patients in the
present study had good PS compared with those patients in the previ-
ous studies. Thirdly, all patients with MF (n = 7) in the present study
had relapsed after systemic chemotherapies and were presumed to
have advanced stage disease, because all of these patients exhibited
clinical skin tumors. Further, four of these seven patients exhibited
clinically abnormal lymph node swelling, which does not usually oc-
cur at stages lower than IIB."**

In future study, PFS may also be improved by a longer continu-
ous dosing schedule, such as a phase I/II study for CTCL.**

Although the number of patients was relatively small in the pres-
ent study, the ORR for the AITL group (50%; six of 12) seemed
noteworthy, while appearing relatively low in patients with PTCL-
NOS (19%; three of 16). However, the three patients with PTCL-NOS
who responded to mogamulizumab achieved durable PES (9.0,
10.1+, and 10.8+ months; +, censored). Further studies are needed
to identify which CCR4-positive T-cell lymphoma patients are most
likely to benefit from mogamulizumab therapy.

There was no definite correlation between ORR and patient
characteristics, such as age, CCR4 expression level, or number of
previous systemic regimens. Although our study only included CCR4-
positive patients with PTCL and CTCL, a recent US phase I/II study of
mogamulizumab included both CCR4-positive and CCR4-negative
patients with CTCL.*" In that study, mogamulizumab exhibited effi-
cacy irrespective of CCR4 expression (positive or negative) or CCR4
expression level, with a continuous dosing schedule.” Further studies
are needed to define if CCR4 positivity represents a useful predictive
biomarker in either PTCL or CTCL.

CCR4-positivity was confirmed in 78% of the 64 screened pa-
tients, a higher rate than previously reported.***' However, it is pos-
sible that this variation in CCR4 positivity was due to differences in
immunohistochemistry assay sensitivity. In our ongoing CTCL phase
III study, our protocol permitted recruitment of both CCR4 positive
and negative CTCL patients (NCT01728805). This is because the
detection limit of CCR4 positivity may not be yet fully established, and
mogamulizumab might have antitumor activity against CCR4-
negative tumors through the depletion of CCR4-positive regulatory T
cells,*® thus enhancing pre-existing CD8+ cytolytic T-lymphocytes.
Based on the latter new concept, an investigator-initiated trial of
mogamulizumab against CCR4-negative solid tumors has been initi-
ated (UMIN000010050).

Most of the AEs associated with mogamulizumab were mild and
reversible. One patient suffered from polymyositis, an immune-
related serious AF, after seven doses of mogamulizumab. The patient
improved after steroid pulse therapy, treatment with tacrolimus hy-
drate, and continuous rehabilitation. Although drug-induced myosi-
tis was a possible cause, the relationship between mogamulizumab
and myositis was not determined, even after detailed investigation. In
our study, skin rash could also represent an immune-related AE, as
other immunotherapies, including ipilimumab and zanolimumab,
cause similar skin toxicity."®**® In addition, this may relate to the
antitumor mechanism of mogamulizumab, because CCR4 contrib-
utes to skin-specific lymphocyte homing.* Indeed, a previous study
revealed that patients who developed skin disorders ultimately had
better therapeutic responses to treatment.* In the present study, of the
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13 patients who developed grade 2 to 3 skin disorders, five patients
achieved CR/PR. Of the 24 patients who developed grade 1 or no skin
disorders, eight patients achieved CR/PR. Hence, no clear correlation
between skin disorders and response rate was observed in the pres-
ent study. .

Asshown in Figure A1, mogamulizumab caused a significant and
persistent reduction in the number of Treg cells. This may be respon-
sible for the increased incidence of skin disorders seen in patients with
ATL.%*° Skin disorders were observed in 19 patients (51%), with
grade 3/4 in four cases (11%). This was lower than the proportion of
patients who developed skin disorders (67%, 22% in grade 3/4) in a
previous study.”® One patient (4%) with ATL developed Stevens-
Johnson syndrome (SJS)* and four patients with ATL developed
SJS/toxic epidermal necrolysis in postmarketing surveillance of mog-
amulizumab®’; however, no cases of SJS/toxic epidermal necrolysis
were observed in the present study. Similarly, four of 21 patients with
ATL (19%) developed symptoms consistent with SJS* after treatment
with pralatrexate, whereas no SJS was observed in patients with
PTCL'" after pralatrexate treatment. The risk of severe skin disorders
may therefore be lower in patients with PTCL, compared with patients
with ATL.

In conclusion, this phase II study revealed that mogamulizumab
had promising efficacy and tolerability in patients with relapsed
CCR4-positive PTCL and CTCL. Given its novel mechanism of action
and favorable toxicity profile compared with multiagent cytotoxic
chemotherapy, we might expect the use of mogamulizumab in com-
bination with other agents. Further preclinical and clinical studies of
combination therapy will be needed.
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Fig A1. T-cell subset analysis. Numbers of CD4+CD25-+Foxp3+ (regulatory T) cells are presented. Blood samples collected at times indicated in the protocol were
analyzed. Blood samples were taken (1} just before the first mogamulizumab infusion, (1) just before the second infusion, (11} just before the fifth infusion, (IV) 1 week
after the eighth infusion, and (V) 4 months after the eighth infusion. The number of samples used for analysis at each point is indicated below the graph. CTCL,
cutaneous T-cell lymphoma; PTCL, peripheral T-cell lymphoma.
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HTLV-1 bZIP Factor-Specific CD4 T Cell Responses in Adult
T Cell Leukemia/Lymphoma Patients after Allogeneic
Hematopoietic Stem Cell Transplantation

Tomoko Narita,* Takashi Ishida,* Ayako Masaki,* Susumu Suzuki,*’ Asahi Ito,*
Fumiko Mori,* Tomiko Yamada,* Masaki Ri,* Shigeru Kusumoto,* Hirokazu Komatsu,*
Yasuhiko Miyazaki,” Yoshifusa Takatsuka,® Atae Utsunomiya,® Akio Niimi,*

Shinsuke Iida,* and Ryuzo Ueda’

We document human T lymphotropic virus type 1 (HTLV-1) bZIP factor (HBZ)-specific CD4 T cell responses in an adult T cell
leukemia/lymphoma (ATL) patient after allogeneic hematopoietic stem cell transplantation (HCT) and identified a novel HLA-
DRB1#15:01-restricted HBZ-derived naturally presented minimum epitope sequence, RRRAEKKAADVA (HBZ114-125). This
peptide was also presented on HLA-DRB1%15:02, recognized by CD4 T cells. Notably, HBZ-specific CD4 T cell responses were
only observed in ATL patients after allogeneic HCT (4 of 9 patients) and not in nontransplanted ATL patients (0 of 10 patients) or
in asymptomatic HTLV-1 carriers (0 of 10 carriers). In addition, in one acute-type patient, HBZ-specific CD4 T cell responses
were absent in complete remission before HCT, but they became detectable after allogeneic HCT. We surmise that HTLV-1
transmission from mothers to infants through breast milk in early life induces tolerance to HBZ and results in insufficient HBZ-
specific T cell responses in HTLV-1 asymptomatic carriers or ATL patients. In contrast, after allogeneic HCT, the reconstituted
immune system from donor-derived cells can recognize virus protein HBZ as foreign, and HBZ-specific immune responses are
provoked that contribute to the graft-versus-HTLV-1 effect. The Journal of Immunology, 2014, 192: 940-947.

dult T cell leukemia/lymphoma (ATL) is a distinct he-
A matologic malignancy caused by human T lymphotropic

virus type 1 (HTLV-1) (1, 2). ATL is resistant to con-
ventional chemotherapeutic agents, and only limited treatment op-
tions are available (3). Although early efforts using myeloablative
chemoradiotherapy together with autologous hematopoietic stem
cell rescue for ATL were associated with a high incidence of re-
lapse and fatal toxicities (4), allogeneic hematopoietic stem cell
transplantation (HCT) has been explored as a promising alterna-
tive treatment, achieving long-term remission in a proportion of
patients with ATL (5, 6). The potential benefit of allogeneic HCT
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for ATL patients is considered to be due to the high immunoge-
nicity of HTLV-1-infected cells (7-12), which was associated
with the existence of posttransplant graft-versus-HTLV-1 and/or
graft-versus-ATL effects (13, 14).

HTLV-1 was the first retrovirus to be directly associated with
a human malignancy (15, 16), and ~20 million people worldwide
are estimated to be infected with this virus (17). Among the HTLV-
1 regulatory and accessory genes, Tax transforms rodent cells
and immortalizes human primary T cells (18-20). In addition,
Tax-transgenic mice develop spontaneous tumors (21-24). Another
HTLV-1 component gene, HBZ, promotes the proliferation of ATL
cells (25). Transgenic mice expressing HTLV-1 bZIP factor (HBZ)
in their CD4 T cells share many symptoms and immunological
features with HTLV-1-infected humans (26). Thus, both Tax and
HBZ are thought to play critical roles in ATL oncogenesis, but there
is a marked contrast between them in their expression profiles in
primary ATL cells: HBZ expression is constitutive whereas Tax
expression is frequently suppressed or minimal in ATL cells (25, 27,
28). Because immune responses against Tax were reported to be
strong (7, 8), impaired Tax expression is thought to lead to a sur-
vival advantage for HTLV-1-infected cells in the host (2). These
observations raise a simple question as to why the expression of
Tax, but not HBZ, is impaired, despite both being HTLV-1-derived
Ags seen by the human immune system as foreign. In other words,
why is it that only HBZ, but not Tax, is constitutively expressed in
ATL cells, although it was reported that HBZ is an immunogenic
protein recognized by HBZ-specific CTL clones (29, 30). Although
several studies (29-31) have been performed to determine the im-
munogenicity of HBZ, the precise immunological significance of
HBZ in HTLV-1-infected individuals has not been fully established.
Therefore, the aim of the current study was to clarify the clinical
role of HBZ-specific immune responses in HTLV-1-infected indi-
viduals.
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Materials and Methods

Primary human cells

Blood samples were obtained from healthy volunteers, HTLV-1 asymp-
tomatic carriers (ACs), and ATL patients. Mononuclear cells were iso-
lated with Ficoll-Paque (Pharmacia, Peapack, NJ). Genotyping of HLA-DR,
HLA-DQ, and HLA-DP was performed using an WAKFlow HLA-typing
kit (WAKUNAGA Pharmacy, Hiroshima, Japan). Diagnosis and classifi-
cation of clinical subtypes of ATL were according to the criteria proposed
by the Japan Lymphoma Study Group (32). All donors provided informed
written consent before sampling, according to the Declaration of Helsinki,
and the current study was approved by the institutional ethics committees
of Nagoya City University Graduate School of Medical Sciences.

Cell lines

ATN-1, MT-1, TL-Om1l, and ATL102 are ATL cell lines; MT-2, MT-4, and
TL-Su are HTLV-1-immortalized lines; and K562 is a chronic myeloge-
nous leukemia blast crisis cell line (8, 33). Genotyping of HLA-DR, HLA-
DQ, and HAL-DP was performed using a WAKFlow HLA-typing kit.

Expansion of HBZ-specific T cells

PBMC:s from ATL patients or HTLV-1 ACs were suspended in RPMI 1640
(Cell Science and Technology Institute, Sendai, Japan) supplemented with
10% human serum and 10 uM synthetic HBZ-derived peptides at a cell
concentration of 2 X 10%ml. The peptides were purchased from Invi-
trogen (Carlsbad, CA). The cell suspension (2 X 10° cells) was cultured
at 37°C in 5% CO, for 2 d, and an equal volume of RPMI 1640 sup-
plemented with 100 IU/ml IL-2 was added. After subsequent culture for
5 d, an equal volume of ALyS505N (Cell Science and Technology In-
stitute) supplemented with 100 IU/ml IL-2 was added, and the cells were
cultured with appropriate medium (ALyS505N with 100 IU/ml IL-2) for an
additional 7 d.

Abs and flow cytometry

PerCP-conjugated anti-CD8 mAb (SK1; eBioscience, San Diego, CA) and
PE-conjugated anti-CD4 mAb [SFCI12T4D11 (T4); Beckman Coulter,
Fullerton, CA] were used. For assessing HLA class II expression, PE-
conjugated anti-HLA-DR (G46-6; BD Biosciences, San Jose, CA), anti—
HLA-DQ (HLA-DQ1; Biolegend, San Diego, CA), or appropriate isotype-
control mAbs were used. For intracellular IFN-y and TNF-« staining, the
expanded cells were cocultured with or without target cells or synthetic
peptides at 37°C in 5% CO, for 3 h, after which brefeldin A (BD Bio-
sciences) was added at 2 pg/ml. The cells were then incubated for an
additional 2 h. Subsequently, they were fixed in 10% formaldehyde and
stained with FITC-conjugated anti—IFN-vy (45.15; Beckman Coulter) or
allophycocyanin-conjugated anti~TNF-a (MAb11; eBioscience) mAbs with
0.25% saponin for 60 min at room temperature. To determine HLA re-
striction, HLA-blocking experiments were conducted. The expanded cells
were preincubated with 20 pg/ml anti-HLA-DR (L243; BioLegend), 20

g/ml anti-HLA-DQ (1SPVL3; Beckman Coulter), or appropriate isotype
control mAbs (20 pg/ml) at 37°C in 5% CO, for 1 h, after which they were
stimulated with the peptide or the cell lines (ATN-1 and K562). Cells were
analyzed on a FACSCalibur (BD Biosciences) with the aid of FlowJo
software (Tree Star, Ashland, OR).

Quantitative RT-PCR

Total RNA was isolated with RNeasy Mini Kits (QIAGEN, Tokyo, Japan).
Reverse transcription from the RNA to first-strand cDNA was carried out
using High Capacity RNA-to-cDNA Kits (Applied Biosystems, Foster City,
CA). HBZ and B-actin mRNA were amplified using TagMan Gene Ex-
pression Assays with the aid of an Applied Biosystems StepOnePlus. The
primer set for HBZ was as follows: sense, 5'-TCGACCTGAGCTTTA-
AACTTACCTAGA-3" and antisense, 5'-GACACAGGCAAGCATCGAA-
A-3'. All values given are means of triplicate determinations.

Results
T cell responses against synthetic peptides overlapping by 10
aa and covering the entire sequence of the spliced HBZ protein

Because it was reported that HTLV-1 Tax-specific T cells were
induced in some ATL patients after allogeneic HCT (10, 11), we
initially tried to expand HBZ-specific T cells using PBMCs from
an ATL patient who received allogeneic HCT with reduced-
intensity conditioning and has been in complete remission (CR)
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for >3 y (patient #1 after HCT). PBMCs were stimulated with
a mixture of 1 16-mer and 19 20-mer synthetic peptides over-
lapping by 10 aa and covering the entire sequence of the spliced
HBZ protein (peptides number 1-20, Fig. 1), at a concentration of
10 uM each. The expanded cells were analyzed by forward scatter
height and side scatter height levels, and the lymphocyte pop-
ulation was determined and plotted to show CD4 and CD8 posi-
tivity (Fig. 2A, left panels). The expanded CD8 T cells responded
weakly to stimulation with these 20 overlapping peptides relative
to controls without peptide stimulation, as assessed by IFN-y pro-
duction (Fig. 2A, upper middle panels) but not TNF-a (Fig. 2A,
lower middle panels). In contrast, the expanded CD4 T cells re-
sponded to stimulation by the 20 overlapping peptides by pro-
ducing both IFEN-vy (Fig. 2A, upper right panels) and TNF-a
(Fig. 2A, lower right panels). Because the response of the stim-
ulated and expanded CD4 T cells was stronger than the CD8 re-
sponse, we focused on the CD4 T cell response against HBZ in
patient #1 after HCT.

PBMCs from this patient (#1 after HCT) were stimulated with
a mixture of five overlapping peptides consisting of peptides 1-4,
5-8, 9-12, 13-16, and 17-20 (Fig. 1). The expanded CD4 T cells
responded to the peptide mixture 9-12 better than to control (no
peptides). They produced both IFN-y (Fig. 2B, upper panels) and
TNF-a (Fig. 2B, lower panels). The expanded CD4 T cells
responded very weakly to the peptide mixtures 13-16 and 17—
20 by producing TNF-a but not IFN-y. No responses were ob-
served against the peptide mixtures 1-4 or 5-8 (Fig. 2B). These
data indicate that the epitope of HBZ recognized by CD4 T cells
from the patient was present in peptides 9—12, within HBZ aa
residues 81-130 (Fig. 1).

Next, PBMCs from the same patient were stimulated with four
synthetic peptides: 9, 10, 11, and 12. The expanded CD4 T cells
responded to peptide 12 by producing both IFN-vy (Fig. 2C, up-
per panels) and TNF-a (Fig. 2C, lower panels). The cells did not
respond significantly to the other peptides (9, 10, or 11). These
results narrow down the specific epitope of HBZ recognized by
the CD4 T cells from the patient to a sequence within peptide
12: HBZ aa 111-130 (Fig. 1).

Determination of the minimum epitope sequence of HBZ
recognized by CD4 T cells

Seven synthetic peptides (12-1, 12-2, 12-3, 12-4, 12-5, 12-6, 12-7)
representing parts of peptide 12 were prepared (Fig. 3A). Re-
sponses of the CD4 T cells, which had been stimulated by peptide
12, to these different peptides were tested. The expanded CD4
T cells responded better to peptides 12, 12-1, 12-2, 12-3, and 12-4

HBZ-splicing isoform

peptide
number

[y

20  HBZ 191-206 =

FIGURE 1. Synthetic peptides derived from spliced HBZ. Schematic
of 19 20-mer and 1 16-mer synthetic peptides overlapping by 10 aa and
covering the entire sequence of the spliced HBZ protein.
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FIGURE 2. T cell responses against synthetic
peptides overlapping by 10 aa and covering the en-
tire sequence of the spliced HBZ protein. (A)
PBMCs from patient #1 after HCT were expanded by
stimulating with a mixture of 19 20-mer and 1 16-
mer synthetic peptides overlapping by 10 aa and
covering the entire sequence of the spliced HBZ B
protein. The responses of expanded CD8 and CD4
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T cells to each of the overlapping peptides were
evaluated by the production of IFN-y or TNF-«. The
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(CD8* or CD4" and IFN-vy"* or TNF-a* cells) relative
to the cells in the lower gate (CD8* or CD4" and
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IFN-y~ or TNF-a~ cells) is indicated in each flow

cytometry panel. (B) PBMCs from patient #1 after
HCT were expanded by stimulating with five over-
lapping peptide mixtures consisting of peptides 1-4,
5-8, 9-12, 13-16, and 17-20. (C) PBMCs from pa-
tient #1 after HCT were expanded by stimulating
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with four synthetic peptides: 9, 10, 11, and 12. The
responses of expanded CD4 T cells to each synthetic C
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is representative of three independent experiments.
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by producing both IFN-y and TNF-o.. These cells did not respond
to peptides 12-5, 12-6, or 12-7 (Fig. 3B). These data indicate that
the N terminus of the minimum epitope sequence of HBZ rec-
ognized by the CD4 T cells from the patient is arginine, located at
HBZ114 (Fig. 3A). Because the expanded CD4 T cells responded
to peptide 12-4, the C terminus of the minimum epitope sequence
of HBZ must be inside of alanine, located at HBZ125.

Next, three synthetic peptides (12-4-1, 12-4-2, 12-4-3; sequences
were HBZ114~124, HBZ114-123, and HBZ114-122, respec-
tively) were prepared to determine the C terminus of the minimum
epitope sequence of HBZ (Fig. 3C). The expanded CD4 T cells
responded to peptides 12-1 and 12-4 (positive controls) but not to
12-4-1, 12-4-2, 12-4-3, or a negative control peptide 12-7 (Fig.
3D). These data demonstrate that the minimum epitope sequence
of HBZ recognized by the CD4 T cells from the patient was
RRRAEKKAADVA (HBZ114-125).

Determination of the HLA allele on which the identified
HBZ-derived peptides are presented to CD4 T cells

We investigated whether HBZ-specific CD4 T cells also recognized
naturally processed and presented peptides. Thus, we initially
determined HBZ expression by ATL or HTLV-1-immortalized cell
lines and found that it was expressed by all of the lines tested
(ATN-1, MT-1, MT-2, MT-4, TL-Su, TL-Oml, ATL102), regardless

of their Tux mRNA expression (Fig. 4A, below the graph). HBZ
expression levels of these established lines were almost as high as
those of PBMCs containing >50% ATL cells obtained from 12
patients with the acute or chronic type of disease. K562 did not
express HBZ, as might be expected, and all primary ATL cells tested
were HBZ', consistent with an earlier study (Fig. 4A) (25). Next, we
assessed the expression of HLA class II by the cell lines. The ATL or
HTLV-1-immortalized cell lines tested were all positive for both
HLA-DR and HLA-DQ (Fig. 4B). These observations indicate that
ATN-1, MT-1, MT-2, MT-4, TL-Su, TL-Om1, and ATL102 had the
potential to present the HBZ-derived peptides on their HLA-DR or
HLA-DQ molecules.

Next, we examined the responses of HBZ-specific CD4 T cells
from patient #1 after HCT against K562 or HBZ-expressing lines
of different HLA types. The responses of HBZ-specific CD4
T cells to the lines were evaluated without the addition of peptide.
The CD4 T cells that had been expanded from patient #1 after
HCT using peptide 12 responded to peptide 12-1 (positive control)
but not to K562, which expressed no HBZ (negative control) (Fig.
4C, upper six panels). When tested against ATL or HTLV-1-im-
mortalized cell lines, the CD4 T cells responded strongly to ATN-
1 and TL-Su (Fig. 4C, lower panels). Comparing the HLA class II
types of the donor of the effector CD4 T cells (patient #1 after
HCT) with ATN-1 and TL-Su showed that HLA-DRB1%15:01 and
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HLA-DQB1*06:02 were shared by all three (Table I). In addition,
the CD4 T cells responded to MT-2, TL-Om1, and ATL102 to
a lesser degree (Fig. 4C, lower panels); these three lines were
found to share HLA-DRB1%*15:02 and HLA-DQB1*06:01 (Table
I). Together, these results indicate that the HBZ-specific CD4
T cell responses from patient #1 after HCT were restricted by
HLA-DRB1*15:01 or HLA-DQB1*06:02, as well as by HLA-
DRB1*15:02 or HLA-DQB1*¥06:01. In contrast, the peptide-
sensitized CD4 T cells did not respond to MT-1 or MT-4 (Fig.
4C, lower panels), consistent with the present observations that the
epitope of HBZ recognized by such CD4 T cells was restricted
by HLA-DRB1*15:01/HLA-DQB1*06:02 and HLA-DRB1*15:02/
HLA-DQB1*06:01.

Next, we tested whether HLA-DR or HLA-DQ restricted the
presentation of the HBZ-derived peptide. CD4 T cells expanded by
peptide 12 no longer responded to specific stimulation by peptide 12
in the presence of anti-HLA-DR-blocking mAb by producing IFN-y
(Fig. 5A, upper left panels), but it did respond in the presence of
the isotype-control mAb (Fig. SA, upper right panels). These CD4
T cells also still responded to peptide 12 in the presence of anti—
HLA-DQ-blocking mAb (Fig. 5A, lower left panels) and its isotype
control (Fig. 5A, lower right panels). In addition, in the presence of
anti-HLA-DR-blocking mAb, CD4 T cells expanded by peptide 12
no longer responded to ATN-1 (Fig. 5B, left panels), which carried
HLA-DRBI1*15:01/HLA-DQB1%#06:02 (Table I) and expressed HBZ

mRNA (Fig. 4A). However, they did respond by producing IFN-y
and TNF-a in the presence of the isotype control (Fig. 5B, left
panels). These CD4 T cells also still responded to ATN-1 in the
presence of anti~-HLA-DQ-blocking mAb and its isotype control
(Fig. 5B, right panels). Furthermore, HBZ-specific CD4 T cell
responses to K562 (negative control) were not affected by anti-
HLA-DR, anti-HLA-DQ, or their isotype mAbs (Fig. 5C). These
observations from Ab-blocking experiments, together with the
results shown in Fig. 4, indicate that the epitope sequence of HBZ
recognized by the CD4 T cells from patient #1 after HCT were
restricted by HLA-DR, specifically HLA-DRB1%#15:01 and HLA-
DRB1*%15:02.

Clinical significance of the specific CD4 T cell response
against HBZ

The data presented thus far pertained to CD4 T cells obtained from
only one patient (patient #1 after HCT). Therefore, we used HBZ
peptide 12 to stimulate and expand 28 PBMC samples obtained
from 27 other HTLV-1-infected individuals who carried HLA-
DRB1*15:01 or HLA-DRB1%*15:02. PBMCs were obtained from
10 HTLV-1 ACs, 10 ATL patients who had not undergone allo-
geneic HCT, and 8 ATL patients after allogeneic HCT. Among
them, PBMCs from one individual (patient #2) were tested at
different disease stages (i.e., CRs before and after allogeneic
HCT). HBZ-specific CD4 T cell responses were absent in all 10
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HTLV-1 ACs, as well as in all 10 nontransplanted ATL patients (of
whom 9 were in CR after systemic chemotherapy and the other
was of smoldering type under observation only). In contrast,
specific CD4 T cell responses to HBZ were observed in three of

Table I. HLA information
HLA-DRBI HLA-DQBI1 HLA-DPBI1
ATN-1 #04:05 *15:01 *04:01 *06:02 *05:01 *05:01
MT-1 #04:01 *09:01 *03:01 *03:03 *04:02 *05:01
MT-2 *04:04 *15:02 *03:02 *06:01 *05:01 *09:01
MT-4 *#01:01 *16:02 *05:01 *05:02 *05:01 *05:01
TL-Su *#09:01 *15:01 *03:03 *06:02 *02:01 *17:01
TL-Om1 *15:02 *15:02 *06:01 *06:01 *09:01 #09:01
ATL102 #04:04 *15:02 *03:02 *06:01 *05:01 *09:01
Patient #1 *04:05 *15:01 *04:01 *06:02 *02:01 *06:01
after HCT

the eight additional ATL patients who were in CR after allogeneic
HCT (patients #2, #3, and #4). The CD4 T cells from patient #2
and #4 after HCT responded to HBZ peptide 12 by producing both
IFN-y and TNF-a (Fig. 6, right panels). In patient #3, no TNF-a
response was observed, but there was a clear IFN-y response to
HBZ peptide 12 (Fig. 6, lower left panels). Thus, specific CD4
T cell responses against HBZ were observed in four of nine
recipients after allogeneic HCT (44%) but in no other ATL
patients. Among the patients examined in this study, one patient
with acute-type ATL received systemic chemotherapy and ach-
ieved CR. Subsequently, she received allogeneic HCT from an
HLA-A, B, DR-matched HTLV-1 noninfected sibling donor and
maintained CR (patient #2 after HCT). Although HBZ-specific
CD4 T cell responses were not present at CR before allogeneic
HCT in this patient (Fig. 6, upper left panels), they developed after
transplantation (Fig. 6, upper right panels).
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Discussion derived from HBZ on the surface of ATL cells. In an earlier study,

In the current study, we demonstrated the presence of HBZ-specific
CD4 T cells in an ATL patient after allogeneic HCT and determined
the minimum sequence of a novel HLA-DRB1*15:01-restricted
HBZ-derived epitope to be RRRAEKKAADVA (HBZ114-125).
HBZ peptides including the sequence HBZ114-125 were also
presented on HLA-DRB1*#15:02 and recognized by CD4 T cells.
To the best of our knowledge, this is the first report to identify
naturally processed and presented HLLA-DR-restricted epitopes

an HBZ peptide-specific CTL line was established from an HLA-
A*02:01% individual, using peptides derived from the HBZ se-
quence. The peptides were selected by computer algorithms avail-
able at the Biolnformatics and Molecular Analysis Section
Web site (http://www-bimas.cit.nih.gov/molbio/hla_bind/) and
the SYFPEITHI Web site (http://www.syfpeithi.de/) for strong
binding affinity to the HLA-A*02:01 molecule. However, the estab-
lished CTL line recognized the corresponding peptide-pulsed
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FIGURE 6. HBZ-specific CD4 T cell responses in
additional ATL patients. PBMCs from additional ATL
patients (#2, #3, and #4) carrying HLA-DRB1#%15:02
were expanded by stimulation with HBZ peptide 12.
The responses of expanded CD4 T cells to peptide 12

e TNF2 =i

— TNFa —p

were evaluated by the production of IFN-y or TNF-a.
Although no HBZ-specific CD4 T cell response was
observed in patient #2 in CR before allogeneic HCT
(upper left panels), they developed after transplanta-
tion (upper right panels). HBZ-specific CD4 T cell
responses were also observed in patient #3 (lower left
panels) and patient #4 (lower right panels) in CR after

" HLA-DRB1
04:06  15:02

peptide12 ()
w

nt nt n.t nt
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allogeneic HCT. The percentage of responding cells in 0.00

-

the upper gate relative to the cells in the lower gate is
indicated in each flow cytometry pancl. The HLA type

of each patient is indicated below the flow cytometry
panels. Each result is representative of three indepen-
dent experiments. n.t., Not tested.
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HLA-A#02:01" cells but not ATL cells (29). Therefore, it was not
determined whether HBZ-derived peptides could be naturally
presented on cells from HTLV-1-infected people. Another earlier
study (30) demonstrated that HBZ expression was a critical de-
terminant of viral persistence in the chronic phase of HTLV-1
infection. That novel study was performed using experimentally
validated epitope-prediction software (34), but it did not deter-
mine the HBZ-derived epitope sequence or the corresponding
HLA allele presenting it.

In the current study, no HLA-DRB1*#15:01—restricted or HLA-
DRB1#15:02-restricted HBZ-specific CD4 T cell response was
observed in any ATL patients who had not undergone allogeneic
HCT or in any HTLV-1 ACs. We surmise that HTLV-1 transmis-
sion from mothers to infants through breast milk in early life
induces tolerance to HBZ, but not to Tax, by unknown mecha-
nisms, resulting in insufficient HBZ-specific T cell responses in
HTLV-1-infected individuals. This would be consistent with the
persistent expression of HBZ in HTLV-1-infected cells (2, 25). In
addition, insufficient HBZ-specific T cell responses may be due,
in part, to the fact that the majority of the HBZ mRNA is retained
in the nucleus, which may inhibit its translation (35), and prob-
ably leads to a low level of HBZ protein expression in HTLV-1-
infected cells (29). In contrast, the finding that HLA-DRB1*#15:01—
restricted or HLA-DRB1*15:02-restricted HBZ-specific CD4 T cell

HLA-DQB1 HLA-DPB1

09:01

HLA-DRB1
04:10 15:02 04:02 06:01 02:01 05:01

HLA-DOB1 HLA-DPB1

responses were detected in ATL patients after allogeneic HCT
requires explanation. Our hypothesis is that, after allogeneic HCT,
the reconstituted immune system from donor-derived hematopoi-
etic stem cells can recognize virus protein HBZ as foreign, al-
though its expression is low, and HBZ-specific immune responses
are provoked because of the lack of tolerance induction under
these circumstances. In one patient with acute-type disease, HBZ-
specific CD4 T cell responses were not observed in PBMCs at the
time of CR before HCT, but they became detectable after alloge-
neic HCT. This observation supports our hypothesis. An earlier
study (36) reported that HBZ-specific T cell responses were de-
tected in some patients with HTLV-1-associated myelopathy (HAM).
Unlike ATL, HAM can occur in individuals infected with HTLV-1
by any route of transmission, such as sexual intercourse (37).
Therefore, some patients with HAM, infected with HTLV-1 after
reaching adulthood (i.e., who became infected after their immune
system had fully matured), may recognize virus protein HBZ as
foreign, and HBZ-specific immune responses may be provoked.
From this point of view, detection of HBZ-specific T cell re-
sponses might be expected in some HTLV-1 ACs, infected after
becoming adults, but we did not see this in the present study.

In conclusion, we report the presence of HBZ-specific CD4
T cell responses in ATL patients who were in CR but only after
allogeneic HCT. These responses potentially contribute to the
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graft-versus-HTLV-1 effect. Novel strategies that enhance the
posttransplantation allogeneic anti-HTLV-1 effect targeting HBZ,
which never provokes graft-versus-host disease, could lead to
improved outcomes of allogeneic HCT for ATL.
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Abstract

Purpose: Cell adhesion molecule 1 (CADM1), initially identified as a tumor suppressor gene, has recently
been reported to be ectopically expressed in primary adult T-cell leukemia-lymphoma (ATL) cells. We
incorporated CADM1 into flow-cytometric analysis to reveal oncogenic mechanisms in human T-cell
lymphotrophic virus type I (HTLV-I) infection by purifying cells from the intermediate stages of ATL
development.

Experimental Design: We isolated CADM1- and CD7-expressing peripheral blood mononuclear cells
of asymptomatic carriers and ATLs using multicolor flow cytometry. Fluorescence-activated cell sorted
(FACS) subpopulations were subjected to clonal expansion and gene expression analysis.

Results: HTLV-I-infected cells were efficiently enriched in CADM1™ subpopulations (D, CADM1P%®
CD7%™ and N, CADM1P*CD7"°€). Clonally expanding cells were detected exclusively in these subpopula-
tions in asymptomatic carriers with high proviral load, suggesting that the appearance of D and N could be a
surrogate marker of progression from asymptomatic carrier to early ATL. Further disease progression was
accompanied by an increase in N with a reciprocal decrease in D, indicating clonal evolution from D to N.
The gene expression profiles of D and N in asymptomatic carriers showed similarities to those of indolent
ATLs, suggesting that these subpopulations represent premalignant cells. This is further supported by the
molecular hallmarks of ATL, that is, drastic downregulation of miR-31 and upregulation of abnormal Helios
transcripts.

Conclusion: The CADM1 versus CD7 plot accurately reflects disease progression in HTLV-I infection, and
CADM1™ cells with downregulated CD7 in asymptomatic carriers have common properties with those in

indolent ATLs. Clin Cancer Res; 20(11); 2851-61. ©2014 AACR.

Introduction

Human T-cell lymphotrophic virus type I (HTLV-I) is a
human retrovirus that causes HTLV-I-associated diseases,
such as adult T-cell leukemia-lymphoma (ATL), HTLV-I-
associated myelopathy/tropical spastic paraparesis, and
HTLV-I uveitis (1-3). In Japan, the estimated lifetime risk
of developing ATL in HTLV-I carriers is 6% to 7% for males
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and 2% to 3% for females (4-6). It takes several decades for
HTLV-I-infected cells to reach the final stage of multistep
oncogenesis, which is clinically recognized as aggressive
ATL (acute-type and lymphoma-type; ref. 7). Molecular
interaction of viral genes [e.g., Tax and the HTLV-I basic
leucine zipper (HBZ) gene] with the cellular machinery
causes various genetic and epigenetic alterations (7-11).
However, difficulties in purifying HTLV-I-infected cells in
vivo seem to have hindered understanding of the genetic
events that are directly involved in the multistep oncogen-
esis of ATL.

Upregulation or aberrant expression of cell surface mar-
kers, such as CCR4 and CD25, is useful for diagnosis
of ATL and has been utilized for molecular-targeted therapy
(12, 13). However, the expression levels of these markers
vary among patients, which often make it difficult to iden-
tify ATL cells specifically based on the immunophenotype.
Previously, we focused on downregulated markers in acute-
type ATL cells, such as CD3 and CD7, and successfully
purified ATL cells using the CD3 versus CD7 plot of
CD4™" cells (14). Analysis of other clinical subtypes
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(indolent ATLs and HTLV-1 asymptomatic carriers; AC)
revealed that HTLV-I-infected and clonally expanded cells
were purified similarly and that the subpopulations with
downregulated CD7 grew concomitantly with the progres-
sion of HTLV-I infection (15). Although this type of flow-
cytometric analysis was shown to be a useful tool, a sub-
stantial subpopulation of T cells shows downregulated
expression of CD7 under physiologic (16, 17) and certain
pathologic conditions, including autoimmune disorders,
viral infection, and hematopoietic stem cell transplantation
(18-23).

Recently, Sasaki and colleagues reported ectopic over-
expression of the cell adhesion molecule 1/tumor sup-
pressor in lung cancer 1 (CADM1/TSLC1) gene in primary
acute-type ATL cells based on expression profile analysis
(24, 25). CADM1 (/TSLC1) is a cell-adhesion molecule
that was originally identified as a tumor suppressor in
lung cancers (25, 26). In addition, numbers of CD4*
CADM1" cells have been found to be significantly cor-
related with the proviral load (PVL) in both ATLs and
HTLV-I asymptomatic carriers (25, 27). Thus, CADM1 isa
good candidate marker of HTLV-I-infected cells. In the
present study, we incorporated CADMI1 into our flow-
cytometric analysis. In the CADM1 versus CD7 plot of
CD4™ cells, HTLV-I-infected and clonally expanded cells
were efficiently enriched in the CADM1* subpopulations
regardless of disease status. In these cells, stepwise CD7
downregulation (from dimly positive to negative)
occurred with disease progression. The proportion of the
three subpopulations observed in this plot [P,

CADM1ncgativc(ncg)CD7posilivc(pos); D, CADMlpOSCD7dim;
and N, CADM1P® CD7"°®] accurately reflected the disease
status in HTLV-I infection. The analysis of comprehensive
gene expression in each subpopulation revealed that the
expression profile of CADM1" subpopulations in indo-
lent ATLs showed similarities with that in asymptomatic
carriers with high PVL; yet, it was distinct from that in
aggressive ATLs. These D and N subpopulations were
indicative of HTLV-I-infected cells in the intermediate
stage of ATL development.

Materials and Methods

Cell lines and patient samples

TL-Om1, an HTLV-I-infected cell line (28), was pro-
vided by Dr. Sugamura (Tohoku University, Sendai,
Japan). The MT-2 cell line was a gift from Dr. Miyoshi
(Kochi University, Kochi, Japan) and ST-1 was from Dr.
Nagai (Nagasaki University, Nagasaki, Japan). Peripheral
blood samples were collected from in-patients and out-
patients at our hospital, as described in our previous
reports (14, 15). As shown in Supplementary Table S1,
26 cases were analyzed (10 cases of asymptomatic carrier;
5 cases of smoldering-type; 6 cases of chronic-type; and 5
cases of acute-type). All patients with ATL were catego-
rized into clinical subtypes according to Shimoyama's
criteria (12, 29). Patients with various complications,
such as autoimmune disorders and systemic infections,
were excluded. Lymphoma-type patients were also
excluded because ATL cells are not considered to exist in
the peripheral blood of this clinical subtype. Samples
collected from six healthy volunteers (mean age 48.8
years; range 34-66 years) were used as normal controls.
The present study was approved by the Institutional
Review Board of our institute (the University of Tokyo,
Tokyo, Japan). Written informed consent was obtained
from all patients and healthy volunteers.

Flow cytometry and cell sorting

Peripheral blood mononuclear cells (PBMC) were iso-
lated from whole blood by density gradient centrifugation,
as described previously (14). An unlabeled CADM1 anti-
body (clone 3E1) and an isotype control chicken immu-
noglobulin Y (IgY) antibody were purchased from MBL.
These were biotinylated (primary amine biotinylation)
using biotin N-hydroxysuccinimide ester (Sigma-Aldrich).
Pacific Orange-conjugated anti-CD14 antibody was pur-
chased from Caltag-Invitrogen. All other antibodies were
obtained from BioLegend. Cells were stained using a com-
bination of biotin-CADM1, allophycocyanin (APC)-CD7,
APC-Cy7-CD3, Pacific Blue-CD4, and Pacific Orange-
CD14. After washing, phycoerythrin-conjugated streptavi-
din was applied. Propidium iodide (Sigma-Aldrich) was
added to the samples to stain dead cells immediately before
flow cytometry. A FACSAria instrument (BD Immunocyto-
metry Systems) was used for all multicolor flow cytometry
and fluorescence-activated cell sorting (FACS). Data were
analyzed using FlowJo software (TreeStar). The gating
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procedure for a representative case is shown in Supplemen-
tary Fig. S1.

Quantification of HTLV-I proviral load by real-time
quantitative PCR

PVL in FACS-sorted PBMCs was quantified by real-time
quantitative PCR (TagMan method) using the ABI Prism
7000 sequence detection system (Applied Biosystems), as
described previously (14, 30).

Evaluation of HTLV-I HBZ gene amplification by
semiquantitative PCR

HTLV-1 HBZ gene amplification was performed as
described previously (25). Briefly, the 25-uL PCR mixture
consisted of 20 pmol of each primer, 2.0 UL of mixed
deoxynucleotide triphosphates (2.5 mmol/L each), 2.5 uL
of 10x PCR buffer, 1.5 uL of MgCl, (25 mmol/L), 0.1 pL of
AmpliTaq Gold DNA Polymerase (Applied Biosystems),
and 20 ng of DNA extracted from cell lines and clinical
samples. The PCR consisted of initial denaturation at 94°C
for 9 minutes, 30 cycles of 94°C for 30 seconds, 57°C for 30
seconds, and 72°C for 45 seconds, followed by 72°C for 5
minutes. The B-actin gene (ACTB) was used as an internal
reference control. The primer sequences used were as fol-
lows: HBZ forward, 5'-CGCTGCCGATCACGATG-3’; HBZ
reverse, 5’-GGAGGAATTGGTGGACG-3’; ACTB forward, 5'-
CGTGCTCAGGGCTTCTT-3/; and ACTB reverse, 5'-TGAA-
GGTCTCAAACATGATCTG-3'. Amplification with these
pairs of oligonucleotides yielded 177-bp HBZ and 731-bp
B-actin fragments.

FISH for quantification of HTLV-I-infected cells

FISH analysis was performed to detect HTLV-I proviral
DNA in mononuclear cells that had been FACS-sorted on
the basis of the CADM1 versus CD7 plot. These samples
were sent to a commercial laboratory (Chromosome
Science Labo Inc.), where FISH analysis was performed.
Briefly, pUC/HTLV-I plasmid containing the whole-
HTLV-1 genome was labeled with digoxigenin by the nick
translation method, and was then used as a FISH probe.
Pretreatment, hybridization, and washing were per-
formed according to standard laboratory protocols. To
remove fluorochrome-labeled antibodies attached to the
cell surface, pretreatment consisted of treatment with
0.005% pepsin and 0.1 N HCl The FISH probe was
detected with Cy3-labeled anti-digoxigenin antibody.
Cells were counterstained with 4/, 6 diamidino-2-pheny-
lindole. The results were visualized using a DMRA2 con-
ventional fluorescence microscope (Leica) and photo-
graphed using a Leica CW4000 cytogenetics workstation.
Hybridization signals were evaluated in approximately
100 nuclei.

Inverse long PCR to assess the cdonality of HTLV-I-
infected cells

For clonality analysis, inverse long PCR was performed as
described previously (14). First, 1 ug genomic DNA
extracted from the FACS-sorted cells was digested with Pstl

or EcoRI at 37°C overnight. RNase A (Qiagen) was added to
remove residual RNA completely. DNA fragments were
purified using a QIAEX2 Gel Extraction Kit (Qiagen). The
purified DNA was self-ligated with T4 DNA ligase (Takara
Bio) at 16°C overnight. After ligation of the EcoRI-digested
samples, the ligated DNA was further digested with Mlul,
which cuts the pX region of the HTLV-I genome and pre-
vents amplification of the viral genome. Inverse long PCR
was performed using Tks Gflex DNA Polymerase (Takara
Bio). For the PstI-treated group, the forward primer was 5'-
CAGCCCATTCTATAGCACTCTCCAGGAGAG-3’ and the
reverse primer was 5'-CAGTCTCCAAACACGTAGACTGGG-
TATCCG-3'. For the EcoRl-treated template, the forward
primer was 5'-TGCCTGACCCTGCTTGCTCAACTCTACG-
TCTTTG-3’ and the reverse primer was 5'-AGTCTGGGCC-
CTGACCTTTTCAGACTTCTGTTTC-3'. Processed genomic
DNA (50 ng) was used as a template. The reaction mixture
was subjected to 35 cycles of denaturation (94°C, 30 sec-
onds) and annealing plus extension (68°C, 8 minutes).
Following PCR, the products were subjected to electropho-
resis on 0.8% agarose gels. Fourteen patient samples were
analyzed. For samples from which a sufficient amount of
DNA was extracted, PCR was generally performed in
duplicate.

Gene expression microarray analysis of each
subpopulation in the CADM1 versus CD7 plot

Total RNA was extracted from each subpopulation in the
CADM1 versus CD7 plot using TRIzol (Invitrogen) accord-
ing to the manufacturer’s protocol. Details of the clinical
samples used for microarray analyses are shown in Supple-
mentary Table S1. Treatment with DNase I {Takara Bio) was
conducted to eliminate genomic DNA contamination. The
quality of the extracted RNA was assessed using a BioAna-
lyzer 2000 system (Agilent Technologies). The RNA was
then Cy3-labeled using a Low Input Quick Amp Labeling Kit
(Agilent Technologies). Labeled cRNA samples were
hybridized to 44K Whole Human Genome Oligonucleotide
Microarrays (Agilent Technologies) at 65°C for 17 hours.
After hybridization, the microarrays were washed and
scanned with a Scanner C (Agilent Technologies). Signal
intensities were evaluated by Feature Extraction 10.7 soft-
ware and then analyzed using Gene Spring 12.0 software
(Agilent Technologies). Unsupervised two-dimensional
hierarchical clustering analysis (Pearson correlation) was
performed on 10,278 genes selected by one-way ANOVA (P
< 0.05). The dataset for these DNA microarrays has been
deposited in Gene Expression Omnibus (accession number
GSE55851).

Expression analysis of miR-31 and Helios transcript
variants of each subpopulation in the CADM1 versus
CD7 plot

The expression levels of the microRNA miR-31 were
quantified using a TagMan-based MicroRNA Assay
(Applied Biosystems), as described previously (31), and
normalized to RNU48 expression level. Helios mRNA tran-
script variants were examined using reverse transcription
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PCR (RT-PCR) with Platinum Tag DNA Polymerase High
Fidelity (Invitrogen), as described previously (32). To
detect and distinguish alternative splicing variants, PCR
analyses were performed with sense and antisense primer
sets specific for the first and final exons of the Helios
gene. The PCR products were then sequenced to deter-
mine the exact type of transcript variant. A mixture of
Hel-1, Hel-2, Hel-5, and Hel-6 ¢cDNA fragments was used
as a "Helios standard” in the electrophoresis of RT-PCR
samples.

Results

CADM]1 expression based on the CD3 versus CD7 plot
in CD4" cells in primary HTLV-I-infected blood
samples

The clinical profiles of the 32 cases analyzed are shown in
Supplementary Table $1. We first examined CADM1 expres-
sion in each subpopulation (H, I, and L) of the CD3 versus
CD7 plot. Representative data (for a case of smoldering
ATL) are shown in Fig. 1A. The results demonstrate that
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Figure 1. CADM1 versus CD7 plot
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infected blood samples analyzed
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CADM1 was expressed almost exclusively in the I and L
subpopulations. Drawing a CADM1 versus CD7 plot for
CD4" cells revealed three distinct subpopulations (P,
CADM1™ECD7P5; D, CADMIP*CD7%™; and N,
CADM1P°® CD7"%8). As shown in Fig. 1B, the P, D, and
N subpopulations corresponded to the H, I, and L subpo-
pulations in the CD3 versus CD7 plot. In the previous CD3
versus CD7 plot, the lower case (AC no. 2) showed three
distinct subpopulations. However, in the upper case (smol-
dering no. 12), the H and I subpopulations substantially
intermingled with each other and were not clearly separat-
ed. In contrast, the CADM1 versus CD7 plot clearly revealed
three distinct subpopulations in both cases.

HTLV-I-infected cells are highly enriched in CADM1"
subpopulations

On the basis of previous reports (25, 27), we expected
HTLV-I-infected cells to be enriched in the CADM1%
subpopulations in our analysis. Figure 2A shows the PVL
measurements of the three subpopulations in the CADM1
versus CD7 plot for three representative cases. HTLV-I-
infected cells were highly enriched in the CADM1™ sub-
populations (D and N). The PVL data indicate that most of
the cells in the D and N subpopulations were HTLV-I
infected. Figure 2B shows the results of semiquantitative
PCR of the HBZ gene in representative cases. In the D and
N subpopulations, the HBZ gene was amplified to the
same degree as in the HTLV-I-positive cell line. To confirm
these results, FISH was performed in one asymptomatic
carrier. As shown in Supplementary Fig. S2, HTLV-I-
infected cells were highly enriched in the D and N sub-
populations, which supports the results of the PVL anal-
ysis and semiquantitative PCR of the HBZ gene. In the
FISH analysis, percentages of HTLV-I-infected cells in D
and N did not reach 100%. This may have been due to a
technical issue. Because the cells subjected to FISH analysis
were sorted by FACS, several fluorochrome-conjugated

antibodies may have remained on their surfaces, even
after treatment with protease.

The CADM1 versus CD7 plot accurately reflects disease
progression in HTLV-I infection

Compared with the CD3 versus CD7 plot, the CADM1
versus CD7 plot was revealed to be clear in its distinction of
the three subpopulations and efficient in enrichment of
HTLV-I-infected cells. On the basis of these findings, we
analyzed clinical samples of asymptomatic carriers and
three clinical subtypes of ATL: the smoldering, chronic, and
acute subtypes. Data for representative cases, presented
in Fig. 3A, suggest that the continual changes in the propor-
tions of the three subpopulations are associated with dis-
ease progression. In the CADM1 versus CD7 plot, normal
control samples showed a P-dominant pattern. With pro-
gression of the disease from the asymptomatic carrier state
with a low PVL to that with a high PVL, and to indolent-type
ATL, the D and N subpopulations increased gradually. As
the disease further progressed to acute-type ATL, the N
subpopulation showed remarkable expansion. Data for all
analyzed samples are presented in Fig. 3B. The results
suggest that the CADM1 versus CD7 plot of peripheral
blood samples represents progression of the disease in
HTLV-I carriers. Data for the normal control cases analyzed
are shown in Supplementary Fig. S3. In all normal controls,
the percentages of the D and N subpopulations were low.
Supplementary Fig. S4 shows temporal data for a patient
with chronic-type ATL who progressed from stable disease
to a relatively progressive state and the concomitant change
in the flow cytometry profile.

Clonality analysis of the three subpopulations in the
CADM1 versus CD7 plot

To characterize the three subpopulations further, the
clonal composition of each subpopulation was analyzed
by inverse long PCR, which amplifies part of the provirus

A AC

(no. 4)

Smoldering Chronic
(no. 15) (no. 18)

Figure 2. HTLV-l-infected cells are
highly enriched in the CADM1™* I =
subpopulations. A, analysis of PVL S
in the three subpopulations. Three
representative cases are shown.
PVL data (copies/100 cells) are

CD7

ells 1o

10135 copies/100 c
= 2%

1.8 coples/100 cells 1036 copies/100 cells

8%

shown in red. Percentages of each e
subpopulation are shown in black.

108 107 100 101 102 108 10t

10

B, semiquantitative PCR of the
HBZ gene in the three
subpopulations in three B

representative cases. Normal, DNA A03
from PBMCs from a normal control; (no. 3)
ddw, deionized distilled water. P D N

B-Actin

CADM1 -
Chronic Chronic ~
(no. 19) (no. 21) pé‘ o

HBZ YT

D N

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on March 18, 2015. © 2014 American Association for Cancer Research.

Clin Cancer Res; 20(11) June 1, 2014

2855



2856

Published OnlineFirst April 11, 2014; DOI: 10.1158/1078-0432.CCR-13-3169

Kobayashi et al.

A Normal control AC(PVL: 3.5%) AC(PVL: 18.6%)
{no. N1) (no. 6) (no. 2)
CD4* calls
*O‘haw%
0 ot w02 w0 et
B Smoldering Chronic
O {no. 12) (no. 17)
B 60
OAC (N=10)
@Smoldering (N=5)
& 4 Chronic {N=6)
40 - XAcute {N=5)
o) O
20 1
0 @% N
0 @ T : : ‘%(A A%
0 20 40 60 80 100
N (%)

Figure 3. Proportion of each subpopulation in the CADM1 versus CD7
plots for asymptomatic HTLV-| carriers (asymptomatic carriers) and ATLs
of various clinical subtypes. A, data of representative cases are shown. B,
atwo-dimensional plot of all analyzed samples showing the percentages
of the D and N subpopulations.

long terminal repeat and the flanking genomic sequence
of the integration sites. Cells in each subpopulation were
sorted by FACS, and subjected to inverse long PCR anal-
ysis. Representative results for smoldering-, chronic-, and
acute-type ATL samples are presented in Fig. 4A. Major
clones, indicated by intense bands, were detected in the D
and N subpopulations. The major clones in the D and N
subpopulations in each case were considered to be the
same based on the sizes of the amplified bands, suggest-
ing that clonal evolution is accompanied by downregula-
tion of CD7 expression. Fig. 4B shows representative
results for three cases of asymptomatic carrier. In all cases,
weak bands in the P subpopulation were visible, indicat-
ing that this population contains only minor clones. In
these asymptomatic carriers, the proportion of abnormal
lymphocytes and PVL increases from left to right. The
consistent increase in the D and N subpopulations,
together with growth of major clones as shown in the
inverse PCR analysis, were considered to reflect these
clinical data.

Gene expression profiling of the three subpopulations
in the CADM1 versus CD7 plot

To determine the molecular basis for the biologic
differences among the three subpopulations in the
CADM1 versus CD7 plot, we next characterized the
gene-expression profiles of the subpopulations of the
following clinical subgroups: asymptomatic carriers
(n = 2), smoldering-type ATLs (n = 2), chronic-type ATL
(n = 1), acute-type ATLs (n = 3), and normal controls
(n = 3). The two asymptomatic carriers (nos. 5 and 9) had
high PVLs (11.6 and 26.2%, respectively) and relatively
high proportions of D and N subpopulations (Supple-
mentary Table S1). Unsupervised hierarchical clustering
analysis of the results revealed three clusters (A, B1, and
B2) or two major clusters A and B, where A is composed
solely of the samples of the acute-type N subpopulation
and B is subdivided into two clusters (B1 and B2; Fig. 5A).
The B2 cluster is composed of the P subpopulation of all
clinical subtypes and of normal controls, whereas the B1
cluster is composed of the D and N subpopulations of
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Figure 4. Clonality of subpopulations in the CADM1 versus CD7 plot
analyzed by inverse long PCR. FACS-sorted cells (P, D, and N) were
subjected to inverse long PCR. The black bar indicates duplicate data.
Flow-cytometric profiles and clinical data are also presented. A,
representative cases of smoldering-, chronic-, and acute-type ATL
are shown. B, representative cases of asymptomatic carriers are
shown.
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Figure 5. Comprehensive gene expression analysis of the three subpopulations in the CADM1 versus CD7 plot. A, we conducted an unsupervised hierarchical
clustering analysis of 10,278 genes whose expression levels were significantly changed in the P subpopulation of normal controls (7 = 3); P, D, and

N subpopulations of asymptomatic carriers and indolent ATLs (n = 5); and N subpopulation of acute-ATLs (n = 3; one-way ANOVA, P < 0.05). The P and D
subpopulations of acute ATLs and D and N subpopulations of normal controls could not be analyzed because of insufficient numbers of cells. Clustering
resulted in three major clusters: (i) P subpopulations of normal controls (gray) and asymptomatic carriers/indolent ATLs (green); (i) D and N subpopulations of
asymptomatic carriers/indolent ATLs (blue and brown, respectively); and (i) N subpopulations of acute ATLs (red). These results indicate that the

P subpopulations of asymptomatic carriers/indolent ATLs have characteristics similar to those of normal uninfected cells, whereas the D and N
subpopulations of asymptomatic carriers/indolent ATLs have genetic lesions in common. The N subpopulations of acute ATLs are grouped in an independent
cluster, meaning that these malignant cell populations have a significantly different gene expression profile, even compared with the N subpopulations of
indolent ATLs. B, similarity between asymptomatic carriers and indolent ATLs. The Venn diagrams show that 92.1% and 92.2% of genes upregulated in the
D and N subpopulations, respectively, compared with "Normal-P" (P < 0.05), were common to asymptomatic carriers (7 = 2) and indolent ATLs (n = 3). C,
similarity between the D and N subpopulations. The Venn diagram shows that 89% of genes upregulated in the D and N subpopulation, compared with
Normal-P (P < 0.05), overlapped. D, comparison of the N subgroups between acute-ATLs (1 = 3) and asymptomatic carriers/indolent ATLs (n = 5). As shownin
the Venn diagram, 67.2% of genes were upregulated (P < 0.05}) in the N subpopulations of both acute ATLs and asymptomatic carrier/indolent ATLs. However,

a significant number of genes (20.9%) were upregulated only in the N subpopulation of acute ATLs.

asymptomatic carriers and indolent ATLs (smoldering-
and chronic-type).

Figure 5B shows a Venn diagram of the upregulated
genes in the D subpopulation (left) or the N subpopu-
lation (right) common to asymptomatic carriers (n = 2)
and indolent ATLs (n = 3). These diagrams demonstrate
that the changes in the gene expression profiles of the D
and N subpopulations of asymptomatic carriers were
similar to those of indolent ATLs. Furthermore, the gene
expression profiles of the D and N subpopulations of
asymptomatic carriers and indolent ATLs were similar
(Fig. 5C). In contrast, the upregulated genes showed
distinct differences between the N subpopulation of

acute-type ATL and that of indolent ATLs and asymptom-
atic carriers, although approximately 70% were common
to both (Fig. 5D).

Expression of a tumor suppressor microRNA and
splicing abnormalities of Ikaros family genes in the
three subpopulations

To determine whether the novel subpopulations iden-
tified had other properties in common with ATL cells, we
examined miR-31 levels and Helios mRNA patterns in
sorted subpopulations (31, 32). Expression of miR-31
decreased drastically in the D subpopulation derived
from indolent ATLs and asymptomatic carriers, and was
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