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The morphological discrimination of leukemic from non-leukemic T
cells is often difficult in adult T-cell leukemia (ATL) as ATL cells
show morphological diversity, with the exception of typical
““flower cells.” Because defects in the expression of CD3 as well as
CD7 are common in ATL cells, we applied multi-color flow cytome-
try to detect a putative leukemia-specific cell population in the
peripheral blood from ATL patients. CD4*CD14" celis subjected to
two-color analysis based on a CD3 vs CD7 plot clearly demon-
strated the presence of a CD3¥™CD7'°Y subpopulation in each of
nine patients with acute-type ATL. The majority of sorted cells
from this fraction showed a flower cell-like morphology and car-
ried a high proviral load for the human T-cell leukemia virus type 1
(HTLV-1). Genomic integration site analysis (inverse long-range
PCR) and analysis of the T cell receptor Vp repertoire by flow
cytometry indicated that the majority of leukemia cells were
included in the CD3¥™CD7'" subpopulation. These results suggest
that leukemic T cells are specifically enriched in a unique
CD39™CD7'°" subpopulation of CD4* T cells in acute-type ATL.
(Cancer Sci 2011; 102: 569-577)

A dult T-cell leukemia (ATL) is a malignant disorder caused
by human T-cell leukemia virus type 1 (HTLV—I)(” and is
characterized clinically by generalized lymphadenopathy,
hepatosplenomegaly, skin lesions, hypercalcemia and a charac-
teristic morphology termed ‘‘flower cells.”” Importantly, ATL is
one of the most incurable lymphoid malignancies. This disease
is endemic to several regions in the world, including sub-Saha-
ran Africa, the Caribbean basin, South America and Japan, and
10-20 million people are estimated to be infected by this virus
worldwide.*

Evaluation of the response after chemotherapy for ATL partly
depends on the proportion of ATL cells in the peripheral blood.
However, the morphological diversity of ATL cells may lead t0
inaccurate estimations. Accurate estimation of the chemothera-
peutic effect is pivotal in clinical practice because ATL cells
often become chemoresistant, even during chemotherapy. Meth-
ods to detect ATL cells with greater precision than morphologi-
cal examination are therefore required.

Aberrant expression of cell-surface antigens in myeloid/lym-
phoid leukemia cells has been studied extensively.“™® Using
fluorescence-activated cell sorting (FACS) analysis, gating cells
with diminished CD45 expression in acute myeloid/lymphoid
leukemia is widely used for purifying leukemia cells. However,
in ATL there are only limited data regarding the identification
of transformed leukemia cells by similar methods. Previous
studies indicated that most ATL cells lack CD7 and exhibit
diminished CD3 expression.a”m’ Although a study using CD3
gating by FACS analysis has indicated that ATL cells were

doi: 10.1111/].1349-7006.2010.01833.x
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distir()i%uishable from normal lymphocytes as a CD3'°% popula-

tion,'” these cells were not well characterized as ATL cells.

In the present study, we focused on the enrichment of ATL
cells by constructing CD3 vs CD7 plots from multi-color FACS.
CD34MCD74™ and CD34™CD7'Y cells were extensively stud-
ied and compared with normal control samples. Taken together,
our data suggest that ATL cells are purified in CD3%™CD7'""
subpopulations. The purification of ATL cells by FACS may
therefore allow monitoring of disease activity and yield insight
into the biology of this disease.

Materials and Methods

Cell lines and patient samples. TL-Om1, a HTLV-I-infected
cell line, was provided by Dr. Toshiki Watanabe (The Univer-
sity of Tokyo), and was cultured in RPMI 1640 medium
containing 10% fetal bovine serum. Peripheral blood samples
were collected from patients admitted to our hospital (Research
Hospital, Institute of Medical Science, The University of Tokyo,
Tokyo, Japan) during the period from August 2009 to April
2010 with written informed consent. All patients were diagnosed
with acute-type ATL according to Shimoyama’s criteria.®
Blood samples were collected before treatment using the LSG15
protocol” or during the recovery phase between chemotherapy
sessions. Samples collected from five healthy volunteers (med-
ian age, 45 years) were used as normal controls. The present
study was approved by the institutional review board of our
hospital.

Flow cytometry and cell sorting. Peripheral blood mono-
nuclear cells (PBMC) were isolated from heparin-treated whole
blood by density gradient centrifugation using Lymphoprep
(Axis-Shield, Dundee, UK) and subsequently suspended in
phosphate-buffered saline (PBS) containing 5% mouse serum
(DAKO, Glostrup, Denmark) for prevention of nonspecific
antibody binding. Cells were stained using a combination of
phycoerythrin  (PE)-CD7, PE-Cy7-CCR4, allophycocyanin
(APC)-CD25, APC-Cy7-CD3, Pacific Blue-CD4 and Pacific
Orange-CD14. Pacific Orange-CD14 was purchased from Cal-
tag-Invitrogen (Carlsbad, CA, USA). All other antibodies were
obtained from BD BioSciences (San Jose, CA, USA). Propidium
iodide (PI; Sigma, St Louis, MO, USA) was added to the
samples to stain dead cells immediately prior to FACS analysis.
Cells were also stained with APC-FoxP3 (eBioscience, San
Diego, CA, USA? using intracellular staining methods as previ-
ously described.""” A TCR-VB repertoire kit (Beckman Coulter,
Miami, FL, USA) was used for T-cell receptor (TCR) Vp reper-
toire analysis according to the manufacturer’s instructions.
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A BD FACS Aria (BD Immunocytometry Systems, San Jose,
CA, USA) was used for all multi-color FACS analysis and cell
sorting. Data were analyzed using FlowJo software (Treestar,
San Carlos, CA, USA).

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

polymerase chain reaction (PCR). The HTLV-I proviral load in
PBMC was quantified by real-time quantitative polymerase
chain reaction (PCR; TaqMan method) using the ABI Prism
7000 sequence detection system (Applied Biosystems, Foster

City, CA, USA) as previously described."'? Briefly, a total of
50 ng of genomic DNA was extracted from human PBMC using
a QIAamp DNA blood Micro kit (Qiagen, Hilden, Germany).
Triplicate samples of the DNA were amplified. Each PCR mix-
ture containing a HTLV-I pX region-specific primer pair at
0.1 pM (forward primer 5-CGGATACCCAGTCTACGTGTT-
3’ and reverse primer 5-CAGTAGGGCGTGACGATGTA-3%),
FAM-labeled probe at 0.1 yM (5- CTGTGTACAAGGC-
GACTGGTGCC-3") and 1x TagMan Universal PCR master mix
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Fig. 1. CD3 vs CD7 plots from FACS analysis of patients with acute-type adult T-cell leukemia (ATL) and normal controls. (A) Representative flow
cytometric analysis of a patient with acute-type ATL (patient no. 2). The CD3 vs CD7 plot in CD4" cells was constructed according to the gating
procedure shown in this figure. in the plot, we designated three subpopulations: CD3"9"CD7M9", cD3%mCD74™ and CD3?™CD7'*™. (B) Flow
cytometric profile of the CD3 vs CD7 plot in patients with acute-type ATL and normal controls. (C) Percentages of cp3hishepyhish, cp3dimepydm
and CD39™CD7'°" subpopulations in CD4* T cells in patients with acute-type ATL and normal controls. Each line represents an individual sample.
ATL group, n = 9; control group, n = 5; FSC, forward scatter; Pl, Propidium iodide.
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Table 1. Clinical profile of nine acute-type ATL patients in the
present study

No. Age Sex D/ES Ly(r;l;;h cell?;‘nz%) Organ involvement ’

1 60 M 5200 15.0 11.0 Skin

2 69 F 1600 435 9.0 Liver, LN,
pleural effusion

3 61 M 18 620 24.7 43.7 Liver, uvea

4 59 F 6420 8.5 0.0 Liver, LN, skin

5 70 F 290 56.0 2.0 Liver, spleen, LN

6 60 F 4570 19.0 73.0 Skin

7 53 F 12 210 11.0 52.0 LN

8 74 F 6480 16.5 255 Liver, spleen, LN

9 63 F 34 810 21.5 335 Liver, spleen,
LN, lung

tProportion of ATL cells in the peripheral blood WBC evaluated by
morphological examination. ATL, adult T-cell leukemia; LN, lymph
nodes; Lymph, lymphocytes; WBC, white blood cells (normal range,
3500-9100/pl).

(Applied Biosystems) were subjected to 50 cycles of denatur-
ation (95°C, 15 s) and annealing to extension (60°C, 1 min),
following an initial Taq polymerase activation step (95°C,
10 min). The RNase P control reagent (Applied Biosystems)
was used as an internal control for calculation of the input cell
number (using VIC reporter dye). DNA extracted from TL-Om1
and normal human PBMC were used as positive and negative
controls, respectively. The HTLV-I proviral load (%) was calcu-
lated as the copy number of the pX region per input cell number.
To correct the deviation of acquired data in each experiment,
data from TL-Oml (positive control) were adjusted to 100%
and the sample data was corrected by proportional calculation
accordingly.

Inverse long PCR. For clonality analysis, inverse long PCR
was performed. First, 1 pg of genomic DNA extracted from the
FACS-sorted cells was digested with EcoRI, HindIIl and PstI at
37°C overnight. Purification of DNA fragments was performed
using a QIAEX2 gel extraction kit (Qiagen). The purified DNA
was self-ligated with T4 DNA ligase (Takara Bio, Otsu, Japan)
at 16°C overnight. The circular DNA obtained from the EcoRI
digestion fragment was then digested with Mlul, which cuts the
pX region of the HTLV-I genome and prevents amplification
with the viral genome. Inverse long PCR was performed using
Takara LA Tag polymerase (Takara Bio). The primer pairs for
the EcoRI-treated template were: forward primer 5-TGCCT-
GACCCTGCTTGCTCAACTCTACGTCTTTG-3" and reverse
primer 5-AGTCTGGGCCCTGACCTTTTCAGACTTCTGTT-
TC-3". For the HindIll-treated group, forward primer 5’-TAG-

CAGGAGTCTATAAAAGCGTGGAGACAG-3" and reverse
primer 5-TGGGCAGGATTGCAGGGTTTAGAGTGG-3" were
used. For the Pstl-treated group, forward primer 5-CAG-
CCCATTCTATAGCACTCTCCAGGAGAG-3" and reverse
primer 5-CAGTCTCCAAACACGTAGACTGGGTATCCG-3
were used. Each 50-pL reaction mixture contained 0.4 mM of
each dNTP, 25 mM MgCl,, 10x LA PCR buffer II containing
20 mM Tris—HCI and 100 mM KCl, 0.5 mM primer, 2.5 U LA
Tag polymerase and 50 ng of the processed genomic DNA. The
reaction mixture of the EcoRI- or Psf-treated group was sub-
jected to 35 cycles of denaturation (94°C, 30 s) and annealing to
extension (68°C, 8 min). For the HindIIl group, the PCR condi-
tions were denaturation (98°C, 30 s), annealing to extension
(64°C, 10 min) for 5 cycles, followed by 30 cycles of denatur-
ation (94°C, 30 s), annealing (64°C, 3 min) and extension
(72°C, 15 min). Following PCR, the products were subjected to
electrophoresis in 0.8% agarose gels. In the CD3%™CD7"Y sub-
population from which a sufficient amount of DNA was
extracted, PCR were performed in duplicate.

Cytospin and May-Giemsa staining. Cells enriched by cell
sorting were washed twice with PBS. Aliquots of 100 pL of the
cell suspension were mixed with 20 uL of 10% bovine serum
albumin. The mixtures were centrifuged at 20g for 5 min onto
glass slides. The fixed cells were air-dried and then subjected to
May~-Giemsa staining.

Statistical analyses. Data are expressed as the means =+ stan-
dard deviation (SD). One-way analysis of variance (ANOVA) was
used for statistical analyses, and P < 0.05 was taken to indicate
statistical significance.

Results

Muiti-color FACS, including CD3 vs CD7 plots, in patients with
acute-type ATL. We constructed a gating procedure for flow
cytometric analysis of acute-type ATL cells using a combination
of CD3 and CD7. Figure 1A shows the representative flow cyto-
metric data of an ATL sample (from patient no. 2 in Table 1).
Dead cells (PI positive) were initially excluded on the forward
scatter (FSC) vs PI plot. Next, monocytes (CD4%™ CD14*) were
excluded on the CD4 vs CD14 plot. After CD4" T lymphocytes
were gated on the CD3 vs CD4 plot, a CD3 vs CD7 plot was
constructed. Based on the cell density and fluorescence intensity
of CD3 and CD7, we designated three subpopulations on this
plot: CD3"e"CD7"e  CD3%"CD79™ and CD3%™CD7"°%
(Fig. 1A). Using the same gating procedure, we analyzed nine
patients with acute-type ATL and five normal controls (Fig. 1B).
The patient characteristics analyzed in the present study are
shown in Table 1. In normal controls, the expression pattern of
CD3 vs CD7 was similar. The highest cell density was observed
in the CD3"£"CD7"&" subpopulation, and the CD3%™CD7%4™
subpopulation was observed adjacent to it. The CD3%™CD7"Y

ATL {No.§) ATL (No.7) ATL (No.8)
CD4+ cells CD4~ cell . +
Proviral load cers Proviral load g CD4"cells Proviral load
> 10.4% > 481% 104 > 115.4%
X o > 106.3% ~
> 113.8% g = 168.6%
> 94.8% > 220.0% e > 210.1%
[ """f“
el 10 10 12 Hel 104

Fig. 2. Quantification of the human T-cell leukemia virus type 1 (HTLV-l) proviral load in CD3"e"CD7M9h, CD3%MCD79™ and CD3¢mCD7'ow
subpopulations. Genomic DNA was extracted from the FACS-sorted cells of each subpopulation and subjected to real-time quantitative PCR

Representative data of three cases (patients no. 6, 7 and 8) are shown.
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subpopulation was a minor but distinct subpopulation. In con-

trast, the highest cell density was observed in the CD3%™CD7""

subpopulation in all acute-type ATL samples except for patient

no. 4, from whom the sample was obtained under conditions of
well-controlled ATL during chemotherapy. These subpopula--
tions were distinct but the expression pattern of the CD3 vs CD7

plot, such as the degree of downregulation of CD3 and CD7,

was variable among patients. The proportion of the CD34™C-

D7"°" subpopulation was significantly higher in acute-type ATL
CD4" lymphocytes than in normal controls (Fig. 1C).

Analysis of the HTLV-l proviral load in CD3Mehcp7yhish
CD3%™CD7I™ and CD39™CD7'°™ subpopulations. We next esti-
mated the HTLV-I proviral load by quantitative real-time PCR
in each FACS-sorted subpopulation. Representative results from
three patients with acute-type ATL (patients no. 6, 7 and 8) are
shown in Figure 2. In all patient samples, HTLV-I proviral inte-
gration, analyzed by real-time PCR, was detected in all subpop-
ulations. However, the proviral load (%) was significantly

higher in CD3%"CD7%™ and CD3%™CD7'% subpopulations
compared with the CD3™£"CD7"€" subpopulation. The proviral
load of the CD3“™CD7"°" subpopulation in patients no. 7 and 8
was nearly 200%, indicating integration of two copies of the
HTLV-I viral genome and that almost all of the cells were
infected with HTLV-I. Similarly, in patient no. 6, the majority
of the CD3"™CD7'°" subpopulation was infected with HTLV-I.
A substantial proportion of the CD3%™CD74™ subpopulation
was infected with HTLV-I in patients no. 7 and 8, and nearly all
the cells in the same subpopulation in patient no. 6 were infected
with HTLV-L.

Differences in the immunophenotype of CD3Mehcp7hish
CD3%™CD7%™ and CD39™CD7'°" subpopulations in patients with
acute-type ATL. To further characterize these three subpopula-
tions, we next examined CCR4 and CD25 expression in each
subpopulation. Representative results of a normal control and a
patient with acute-type ATL are shown in Figure 3A. The mean
fluorescence intensities (MFI) of CD25 and CCR4 of each sub-
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Fig. 3. Immunophenotypic analysis in CD3MaPcD7Mi9R, CD39™CD79™ and CD39™CD7'*" subpopulations. (A) Expression of CCR4 and CD25 in
each subpopulation. Representative FACS data of a normal control (no. 1) and a patient with adult T-cell leukemia (ATL) (no. 6) are shown Gray
dots, isotype antibody-stained cells; black dots, specific antibody-stained cells. (B) Mean fluorescence intensity (MFI) of CD25 and CCR4 in each
subpopulation from all normal controls and patients with ATL. The MFI is shown in arbitrary units defined as follows: MFI of specific
antibody/MFI of isotype antibody. Each dot represents a sample *P < 005 by anova. (C) Expression of FoxP3 in each subpopulation. ND, analysis
could not be performed in the CD3MS"CD7M9M and CD39™CD7™ subpopulations in patients no. 6 and 7 due to an insufficient number of cells.
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population in all patients with ATL and normal controls are
shown in Figure 3B. Both CCR4 and CD25 expression levels
were very low and maintained at similar levels throughout
all subpopulations in normal control cells and in the
CD3MECD7"E" subpopulation of patients with ATL. In contrast,
CCR4 expression was significantly upregulated in the
CD34™CD74™ and CD3“™CD7'" subpopulations of patients
with ATL compared with the CD3""CD7"#" subpopulation.
The expression of CD25 was also upregulated in these subpopu-
lations but this difference was not significant (P = 0.36). The
expression of Forkhead box P3 (FoxP3), a master regulator in
the development and function of regulatory T (Treg) cells, ¥
was also analyzed in some ‘?atients, As shown in Figure 3C,
FoxP3 expression in the CD3%™CD7"" subpopulations was var-
iably upregulated among patients. In addition, in patient no. 9,
FoxP3 was upregulated in the CD3"¢"CD7"#" and CD3“™
CD74™ subpopulations.

Analysis of clonality in the CD3"9hcp7"9", CD34™CD79™ and
cp3¥mcp7'°Y subpopulations by inverse long PCR. To further
analyze the enrichment of ATL cells in the CD3%™CD7'" sub-
population, we estimated clonality in each FACS-sorted subpop-
ulation by inverse long PCR in four patients with acute-type
ATL (Fig. 4). An intense band, suggesting a major clone, was
detected in the CD3*"™CD7"" subpopulations in all patients. In
the same subpopulation, multiple bands with weak intensity
were also observed. As the levels of DNA extracted from the
CD3%™CD7'"° subpopulation were sufficient, we performed
duplicate PCR in three patient samples (Fig. 4B-D). Detection
of the major bands was consistent, but the presence of the minor
bands was variable. In the CD3“™CD7%™ subpopulations, bands
of the same size as those of the CD3“™CD7"" subpopulations
were observed, indicating that a distinct population in the
CcD34mCp74™ subpoEu]alions belonged to identical clones.

Clonality in the CD3M9"cD7"9", CD39™CD79™ and CD3%™CD7"W
subpopulations by flow cytometry-based TCR-V§ repertoire
analysis. To further confirm clonality and to evaluate the degree

of enrichment in each subpopulation, we performed TCR-V
repertoire analysis by flow cytometry“s’ in three ATL cases.
The representative results are shown in Figure 5. In patient no.
3, over 95% of the CD3“™CD7"" subpopulation used specific
TCR-VB (VB9) and their proportion was quite low in the
CD3MhCp7et and CD3%™CD74™ subpopulations. In addition,
in the two other cases, over 90% of cells in the CD3“™CD7'¥
subpopulation used the same TCR-Vf (data not shown). These
results indicate that ATL cells are highly purified in the
CD3%™CD7"" subpopulation.

Differences in morphology of the CD3"9"cb7M9h, cD3%™cD79™,
and CD39™MCD7°Y subpopulations in patients with acute-type
ATL. We reviewed the glass-slide specimens of FACS-sorted
samples to evaluate the morphology of each subpopulation on
the CD3 vs CD7 plots. Representative results for two patients
(no. 6 and 7) are shown in Figure 6A. In both patients, atypical
lymphocytes with notched nuclei and/or basophilic cytoplasm
were observed in all three subpopulations. In contrast, abnormal
lymphocytes, including cells with multilobulated nuclei (flower
cells) were mainly observed in the CD3“™CD7'"" subpopulation
in patient no. 6 (Fig. 6, left) and in the CD3%™CD7"™ and
CD3Y™CD7"% subpopulations in patient no. 7 (Fig. 6, right
panel).

Discussion

To investigate the characteristics of ATL cells, the purification
of tumor cells is essential. In the present study, we successfully
discriminated the CD3%™CD7"" subpopulation in CD4* T cells
in the peripheral blood of patients with acute-type ATL by con-
structing a CD3 vs CD7 plot of CD4™ T cells from multi-color
FACS (Fig. ). Previously, Yokote eral"® reported that
CD3"™ gating facilitated the discrimination of ATL cells by
flow cytometry. If we constructed a CD4 vs either CD3 or CD7
plot, in which the downregulated cell subpopulation was not
clearly separated, then we could not define distinct cell subpopu-

(B)

Fig. 4. Analysis of clonality in the CD3M9"cD7™9", CD39™CD79™ and CD39™CD7'Y subpopulations using inverse long PCR. (A-D) Genomic DNA
was extracted from FACS-sorted cells of each subpopulation and subjected to inverse long PCR. Representative data of four cases (patients no. 3,
6, 7 and 8) are shown For the CD39™CD7'°" subpopulations of patients no. 3, 6 and 7, PCR was performed in duplicate (black bars). ATL, adult

T-cell leukemia.
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