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Table 3 Summary of the expression profiles of selected genes determined by RT-PCR

Gene/lineage 347KSL SP-KSL 347KSL Lin™ Terl 19 Mac-1 Gr-1 B220
Expression of all six genes identified as in common among SCDb, CD347KSL, and SP Lin™ libraries

Gfilb At +++ ++ + . +-+ - - +
3110045G13Rik + +++ + - - - - -
Ming ++ ++ - - - - - +
Rgst8 +-+ + + ++ - + - -
Exosc2 + + + + + - - +
Serpina3g +-+ ++ + + - - - +
Expression of seven selected genes identified as in common only between CD347KSL and SP Lin™ libraries

Armcex +++ ++ + + - - + —
BC28440 +++ +++ ++ + + - + +
D11Erf416e + + + ++ - - - +

1 110019N10Rik ++ + + ++ + + + +-+
2810405022Rik +-+ ++ ++ ++ ++ + ++— ++
Bre ++ +++ + +++ +++ + + +-++
Calerl + + ++ + +++ =+ - +

Fig. 6 ldentification of putative
mRNA-like non-coding RNAs.
a Scheme of the computational
screening of non-coding RNA
candidates. b List of non-coding
RNA candidates. Chromosomal
location, number of clones
identified, and accession
number of each candidate are
indicated
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CN539228
AA596108
CX236158
CK795576
BE740716
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BB578787
CB598798
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BE534564
BQ892059
CX235980
BB683661
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CX220266
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BU924501
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AU021499
CA881051
BQ567063
CK129343
CK377676
CA885675
BB661487
BM241006
BY722123
BE200491




Transcriptional profiling of hematopojetic stem cells by high-throughput sequencing ( 33

coding RNAs. Further characterization of identified HSC-
specific genes and their products, particularly with regard
to their functional aspects in HSCs, will be highly helpful

in

elucidating the molecular mechanisms of HSC

regulation.
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Identification of cancer stem cells in a Tax-transgenic (Tax-Tg) mouse model of
adult T-cell leukemia/lymphoma
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Aduit T-cell leukemia/lymphoma (ATL) is
a malignant lymphoproliferative disorder
caused by HTLV-l infection. in ATL, chemo-
therapeutic responses are generally poor,
which has suggested the existence of
chemotherapy-resistant cancer stem cells
(CSCs). To identify CSC candidates in
ATL, we have focused on a Tax transgenic
mouse (Tax-Tg) model, which reproduces
ATL-like disease both in Tax-Tg animals
and also after transfer of Tax-Tg splenic
lymphomatous celis (SLCs) to nonobese

diabetic/severe combined immunodefi-
ciency (NOD/SCID) mice. Using a limiting
dilution transplantation, it was estimated
that one CSC existed per 10 SLCs
(0.01%). In agreement with this, we have
successfully identified candidate CSCs in
a side population (0.06%), which over-
lapped with a minor population of CD38~/
CD71-/CD117* celis (0.03%). Whereas
lymphoma did not develop after transplan-
tation of 102 SLCs, 102 CSCs could consis-
tently regenerate the original lymphoma.

in addition, lymphoma and CSCs could
also be demonstrated in the bone marrow
and CD117* CSCs were observed in both
osteoblastic and vascular niches. In the
CSCs, Tax, Notch1, and Bmi1 expression
was down-regulated, suggesting that the
CSCs were derived from Pro-T celis or
early hematopoietic progenitor cells.
Taken together, our data demonstrate that
CSCs certainly exist and have the poten-
tial to regenerate lymphoma in our mouse
model. (Biood. 2009;114:2709-2720)

Introduction

Adult T-cell leukemia-lymphoma (ATL) is an aggressive and clonal
lymphoproliferative disorder of mature T cells caused by infection
with human T-lymphotropic virus type I (HTLV-1).! An estimated
10 million to 20 million people are infected with HTLV-1 globaliy.
and infection is endemic in somthwestern Japan. Africa. the
Caribbean basin, and South America.? Although the majority of
infected persons remain clinically asymptomatic. approximately
6.6% of males and 2.1% of females will develop ATL. In Japan,
1.2 million persons are infected with HTLV-1. and 800 to 1000 new
ATL cases develop each year. ATL has been divided into 4 sub-
types: chronic, smoldering. acute, and lymphoma-type.® Acute and
Iymphoma-type have an aggressive clinical course with lymphad-
enopathy, hepatosplenomegaly, visceral invasion by malignant
cells, and the appearance of leukemic cells with multilobulated
nuclei termed *flower cells™ in peripheral blood. The most common
cell phenotype in ATL is CD2*, CD3*, CD4*. CDR", and CD25*.
Other phenotypes, which include CD4/CD8" double-negative
(DN), CD$*, and CD4*/CD8" double-positive. occur more rarely.?
FOXP3 (forkhead box P3) expression, which is predominantly
expressed in CD4*/CD25* regulatory T cells (Tregs). has also
been detected in some ATL cases, suggesting that disease may
originate in Treg cells. In addition, HTLV-I can also infect human
hematopoietic progenitor cells and immature thymocytes, which
would also account for the range of phenotypes observed.®

Studies have shown that initiation of oncogenesis is triggered
by the viral Tax protein. Tax interacts with the nuclear factor-xB
(NF-kB)-Rel signaling complex and activates NF-kB, which

results in the up-regulation of various cytokines and their recepltor
genes, and alterations in cell signaling and cell-cycle regulation.”
Recent studies have clearly demonstrated the oncogenic properties
of Tax in vivo. Specifically. transgenic animals with Tax expression
restricted to developing thymocytes developed an ATL-like pheno-
type and leukemogenesis developed in both immature® and mature
T cells.? The treatment of ATL is unsatisfactory. Various combina-
tion chemotherapy regimens have produced poor outcomes; how-
ever, intensive induction therapy (interferon-a and zidovudine) has
produced significant complete remission rates in certain cases, '
Unfortunately, most patients relapse, and this has been considered
to be the result of the existence of cancer stem cells (CSCs) similar
to what has been described both in other types of leukemia and
solid tumors. Specifically, CSCs have been identified in malignan-
cies of both hematopoietic origin'®'* and in breast, brain, prostate,
colon, and pancreatic carcinomas.” CSCs have the potential to
self-renew, develop inherent drug-resistunce, and can regenerate
the original tumors when transplanted into severe combined
immunocompromised nonobese diabetic/severe combined immuno-
deficiency (NOD/SCID) mice.”> As a consequence, CSCs are
considered important targets for anticancer therapy.'®

To identify and confirm the existence of CSCs in ATL. we have
focused our initial studies on an HTLV-Tax transgenic mouse
{Tax-Tg) model.® where transgene expression was controlied by the
LCK promoter, which limits transgene expression to developing
thymocytes. The clinical, pathologic, and immunologic features
observed in this Tax-Tg model are similar to those observed in the

Submitted August 17, 2008; accepted May 28, 2009. Prepublished onfine as
Blood First Edition paper. July 7, 2009; DO! 10.1182/blood-2008-08-174425.

An Inside Blood analysis of this article appears at the front of this issue.

*J.Y. and T.M. contributed equally to this study.

BLOOD, 24 SEPTEMBER 2009 - VOLUME 114, NUMBER 13

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked "advertisement” in accordance with 18 USC section 1734.

© 2009 by The American Society of Hematology

2709



2710 YAMAZAKI et al

aggressive forms of human ATL. Lymphoma and leukemia develop
at 10 to 23 months, which is equivalent to human disease
(20-60 years) and is characterized by the widespread distribution of
lymphomatous cells in various organs and the presence of flower
cells in peripheral blood. Lymphomatous cells displayed a
CD4"CD8" DN phenotype. In addition. lymphomas could be
regenerated in NOD/SCID mice after transplantation of Tax-Tg
splenic lymphomatous cells. In this study. we have successfully
identified candidate CSCs using xenografting into NOD/SCID
mouse and flow cylometric analysis. Specifically. we identified
CSCs in a side population (SP: 0.06%:), which overlapped with a
minor population of CD38 /CD71/CD117* cells (0.03%). Using
the NOD/SCID transplantation assay, we found that 10° CSCs
could regenerate the original lymphoma. This is first report
describing a CSC candidate in an ATL model, and we think that
similar studies will inform and may ultimately allow the identifica-
tion of CSCs in human disease,

Methods

Animal models of ATL

Animal experiments were approved by the Animal Care and Use Commil-
tee of the National Institute of Infectious Discase. Tokyo, Japan. For
transplantation  studies. we obtained NOD/SCID mice (NOD.CB17-
Pride*i¥/]) 6 to 12 weeks of age from The Jackson Laboratory, and these
were housed under constant temperature and fight.

Transplantation assays

ATL-like lymphoma and leakemia was first established in NOD/SCID mice
by intraperitoneal injection of 107 frozen stock Tax transgenic (Tax-Tg)
splenic lymphomatous cells (SLCs). After 40 days, ATL-like lymphoma
developed in the NOD/SCID mouse spleen. and SLCs could regenerate the
original ATL-like lymphoma when further injected. Using this NOD/SCID
mouse transplantation system. SLCs could be serially passed as required.
We used dth-passage frozen stocked S1.Cs for the serial Uransplantation
studies. We perforined 3 consecutive serial transplantations by intraperito-
neal injection of 10° SLCs tfirst.ransplantation [n = 12]. second nansplan-
tation [n = 5]. third trunsplantation {n = 7]). We also performed limiting
dilution assays-by intraperitoneal injection of 10° (n = 5), 10% (n = 4),
104 (n = 3), 10* (0 = 5). and 10°(n = 7) of freshly isolated SLCs. To eval-
uate the lymphoma-forming ability of CSC candidates. we also trans-
planted 107 CSCs (CD387/CD717/CDI1I7%; n = 9), non-CSC fraction
(CD38+/CD71HCDI7 7 n = 11, and SLCs (n = 11) inte NOD/SCID mice.

Flow cytometry and SP analysis

To identify candidate CSCs in the SLCs. we performed SP cell analysis.
SL.Cs were suspended in Hanks balanced salt solution medium (Invitrogen)
containing 2% fetal bovine serum, 10 mM N-2-hydroxyethyipiperazine-N'-
Z-ethanesulfonic acid buffer (Invitrogen), and incubated with Hoechst
33342 dye (2.5 pg/mL. Invitrogen, H-3570) with or without verapamil
(Sigma-Aldrich) at 37°C for 60 minutes, according to the methad outlined
by Goodell et al.'” After staining with or without Hoechst 33342, the cells
were stained with phycoerythrin (PE) anti-mouse/ral Foxp3 (clone FJK-
16s). PE anti-mouse CD3e (145-2CH1). PE anti-mouse CD8 (53-6.7). PE
anti-mouse CD127 (clone A7R34). PE anti-mouse CD38 (clone 90),
fluorescein isothiocyanate (FITC) anti-mouse Sca-1 (clone D7), FITC
anti-mouse CD2 (RM2-5), FITC anti-mouse CD4 (RM4-5), FITC anti-
mouse CD123 (clone 5B11). FITC anti-mouse CD24 (clone 30-Fi). FITC
anti-mouse CD71 (clone R17217). and allophycocyanin {APC) anti-mouse
CD25 (clone PC61.5). APC anti-mouse CD133 (clone 13A4), APC
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anti~mouse CD117¢clone ACK2). APC anti-mouse CD25 (PC61.5). and
puritied anti-mouse CD44 {(IM7) at 4°C for 30 minutes and then counter-
stained with 2 pg/mL propidium iodide (BD Biosciences). All antibodies
were obtained from eBioscience. We performed flow-cytometric analysis
and cell sorting using JSAN (Bay Bioscience) with 350-nm UV laser for SP
analysis. Cytospin preparations of the sorted cells were prepared and
subjected to Wright/Giemsa staining.

Histologic preparation and periodic acid-Schiff-hematoxylin
staining

NOD/SCID mouse spleen, bone marrow (BM), liver, lung. lymph node. and
epidermal tissues were harvested and tixed in Bouin solution (Sigma-
Aldrichy or 4% (wi/vol) paraformaldehyde in phosphate-buffered saline
tpH 7.5) at 4°C for 24 hours. After fixation, samples were dehydrated in a
graded ethanol series and cleared in xylene. and then embedded in parattin:
4-pn semithin sections were prepared using a carbon steel blade (Feather
Safety Razor Coj by microtome {Yamato Kouki). Tissue sections were
mounted on super-frosted glass slides coated with methyl-amino-silane
{Matsunami Glass). To identify periodic acid-Schiff (PAS)—positive ATL
leukemiw/lymphoma'® in spleen, we performed PAS-hematoxylin staining
as previously described.'® Histologic images were aqquired using a
NikonEctipse E1000 microscope equipped with 10x/0.30, 20/0.50.
40X /0,75, and 100%/1.30 NA objective lenses. Images were captured with
a Nikon DXM 1200F digital camera.

immunohistochemistry

Anti-mouse CD3 antibody (ab5690: Abcam). anti-mouse CD44 (IM7:
BioLegend). anti-mouse/human CD 117 (C-19: Santa Cruz Biotechnology).
and anti-mouse CD4 (RM4-5: eBioscience) were used as primary antibod-
ies, and biotinylated goat anti-rat 1gG-B (SC-2041, Santa Cruz Biotechnol-
ogy) and biotinylated goat anti-rabbit IgG-B (SC-2040, Santa Cruz
Biotechnology) were used as secondary untibodies. Staining was carried out
as previously described.? Briefly. after blocking with 3% bovine serum
albumin (BSA) in phosphate-buffered saline. sections (4-jum thick) were
incubated with anti-CD3. -CD+. -CD44. and -CD117 antibody (each diluted
1:200) at 4°C overnight. Signals were detected using a Vectastain ABC Elite
Kit { Vector Laboratories), and nuclei were stained with Gill Hl-hematoxylin

Quantitative analysis of gene expression

Poly {A)+ RNAs were extracted from 5 X 10* candidate CSC» (CD387/
CD71-/CDHT7*) and non-CSCs (CD38H/CD71*/CD 1177} using a Micro-
Fast Track 2.0 Kit {Invitrogen). and cDNAs were prepared using SMART
polymerase chain reaction (PCR) ¢DNA synthesis kits (Clontech) as
previously described.2® Real-time PCR reactions were performed using
SYBR PreMix ExTaq (Takara Shuzo) and a Light Cycler (Roche Diagnos-
tics). The primer pairs used in this study weve Notch! (5'-CGTGGTCT-
TCAAGCGTGATG-3" and 5'-AGCTCTTCCTCGTGGCCATA-3"), CD44
(5'-AGCTGACGAGACCCGGAAT-3" and 5'-CGTAGGCACTACAC-
CCCAATC-3'). Rex! (5'-TGTGCTGCCTCCAAGTGTTG-3" and 5'-
ATCCGCAAACACCTGCTTTT-3"). and N-cadherin (5'-CACAGCCA-
CAGCCGTCATC-3" and 5'-GCAGTAAACTCTGGAGGATTGTCA-3')
and for Tax® CDNI7, Bmil, SCLAal-1. and B-actin as previously de-
scribed.? B-Actin was used as an internal control. Real-time PCR was
carried out using 40 cycles at 94.0°C for | minute, 60°C for 25 seconds
(2-step). Amplification of predicted fragments was contirmed by melt-curve
analysis and gel electrophoresis. To determine the relative amounts of
product, we used the comparative threshold cycle method. according to the
manufacturer’s instructions (Roche Diagnostics). Expression levels are
reported relative to mouse B-actin.

Genomic DNA isolation and PCR assays for Tax transgene
integration mapping

Genamic DNA was extracted from 5 X 10° splenic and BM mononuclear
cells using the DNeasy Blood & Tissue Kit system (QIAGEN). Cells were
isolated from NOD/SCID mice with or without transplantation of Tax-Tg-
derived SLCs. All genomic DNAs were treated with RNase A (100 mg/mL).
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Figure 1. Transpiantation of Tax-Tg mouse-derived
splenic mononuclear cells to NOD/SCID mice. (A) Ex-
perimental design of the transplantation assay. (B) Re-
markable splenomegaly was observed in the lymphoma-
reconstituted NOD/SCID mouse. Spl indicates spleen;
and Liv, liver. The dotted line shows the outline of the
enlarged spleen. (C) Cytospin analysis of spleen cells
isolated from reconstituted lymphoma in the NOD/SCID
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PCR primers were constructed based on the integration site of Tax gene on
chromosome 4 in the Tax-Tg mouse model.® The primers used to detect the
Tax-Tg or wild-type (WT) NOD/SCID mouse derived genomic DNA were
NOD/SCID mouse (5-TGT TGC ATA CAG GAA GCC CA-3" and
5'-GCG GTA CAG TGT GTG CTT TGA G-3") and Tax-Tg (5'-GAC ACA
GCA TAG GCT ACC TGG C-3" and 5'-GCG GTA CAG TGT GTG CTT
TGA G-3'; Figure JE). PCR reactions were performed using ExTaq (Takara
Shuzo} and a Thermal Cycler (Bio-Rad). The PCR was carried out using
95°C for 2 minutes, 40 cycles at 94.0°C for 30 seconds, 58°C for 30 sec-
onds, and 72°C for 30 seconds. The PCR products were analyzed by
electrophoresis on 29 agarose gels.

Data analysis

Significant differences were calculated using the Student r test for gene
expression analysis. Statistical analyses were performed using GraphPad
Prism (Version 5. GraphPad Software) and Excel 2008 {Microsoft Japan).

Results

Lymphoma/leukemia regenerative activity in the Tax-Tg mouse
and SL.Cs

Hasegawa et al reported that Tax-Tg SLCs could regenerate
ATL-like lymphoma when transplanted into NOD/SCID mice and
that Tax-Tg SLCs had the potential to regenerate the original
lymphoma when further transplanted in NOD/SCID mice.® To
assess the stem cell potential within the SLCs, we performed serial
transplantation experiments by intraperitoneal injections of frozen
stocked 4th-passed 10° SLCs into NOD/SCID mice (Figure 1A).
SLCs could regenerate original lymphoma and leukemia in the first
transplantation (12 of 12 animals) with the development of marked
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splenomegaly (Figure 1B-C) and BM involvement resulting from
infiltration of malignant cells. The phenotypes of the SLCs were
similar to the original tumors in Tax-Tg animals, Surface staining
for CD2, CD4. and CD8 was negative, but cytoplasmic CD3 and
surface CD25 and CD44 were positive in the SLCs (Figure D).
SLCs could regenerate original lymphoma and leukemia after
second (5 of 5 unimals) and third transplantation (6 of 7 animals)
by day 40.

To confirm that the SLCs were derived from the original
leukemic cells, we performed PCR analysis to confirm the Tax
transgenic integration site. In the Tax-Tg model, the transgene was
found to be integrated in the A9 region of chromosome 4. PCR
analysis with amplification across the integration site demonstrated
that this was identical in the Iymphomatous cells arising in both
spleen and BM (Figure 1E-F), confirming that they were derived
from the original leukemic cells and that variant populations
had not arisen nor were selected. These studies provided func-
tional evidence for self-renewal and supported the existence of
CSCs, which have leukemia/lymphoma regenerative potential,
within the SLCx.

Identification of CSCs in SLCs by surface marker analysis

It has been suggested that CSCs are a small and minor population in
both leukemias'®>!* and solid tumors.™¥ To identify the candidate
CSC populations in SLCs, we performed detailed cell surface
marker analysis. to investigate phenotypic expression patterns
previously observed in Tregs (CD25. CD127. FoxP3), hematopoi-
etic stem cells (HSCs; CDI117, CD34, CD38. Sca-1, c-kit). and
markers previously identified in other CSCs (CD71, CDI123,
CD24, CD90. CDI133). Surface marker analyses are shown in
Figure 2A through D. Expression patterns were divided into
4 profiles: partial and low expression: CD127. CD117. CDI23,
FoxP3, CD133, CDY90, and CD34 (Figure 2B); heterogencous
expression; CD71 and CD25 (Figure 2C); and major expression;
CD38, CD24, und Sca-1 (Figure 2D).

Certain cases of human ATL are thonght to originate from
Tregs, which express CD4, CD25"4, FOXP3.2' and CD127.2
Whereas Foxp3 expression was not detected (0.03%) in the SLCs,
CD25 expression was heterogencously detected (64.5%) and
CD127 expression was detected at low levels (1.17%: Figure
2B-C). Recent studies have shown that leukemia stem cells can
share HSC properties (CD347/CD38 " cells), and it could also be
shown that these could regenerate the original disease in NOD/
SCID mice.?* In the mouse, HSCs are enriched in CD34 /c-kit*/
Sca-17/Lineage™ cell population. CD34 and CDI117 (c-kit)
expression in the SLCs was partially detected (0.63% and 0.56%).
CD38 and Sca-1 highly expressed at 94.3% and 89.9%. respec-
tively (Figure 2B.D). We also examined expression of CD123
(IL-3Ra), which is a well-established marker for leukemia stem
cells,!? CD133, which is a common CSC marker found in brain,®
and colon cancer,?® CD24. which has been identified in prostate
CSCs.Y and CDY0, which is associated with CSCs in non-small-
cell lung carcinoma. In the SLCs, expression of CD71 and CD24
were 52.2% and 92.7%, respectively. In contrast, the expression of
CD123, CD90, and CD133 was only detected at low levels, 0.13%,
0.89%. and 0.3%, respectively (Figure 2B-D).

Next, we performed multiple stainings for the identification of
small populations within the SLCs (Table 1), and we successfully
jdentified such a population, which was CD387/CD71". With a
combination of CD 117, we successfully confirmed the existence of
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a minor population (0,03%), which was CD387/CD717/CD117*
(Figure 2E). In contrast, CD387/CD717/CD133" cells were not
detected in SLCs (0%).

Identification of candidate CSCs for functional studies

Recent studies have shown that SPs are enriched for CSCs in
various types of malignancies.?” The SP phenotype is based on the
ability of the cells to efficiently reflux the Hoechst 33342 fluores-
cendt staining dye through the multidrug ABC transporter (ABCG2),
and this property allows the isolation of the cells using flow
cytometry. I is also considered that efflux efficiency in CSCs
correlates with anticancer drug resistance and recurrence of disease
after chemotherapy. To identify candidate CSCs. we investigated
the SPs by evaluating efficient efflux of Hoechst 33342 dye in the
SLCs. We successfully identified « small population (0.06%)
corresponding to SP cells in the SLCs (Figure 3A): correspond-
ingly, the SP fraction disappeared with treatment with the ABC
transporter inhibitor verapamil. To further characterize the SP cells,
we performed combination SP and surface marker analysis, and it
could be shown that more than 50% of CD38 /CD717/CD117*
cells overlapped with the SP fraction in the SLCs (Figure 3B),
suggesting that the CSC candidate(s) were associated with these
populations.

The candidate CSC cells were also sorted for morphologic
studies (Figure 3C). Isolated CD387/CD71 /CDI117" cells were
blastoid cells and had scanty cytoplasm with no granules (Figure
3D). In contrast, CD38*/CD711/CDI17" cells were slightly larger
and tymphocyte-like with dispersed chromatin and an irregulary
shaped and prominent nucieus (Figure 3E).

In vivo lymphoma reconstitution assay of candidate CSCs

We performed transplantation analysis to assess the functional-
ity of the candidate CSCs using the NOD/SCID mouse model. In
initial studies, we performed limiting dilution analysis to
estimate the frequency of the CSCs in the SLCs. We trans-
planted 10, 103104, 103, and 10? SLCs into NOD/SCID mice. It
has been previously demonstrated that 10° SLCs could regener-
ate original leukemia and lymphoma observed in the Tux-Tg
mice,® and this was evident by marked splenomegaly and
confirmed by cytology at 40 days after transplantation. Spleen
weights were approximately 10- to 20-fold larger than non-
treated NOD/SCID mouse spleen (data not shown). In addition
to the development of lymphoma, ascites also developed in the
NOD/SCID mice. Using these criteria, we evaluated the
lymphoma-regenerative activity in the candidate CSC and
non-CSC fractions (Table 2). Whereas 107 SLCs could not
regenerate original lymphoma and leukemia (0%) in the NOD/
SCID mouse, 10* SLCs could, as expected, regenerate the
original lymphoma and leukemia in all animals (100%). Lym-
phoma and leukemia after transplantation of 10% SLCs devel-
oped in 20% of animals. These results suggested that one CSC
existed in 10* SLCs (0.01%). and indeed this frequency estimate
was consistent with our surface marker and SP analysis studies.

We then isolated CSCs from SLCs, and 10° CSCs were
transplanted into NOD/SCID mouse. At 40 days after transplanta-
tion, lymphoma and leukemia formation was not observed in 6 of
the CSC transplanted NOD/SCID mice examined. However, at
60 days after transplantation, ATL-like lymphoma was observed in
all 9 of the 9 CSC-injected NOD/SCID mice. All developed typical
splenomegaly (Figure 4A-B) and ascites (Figure 4C). Total spleen
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Figure 2. Flow cytometric analysis of NOD/SCID repopulating ATL-like lymphoma cells. Lymphoma and leukemia were generated in NOD/SCID mice by the
transplantation of frozen stocked 4th-passage Tax-Tg SLCs. SLCs were isolated from spleen. (A) Histograms of isotype APC, PE, and FITC markers as controls. Expression
profiles were divided into 4 patterns: partial and low, heterogeneous, and major types. {B) Partial and low expression: CD127,CD117,CD123, FoxP3, CD133, CDS0, and CD34
are expressed at low levels in SLCs. {C) Heterogeneous expression: CD71 and CD25 are heterogeneously expressed in SLCs. (D) Major: CD38, CD24, and Sca-1 are highly
expressed in SLCs. The percentage of individual subpopulations was determined according to isotype control in each assay. Dead cells were gated out by propidium iodide.
(E) Tripte-staining analysis with CD38, CD71, and CD117 or CD133in the SLCs. CD38-/CD71-/CD117* cells were 0.03% and CD38-/CD717/CD133* cells were 0% of total
Sl Cs.
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Table 1. Surface marker analysis of the NOD/SCID repopulating
ATL-like lymphoma cells

Phenotype Frequency (%)
CD38-/CD71-/CD117+ 0.03-0.05
CD38-/CD71-/CD133* 0
CD38-/CD71~ 0.3-0.5
Cb38-/CD117* 0.10
CD71-/CD117+ 0.15
CD38-/CD133* < 0.01
CD71-/CD133* < 0.0t

Side popuiation cells” 0.03-0.06
Aldehyde dehydrogenase activity” 0

Summary of surface marker combination analysis of ATL-like lymphoma cells in
the NOD/SCID mouse. CD38-/CD71-/CD117" cells were overlapped with side
population cells.

‘Functional assay.

BLOOD, 24 SEPTEMBER 2009 - VOLUME t14, NUMBER 13

weight was significantly increased only in the CSC-transplianted-
NOD/SCID mouse spleen (Figure 4D). No lymphoma was ob-
served afler transplantation of 10% SLCs (n = 1) and the non-CSC
fraction (CD38*/CD71+/CD117 = n = 11)at 60 days. Analysis of
the splenic cells isolated from 102 CSC-transplanted NOD/SCID
mouse showed similar profiles to the first transplantation experi-
ment using 10° SLCs, in that they were CD257/CD44* (dala not
shown) and contained SP cells (0.06%: Figure 4E) and the
CSC-associated (CD38-/CD71 /CD117%) cell population (Figure
4F). These results clearly show that within this cell population are
CSCs in that they have the SP phenotype and have the potential for
self-renewal and the ability to regenerate the original lymphoma
and leukemia.

Histologic analysis of spleen, BM, and other tissues

To confirm and characterize in more detail the lymphoma and
leukemia in spleen after transplantation with the candidate CSCs,
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Figure 3. Functional analysis in the NOD/SCID repopu-

| cD38-/CD71-|

lating ATL-like lymphoma cells. {A) SP cell analysis in
the NOD/SCID repopulating ATL-like lymphoma cells.
The SP regions are indicated by a trapezoid on each
panel. {Left panel} Approximately 0.064% of SP cells
were observed in the SLCs. (Right panel) SP celt analy-
sis after treatment with verapamil (100 M), where the

SP fraction was lost. (B) Triple-staining analysis of CD38,

Cell Number

CD71, and CD117 in the SP fraction. More than 50% of
CD38-/CD71-/CD117+ corresponded to the SP fraction.
(C) FACS CD38-/CD71-/CD117* and CD38-/CD71/
CD117- cells. (D) Cytospin analysis of the CSC candi-
date (CD38-/CD71-/CD117+) and (E) non-CSC candi-
date (CD38+/CD71+/CD117~) populations.
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Table 2. Limiting dilution analysis in assessing stem cell activity

2715

No. of cells SiCs CSCs (CD38-/CD71-/CD1177) Non-CSCs (CD38+/CD71+/CD1177)
Short-term incubation (40 days)

108 5/5 NT NT

105 4 NT NT

10t 3/3 NT NT

103 1/5 NT NT

102 o7 0/6 NT
Long-term incubation (60 days)

102 ot 9/9 [Vaki

Assessment of stem celi activity in the ATL-like lymphoma cell using limiting dilution assay of transplantation cells. One CSC was thought to existin 10% SLCs. At fong-term
incubation, only CSC fractions can repopulate and regenerate original ATL-like lymphoma in the NOD/SCID mouse.

NT indicates no transplantation.

we performed histologic and immunohistochemical analyses. 1t has
been reported that ATL leukemic cells have abundant PAS-strong
positive cytoplasmic inclusions.'® We could show that PAS-
hematoxylin strong positive staining was only observed in lym-
phoma and leukemia in spleens after transplantation with 10° SLCs
and 10° CSCs (Figure 5A-B). PAS-strong positive cells were not

identified in the spleen after ransplantation with 10° non-CSCs and
SLCs (Figure 5C). To confirm the existence of malignant cells, we
performed immunohistochemistry for CD3, CD4, CD44, and
CDI117. CD3* leukemic cells were observed only in the splenic
lymphoma after transplantation of 102 CSCs and 10° SLCs. No
CD4* cells were observed in the CSCs and non-CSC—transplanted
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Figure 4. Regenerative potential of ATL-like lym-
phoma in 102 CSCs. ATL-like lymphoma-regenerative
activity was assessed by the transplantation of 102
CSCs, the non-CSC fraction, and SLCs. (A) ATL-like
lymphoma was regenerated by the transplantation of 102
CSCs into the NOD/SCID mouse at 60 days. (B) Marked
splenomegaly was observed in the NOD/SCID recipient
mice. (C) Ascites was also observed in the NOD/SCID
recipient mice. (D) Total spleen weight was significantly
increased only in the CSC-transplanted NOD/SCID
mouse, (E) SP analysis of ATL-lke lymphoma cells
generated by the transplantation of 102 CSCs. (Left
panel) The SP fraction (tolal = 0.066%) was present
after CSC transplantation. (Right panel) The SP fraction
was lost in the dot plot with treatment by 100 pM
verapamil. (F) Surface marker analysis in the lymphoma
celis regenerated by the 102 CSC transplantation. The
CSC candidate cells (CD38-/CD71-/CD117*) were also
regenerated after transplantation of 102 CSCs.
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Figure 5. Histologic and immunohistochemical analy-
ses of spleen after transplantation. At 60 days, lym-
phoma was regenerated after the transplantation of

SLCs 1x10° CSCs 1x10?

R T
i Y
Il

> ion
= Eaniaad
o b
-t

1

£
@

-

<

o.

(=]

(&

~

(]

i

o

O

n

Q

=

n

2

=

-

Q

L

L d

o

spleen (data not shown). Interestingly, CD44 strongly positive cells
were identified only in the lymphomatous spleen (Figure 5D-E)
and not in the nonlymphomatous spleen (Figure SF). Moreover.
CD117+ celis serving as a swrogate CSC marker were identified
only in the lymphomatous spleen (Figure 5G-H) and not in the
nonlymphomatous spleen (Figure 51).

To confinn the infillration of lymphomatous cells in other
tissues, we next performed histologic analysis on BM, liver. lung,
lymph node. and epidermal tissues. In the BM. as expected, various
types of blood cells. including megakaryocytes and erythroid cells,
were observed in WT NOD/SCID BM (Figure 5. However,
ATL-like lymphomatous cells uniformly filled in the BM of
transplanted animals (Figure 5K). In addition to the BM. lympho-
matous cells were also observed in the liver (Figure 5L), lung
(Figure 5M). and lymph node (Figure SN). Infiltration of lympho-
matous cells was not observed in the epidermal tissues (Figure 50).

|dentification of lymphomatous cells in BM

We performed cell surface analysis of the BM mononuclear cells
isolated from NOD/SCID mouse, after transplantation with

SLCs 1x10?

R

105 SLCs and 102 CSCs. No lymphoma was observed
after the transplantation of 10? non-CSCs. (A) PAS-
hematoxylin staining in the 105 SLCs recipient spleen.
(Top panel) Low magnification. (Bottom panel) High
magnification. Strong PAS* -stained cells were observed
(«). {(B) PAS-hematoxylin staining in the 1 » 102 CSCs
recipient spleen. {C) PAS-hematoxylin staining inthe 1 «
10? non-CSCs recipient spleen. No strong PAS* staining
cells were evident. (D-1) Immunohistochemistry of CD44
and CD117. shown in the 105 SLC recipient spleen (D,G),
in the 102 CSC recipient spleen (E,H), andin the 1 < 10?
SLC recipient spleen (F,1). CD44 and CD117 expression
is detected in the lymphoma in the spleen after 1 ~ 10°
SLC and 1 = 102 CSC transplantation. (J) Hematoxylin
and eosin {H&E) staining of the normal NOD/SCID
mouse BM. Various types of blood cells, including
megakaryocytes and erythroid celis, were evident.
{K) Hematoxylin and eosin staining of lymphoma reconsti-
tuted in the NOD/SCID mouse BM. The BM tissue was
uniformly filled with ATL-like lymphomatous cells.
{L) Infiltration of lymphomatous cells was also observed
in the liver. (M) Infiltration of lymphomatous cells in lung.
(N} Infiltration of lymphomatous cells in lymph nodes.
{O) infiltration of tymphomatous cells was not observed in
the epidermal tissues. ‘Lymphomatous cells. (Closed
scale bar, 50 pm: open scale bar, 20 pm.}

103 SLCs. CD38/CD717/CD 7% cells (0.05%) could also be
detected in BM (Figure 6A). Although, in the normal NOD/
SCID mouse BM., CD3" cells were rare (Figure 6B), in contrast,
almost all cells in the transplanted NOD/SCID mice were CD3?
(Figure 6C).

In normal hematopoiesis. HSCs are located in specific
microenvironments (niches) that also play a role in maintaining
stem cell function. The osteoblastic niche in the trabecular bone
and vascular niche in the medullary region are important for
both the maintenance of hematopoictic® and leukemic stem cell
function. To identify the niches of the CSCs in the BM, we
performed CD117 staining as a swrrogate CSC marker. Notably.
CDI17% cells were located both in the osteoblastic niche region
(Figure 6D} in the trabecular bone and vascular niche in the
medullary region (Figure 6E).

Molecular characterization and Tax expression in CSCs

To identify specific molecular markers in CSCs, we performed
real-time PCR analysis on isolated CSC and non-CSC fractions
(Figure 7). Recently, several molecules have been indentified as
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Figure 6. Flow cytometric analysis of iymphomatous
cells in the NOD/SCID BM. NOD/SCID repopulating
lymphomatous cells were isolated from BM. (A) Triple
staining analysis with CD38, CD71, and CD117 in the BM
SLCs. As was observed in spleen, the CSC candidates
were also observed in the BM. (B) Histologic analysis of
ATL-like lymphomatous cells in the NOD/SCID BM. in the
normal NOD/SCID BM, CD3+ cells were a rare popula-
tion («}. {C) In the reconstituted NOD/SCID mouse BM,
CDS3* cells were readily identified (arrow). (D) CD117*
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cells as a surrogate CSC marker could be detected in the
osteoblastic niche of the trabecular bone (arrow). (E) In
the medullary region, CD117+ cells (CSCs) were also
detected in the vascular niche («). T.b. indicates en-
dosteal region in the trabecular bone; V. vascular zone;
TP+, transplantation; and NT, no transplantation. Scale
bar represeits 20 pm.
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being associated with tumor progression. Several embryonic stem
cell markers have been shown to be associated with osteosarcoma™
and bladder cancer.*! and several HSC markers were found to be
associated with leukemia development.’* We examined Norchl,
CD44, Oct-4, Nanog, Rexl, Bmil, SCLAal-1, Fit3. N-cadherin, and
viral Tux expression in the CSCs. A total of 53X 10° CSCs and
non-CSCs were isolated by fluorescence-activated cell sorter (FACS)
for RNA isolation and cDNA synthesis. These amplified cDNA were
initially validated by CD117 expression (Figure 6A). The expression
level of CDJ17 in the CSCs was higher than in the non-CSC fraction.
In contrast, expression of HTLV-1 Tux mRNA was extremely low
compared with the non-CSC fraction. Although expression of CD44 in
the CSC was higher than in the non-CSC fraction, Norchl and Bmi-1
expression was lower than in the non-CSCs (Figure 6B). No differences
were observed in Rexl, Flit3, SCLAal-1, N-cadherin. Oct-4, and Nanog
expression (data not shown),

Discussion

In this study, we have successfully identified a candidate CSC
population in a mouse model of ATL. which has been shown to
exhibit many of the clinical, pathologic, and immunologic features
of human disease. It has been clearly established that CSCs are a
specific and minor cell population, which have the potential for
self-renewal, differentiation, aggressive proliferation, and chemo-
therapy resistance and can successfully regenerate the original
malignancy when transplanted into immunocompromised mice. '
In hematologic malignancies, several CSC candidates have been
identified in acute myeloid leukemia,'> chronic myeloid leuke-
mia,'* and acute lymphoblastic leukemia (ALL). Recently. Cox
et al have characterized different CSC populations in ALL, which
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include the phenotype CD34*/CD 10~ or CD34*/CD 19" subpopu-
lations in B-ALL and CD34+/CD4~ or CD34*/CD7"~ subpopula-
tions in childhood T-ALL.3* Although it has been suggested that
leukemic transformation occurs in a committed T and B-cell
Jineage,® both of these candidates express the hematopoietic
progenitor marker CD34, suggesting that T- and B-cell leukemia
may have arisen in an early hematopoietic precursor.

ATL is a lymphoproliferative disorder caused by infection with
HTLV-1.! Although various chemotherapeutic regimens have pro-
vided significant initial complete remission rates, most treated
patients relapse. and these observations have suggested the exis-
tence of drug-resistance CSCs in aggressive disease. In this study,
we have, for the first time, successfully identified and enriched a
candidate CSC population in an ATL model mouse using SP
analysis in conjunction with cell surface marker identification by
flow cytometry. The candidate CSCs identified by their SP
phenotype. which were found to overlap with a CD38~/CD717/
CDI117* population, could regenerate the original lymphoma/
leukemia with the expected phenotype when transplanted in
SCID/NOD mice.

Recently, Kayo et al reported the existence of SP cells in several
cultured ATL cell lines, which were defined by efficient efflux of
Hoechst 33342 dye.* However, in these studies, both SP cells and
non-SP cells could reconstitute both SP and main population cells,
suggesting that SP cells in the cell lines had no specific CSC-like
function in vitro.3 The reasons for this are unclear but may well
reflect changes in the cell populations as a result of culture. It has
also been reported that CDY0 may be a useful marker to identify
CSCs in ATL cell lines. CD90 (Thy-1) is a hematopoietic progeni-
tor marker, which is not expressed in mature T cells. In our
experiments. CD90 expression was detected in approximately
1.5% of SLCs: however, expression was not associated with the
CSCs. These disparate results may again reflect the differences
between our transgenic and SCID/NOD animal models and ATL
cell lines, which may have changed during culture.

CSCs. especially in the hematologic mulignancies, share many
properties with HSCs. and indeed almost all CSCs are thought to be
derived from HSCs.*? Although It has been shown that human ATL
is a leukemia that. in most cases, is derived from CD4* mature
T cells.® others exhibit a phenotype of cells at early stages in T-cell
development. In our Tax transgenic mouse model. it has been
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Figure 7. Molecular characterization of the CSCs and
non-CSC fraction. FAGS-sorted 5000 CSCs and non-CSCs
were used to purify RNA and synthesize cDNA. Gene
expression level was delermined relative to 8-actin. (A) CD117
expression was used to evaluate the efficacy of cell sorting.
(Top panel) CD117 expression was higher in the CSCs than
in the non-CSCs. (Bottom panel) Tax gene expression was
not detected in CSCs. (B) Notchl and Bmil expression
was down-regulated in CSCs. CD44 expression was up-
regulated in CSCs. No difference was observed in the

_ CD4s

* expression of the other genes, Rex?. Fit3, SCL/al-1. N-
e cadhenn, Oct-4, and Nanog in the CSCs and non-CSC
CSC+ csc- fraction. ‘P < .05 (significant).
_..Bmit
*

CSC+

shown that the ATL-like lymphoma cells were derived from an
immature pre-T cell (DN2), which expresses cytoplasmic CD3. and
surface CD25 and CD44.% In the present study. we could clearly
demonstrate that the CD387/CD717/CD1177/CD44* fraction have
lymphoma and leukemia-initiating potential and proliferation activ-
ity. and have markers expressed in hematopoietic progenitor cells
(CLP: common lymphoid progenitor) or Pro-T cells (DNI: double
negative). CD117 (also known as c-kit) is useful marker for
identifying long-tenm und short-term repopulating HSCs. Recently,
it has shown that CD117 and its ligand stem cell factor also have
important roles in early T-cell development,”” and Notchl with
IL-7 induced differentiation of eurly progenitors with lymphoid
and myeloid properties (EPLM) into T-cell lineage is dependent on
CD 117 signaling. In addition to CD44, CD117 expression and the
SCF/CD117 signaling pathway are also required to initiate the
development of several lymphocyte populations.® Notchl is
expressed in long-term HSCs and regulates the self-renewal
activity of long-term HSCs in the osteoblastic niche via Nocilil
receptor ligand Jagged] * However, in the T-cell commitment
process, whether activation of Notch] signaling occurs before or
after EPLMs enter the thymus is still controversial.?' In our
experiments, Norchl expression in CSCs was down-regulated
compared with the non-CSC fraction, suggesting that CSCs were
derived from the EPLM or hematopoietic progenitor cells and that
activation of Notchl may be required to induce T-cell lymphoma
and leukemia. 1t has been shown that a mutation (1(7;9) transloca-
tion) and constitutive activation of Notchi] are frequently observed
in T-ALL.*? Whether activation of NOTCHI signaling and in our
animal model or indeed in ATL patients is related to HTLV-1
infection and Tax expression is still unclear and remains to be
investigated. However, our data suggest and support the view that.
at least in our mouse model, the T-cell Iymphoma and leukemia-
initiating stem cell is derived from an HTLV-I-infected EPLM or
early hematopoietic progenitor cell and suggest that CD44 and
CDI117, if present, in human ATL CSCs could be possible
therapeutic targets for treatment of aggressive disease.

1t has been suggested that HTLV- [-derived Tax gene expression
plays a key role in the development of ATL and particularly in the
early stages of cell proliferation and transformation. Paradoxically,
Tax gene expression is either undetectable or only at very low
levels in fresh uncultured human ATL cells. In our Tax-transgenic
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mouse model, Tax gene expression was also expressed at very low
levels only being detected by sensitive reverse-transcription RT-
PCR assays. In the present study, we found a significant further
down-regulation of Tax gene in the CSCs compared with cells in
the non-CSC fraction. These data support our hypothesis that CSCs
are derived from EPLM or early pro-T cells (so-called DN1). as the
Lek promoter will drive partially from DN2 and completely from
the DN3 stages.* Recent studies have also shown that HTLV-1 can
infect HSCs.” and lentiviral-mediated expression of Tax gene in
human CD347/CD38~ cells resulted in Gy/G; cell-cycle arrest by
P21 and P27 up-regulation and the suppression of multilineage
hematopoietic differentiation.** These results would suggest that
the reacquisition of stem cell properties -in T cell-committed
progenitors might require both Tax expression and CD/I7 and
Notch] reexpression,

In the quantitative real-time PCR analysis, contrary to our
expectations, we found a strong down-regulation of Bmi/ in CSCs,
which has been shown to be involved in the progression of several
malignancies.”” Recently, Miyazaki et al*® reported that Bmil is
required for the survival, the activation of pre-T cell, and the
transition from DN to double-positive cells. Although expression
of Bmil was detected in DN-stage, dependent up-regulation of
Bmil was observed from DN2 to DN4.%5 These data support our
proposal that the CSCs were derived from EPLMs, bul the
mechanism of Briil activation in these cells remains to be
investigated.

At present. the microenvironment of CSCs has not been
clearly identified. Recently, Ishikawa et al reported that acute
myeloid leukemia leukemic stem cells engraft within osteoblas-
tic niche of the BM, and it has been suggested that this may
afford protection from chemotherapy-induced apoptosis.®® In
the present study, we have identified potential BM niches for our
candidate CSCs in the NOD/SCID model. Specifically, we
found that CSCs were located both in the osteoblastic and
vascular niches, but further studies are required to determine
whether the former localization might also contribute to resis-
tance to chemotherapy in our CSCs, and this is currently under
investigation.
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In conclusion, our transgenic and NOD/SCID animal studies
have allowed the identification of candidate CSCs in this model of
ATL. We think that our investigations will both inform and provide
a basis for similar studies on human disease to determine whether
these or equivalent stem cell populations exist and have the same
characteristics. [f successful. this will potentially allow the develop-
ment of new anti-CSC therapeutics, which may provide more
effective treatment for human disease.
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Inhibition of the SDF-1a~CXCR4 axis by the CXCR4 antagonist AMD3100
suppresses the migration of cultured cells from ATL patients and murine

lymphoblastoid cells from HTLV-I 7ax transgenic mice
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Adult T-cell leukemia (ATL) is a T-cell
malignancy caused by human T lympho-
tropic virus type 1, and presents as an
aggressive leukemia with characteristic
widespread leukemic cell infiltration into
visceral organs and skin. The molecular
mechanisms associated with leukemic
cell infiltration are poorly understood. We
have used mouse modeis of ATL to inves-
tigate the role of chemokines in this pro-
cess. Transfer of splenic lymphomatous

duces a leukemia and lymphoma that is
histologically identical to human disease. it
could be shown that lymphomatous celis
exhibit specific chemotactic activity in re-
sponse to stromal cell-derived factor-1«
(SDF-1«). Lymphomatous cells exhibited
surface expression of CXCR4, the spe-
cific receptor of SDF-1x. AMD3100, a
CXCR4 antagonist, was found to inhibit
both SDF-1«—induced migration and
phosphorylation of extracellular signal-
related kinase 1/2. Investigation of cul-

tured cells from human ATL patients re-
vealed identical findings. Using the SCID
mouse model, it could be demonstrated
that AMD3100 inhibited infiltration of lym-
phomatous cells into liver and lung tis-
sues in vivo. These results demonstrate
the involvement of the SDF-1«/CXCR4
interaction as one mechanism of leuke-
mic cell migration and this may provide a
novel target as part of combination
therapy for ATL. (Blood. 2009;114:

cells from transgenic to SCID mice repro-

Introduction

2961-2968)

Adult T-cell leukemia (ATL) is a peripheral T-cell malignancy
caused by infection by human T lymphotropic virus type I
(HTLV-I). This hematologic neoplasm develops in 1% to 5%
of people infected with HTLV-I usually 2 to 4 decades afier
infection. A characteristic manifestation of ATL is extensive
infiltration of leukemic cells into various organs. including lymph
nodes, liver, spleen. lungs. and skin.!? Tissue infiltration likely
reflects certain unigue biologic properties of the leukemic cells, and
although these are poorly understood they may be related 1o the
expression and function of chemokines, chemokine receptors,*”
adhesion molecules,®? and resulting adhesive interactions with
endothelial cells.

Chemokines are a group of structurally related cytokines that
induce directed migration of various leukocyte populations.’®
Chemokine receptors are coupled to bheterotrimeric G proteins and
induce cell movement toward a concentration gradient of the
cbgnute chemokine ligand.!! Chemokines are essential for the
migration and tissue localization of various lymphocyte subpopula-
tions expressing specitic chemokine receptors. Human stromal
cell-derived factor-la (SDF-1«). also known as CXCL12, binds
and signals solely though chemokine receptor CXCR4.!12 CXCR4
is central to stem cell localization. serving as a chemoattractant for
lymphocytes in vitro and in vivo.'® In addition, a recent study
demonstrated that the CXCR4 signal pathway may play a role in

the metastasis of breast cancer cells by inducing chemotactic and
invasive responses. '

Human ATL cells have been shown to produce several chemo-
kines, including macrophage inflammatory protein la (MIP-1w)?
MIP-3a,* MIP-1B.% 1-309.% thymus- and activation-regulated che-
mokine (TARC), and macrophage-derived chemokine (MDC),”
and express the chemokine receptors CCR4,1¥ CCR5.'% CCR7,77
and CCR9.'% and it has been suggested that some of these may be
involved in ATL cell migration and infiltration,

Recently, we have established a model of ATL by generating
HTLV-I Tux transgenic mice with a restriction of transgene
expression to developing thymocytes.!® These mice developed
aggressive leukemic and lymphoma with a characteristic histologic
phenotype showing extensive perivascular infiltration of leukemia
cells into spleen, liver, kidney. lung, lymph nodes, and skin. Flow
cytometric analyses demonstrated that the cells were CD4" and
CD& -, but positive for both CD44 and cytoplasmic CD3 indicative
of a thymus-derived pre-T-cell phenatype. Cells also expressed
high levels of activation markers including CD25. Lymphomatous
cells from these transgenic mice could reproduce identical disease
after intraperitoneal injection into SCID mice. In this study, we
have used the SCID mouse model to investigate molecular
mechanisms associated with leukemic cell infiltration. and have
focused on the chemotactic activity of the lymphomatous cells. We
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Table 1. Clinical and laboratory characteristics of ATL patients

Date of Subtype at WBC Atypical LDH, UL Serum Ca

Case callection Agelsex diagnosis Date of onset {(x10%L} cells (%) (normal range)t (mM)t infiltrated organs

1 10/16/2007 No data Chronic No data 16.8 80 NE NE NE

2 6/9/2000 70/F Chronic 5/22/2000 26.3 34 701 {212-410) 2.20 rB

3 5/3/20038 53M Acute 5/3/2003 30.8 69 1426 (212-410) Normal PB, 8, superficial LN,‘_
LN in the abdominal
cavity

4 11/17/2004 45/F Acute 11/17/2004 65.5 83 307 (119-229) 2.65 PB,S. L, Sp

5 51171998 51/M Acute 2/20/1998 58.8 88 4979 (212-410) 253 PB, Sp

6 11/8/1996 36/M Acute 11/6/1996 37.9 NE 1349 (212-410) 2.28 PB, 8, superficial LN,
L, Sp

NE indicates not examined: PB, peripheral blood; S, skin; L, fiver; Sp, spleen; and LN, lymph nodes.

* Atypical cells were morphologically diagnosed.
+Normal range was changed in 2004,
$Normal range: 8.2-10.2 mg/dL.

could demonstrate that not only primary murine lymphomatous
cells but also human ATL cells exhibit specific chemotactic activity
in response to SDF-la and that this is associated with a specific
interaction with CXCR4 and activation of extracellular signal-
related kinase 172 (ERK1/2) signaling. It could also be shown that
AMD3100, a specific CXCR4 antagonist,”® markedly inhibited cell
migration and phosphorylation of ERK1/2 by SDF-la in both
murine and human cells. In addition, AMD3100 inhibited infilira-
tion of lymphomatous cells into liver and lung tissues in SCID
mice. These results have identified a novel molecular mechanism
associated with leukemic cell migration and provide a framework
for designing new therapeutic strategies for the treatment of ATL.

Methods

Celis

“Fumor cells from spleens of HTLV-[ Tax-transgenic mice. in which normal
splenocytes were replaced with lymphomatous cells, were isolated using a
Lymphoprep kit (Axis-Shield ProC As), and suspended in RPMI 1640
medium. Thereafter. lymphomatous cells (10%mL) were intraperitoneally
injected into SCID mice. At 28 days after injection. (umor cells were aguin
isolated from ascites and spleens of the injected SCID mice. The isolated
tumor cells from SCID mice (primary murine lymphoblastoid [pML] cells)
were harvested and kept frozen untif use. The pML cells were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS;
Hyclone). antibiotics. and 2 mM L-glutamine. and maintained at 37°C in
5% CO, and investigated after 1 or 2 days in culture, As a control, T cells
were isolated from spleens of C537BL/6 mice with a Pan T-cell Isolation Kit
(Miltenyi Biotee). Isolated control Tcells were cultured in the same
conditions as that of pML cells. Leukemic cells from ATL patients who
were diagnosed on the basis of characteristic clinical features and fabora-
tory findings were isolated by Ficoll-Hypaque gradient centrifugation and
kept frozen until use. The cells were cultured for 2 days in RPMI 1640
medium supplemented with 20% FBS (Equitech-Bio), antibiotics, 2 mM
L-glutamine, and | ng/mL interleukin-2 (IL-2: Peprotech EC), and main-
tained at 37°C in 5% COs. Isolated cells contained more than 90% leukemic
cells at the time of analysis. The clinical and laboratory characteristics of
ATL patients are shown in Table 1.

All animal experiments were approved by the Animal Care and Use
Commitiee of the Hokkaido University School of Medicine and the Animal
Care and Use Committee of the National Institute of Infectious Diseases.
Tumor cells from ATL patients were maintained in RPMI 1640 medium
supplemented with 15% FBS (Equitech-Bio). peniciilin G (50 U/mL). and
streptomycin (50 pg/mL:Sigma-Aldrich). Ethical permission for use of
patient-derived cells and pathologic materials was approved by the Ethical
Comnittee of the Qita University Faculty of Medicine and informed
consent was obtained in accordance with the Declaration of Helsinki.

Antibodies and chemicals

Antibodies for phosphorylated forms of pd44/42 mitogen-activated protein
kinase, Akt, p38&. phosphatidylinositol 3 kinase (P13K). and IxB. and total
forms of pd4/42 mitogen-activated protein kinase. Akt and kB were obtained
from Cell Signaling Technology. Anti~-mouse/human CXC-chemokine receptor
4 (CXCR4/CD184) polyclonal antibody was purchased from eBioscience.
Recombinant mouse thymus and activation regujated chemokine (TARC/
CCL17). macrophage inflammatory protein 3 (MIP-3a/CCL20), recombi-
nant murine and human stromal cell-derived factor-1a (SDF-o/CXCL12)
were purchased from Peprotech EC. Recombinant murine regulated on
activation normal T expressed and secreted {RANTES/CCLS) and cutane-
ous T celi-attracting chemokine (CTACK/CCL27) were purchased from
Acris Antibodies. Recombinant mouse secondary lymphoid-tissue chemo-
kine (SLC/Exodus-2) was purchased from Chemicon International. The
CXCR4 antagonist, AMD3100 octahydrochioride, was purchased from
Sigma-Aldrich. Mitogen-activated protein kinase (MEK) inhibitor. U0126,
was purchased from Promega. All recombinant chemokines and antagonists
were dissolved in distitled water, and U0126 was dissolved in dimethy}
sulfoxide. For immunchistochemical staining, monoclonal antihuman/
mouse CXCL12/SDF-1 antibody (1:100: R&D Systems) was used.

Immunoblotting

pML cells were serum-starved for 2 hours, and then lysates from 10° cells
per sample were prepared after stimulation with SDF-1e (100 ng/ml.) at the
indicated time points. Protein content was determined using a Pierce BCA
Protein Assay kit. Equal amounts of protein were separated by polyacryl-

amide gel electrophoresis and transferred onto polyvinylidene difluoride
membranes (Iimmobilon-P: Millipore).

Chemotaxis assay

For cells from both ATL patients and pML cells. the migration efficiency of
cells was assessed using 5-pm-pore Transwell filter membranes (Kurabo).
For each membrane filter, 5 X 106 cells were culmred in 200 pL RPMI
1640 containing 0.36 bovine atbumin. The membrane insert was placed in
the weli of the 24-well plate that contained 500 pl. RPMI medium with
murine recombinant chemokine the noted concentrations. and incubated at
37°C for 2.5 hours. After removal of filter inserts, the number of cells that
had migrated from the upper chamber to the lower well was counted using a
hemocytometer viewed under a microscope. Chemokines used in the assays
are as described in “Antibodies and chemicals.” To examine the effect of
antagonists on SDF-la—induced chematactic activity. cells were incubated
with antagonists for | hour and then loaded in the upper chamber. Migrated
cells were counted using a hemocytometer. The effect of SDF-la on cell
survival was measured by assays of viability at 24 or 48 hours.

Flow cytometry

For quantification of cell-surface CXCR4 receptor expression. pML cells
were incubited for 30 minutes with PE-conjugated rat anti-mouse-CD 184/
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CXCR4 monoclonal antibody (% 200 BD Pharmingen), or PE-unti~rat
feG2b (Beckman Coulter) as an isotype control. The data obtained were
analyzed using Flowjo software (Tree Star).

Reverse transcription and reverse-transcription—polymerase
chain reaction

Total RNA was prepared from pML cells using TRlzol reagent (Gibco-
BRL). Total RNA ¢! jg) was reverse-trunscribed with Omniscript reverse
nanscriptise (QIAGEN), according to the manufacturer’s instructions. Poly-
mierase chain reaction (PCR) was carried out in a volume of 20 pl: initial
denaturation at 94°C for 2 minutes was followed by 30 cycles of 94°C for
15 seconds. 58°C for 30 seconds. and 68°C for 30 seconds. As an internal
control, B-actin was also amplified. The following primers were used: for
Tax. 5'-AGGCAGATGAGAATGACCATGA-3 and 5'-TTTTCACTC-
CCAGGCTCTAAGC-3"; for SDF-la, §5'-CACCGATCCACACAGAG-
TACTTG-3" and 5'-AGCCAACGTCAAGCATCTGA-3": for B-actin,
5 -CTCCTTAATGTCAGCGATTTC-3" and 5'-CAGCCGTGCAACAA-
TCTGAA-3'. PCR products were clectrophoresed in agarose gel. and
visualized using a UV illuminator.

Immunohistochemistry

Tissues were fixed in neutral-buffered formalin (Sigma-Aldrich), embedded
in paraffin, sectioned. and stained with hematoxylin and cosin (H&E). For
immunohistochemical staining. the sections were deparaffinized with
sylene and dehydrated using decreasing concentrations of ethanol. Thereaf-
ter. sections were hoiled in a pressure cooker for 2 minutes in 0.01 M citrate
buffer (pH 6.0} for antigen retrieval. Mouse sections were incubated with
0.3% H-0; in methanol at room temperature for 15 minutes to block
endogenous peroxidase, After washing with PBS. sections were pretreated
with blocking solution A (Histofine: Nichirei Biosciences) al room tempera-
ture for 60 minutes. The sections were sequentially incubated with primary
antibody at 4°C overnight. with blocking solution B {Nichirei Biosciences)
for 10 minutes, and with universal immunoperoxidase polymer (Nichirei
Biosciences) for 10 minutes. The signal was visualized with diamino-3,3'-
diaminabenzidine. For human sections. slides were initially treated with
peroxidase block solution (Duko) for 5 minutes, and incubated with 10%
normal goat serum (Nichirei Biosciences) at room temperature for
60 minutes. The sections were incubated with primary antibody at 4°C
overnighl. and thereafter followed by incubation for 90 minutes with
labeled polymer-HRP antimouse conjugation (Envision system: Dako) and
color development using diamino-3,3'-diaminobenzidine. Tumor cells from
human ATL patients were stained by the Giemsa method to contirm their
morphology. To examine expression of SDF-{a in human lissues infiltrated
by ATL cells liver samples infiltrated by ATL cells from ATL cases (n = 5)
were immunohistochemically examined.

AMD3100 in vivo treatment

SCID myice (6-week-old: nontreated [NT}]) were inoculated intraperitone-
ally with AMD3100 pretreated (AMD™*) or NT pML cells (5 X 107,
5% 10 . and 5 X 10* cells/mice.n = § in each group). In AMD* group, the
pML celis were incubated with 20 pg/mL AMD3100 in RPMI (0.3% fetal
calf serum) at 37°C for 30 minutes as described previously.”! The mice
inoculated with AMD* pML cells were treated with 300 pg AMD3100
daily for 3 weeks (5 days per week) intraperitoneally (AMD-treated mice).
The mice inoculated with NT pML cells were treated with PBS for 3 weeks
(5 days per week) intraperitoneally (untreated mice). The mice were killed
at 23 days after inoculation of pML cells. Genomic DNA of liver and lung
tissues was extracted. and the copy numbers of Tax gene and B-actin gene

were measured by quantitative real-time PCR using QuantiTect Probe PCR -

Kit (QIAGEN). The relative copy number of Tux was represented by the
ratio to the copy number of B-actin gene. The primers used for detection of Tax
genome and B-actin gene were as follows: Tax forward: 5'-aggcagatgacaat-
gaccatga-3', Tax reverse: 5'-ttttcacteccaggetctaage-3', Tax probe: 5'-FAM-
ceccanatateeccegge-TAMRA-3', and beta-actin forward: 5'-caccgatecaca-
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'

cagugtactig-3', B-uctin reverse: 5'-cagtgetgtetggtggtacea-3',
probe: 3'-FAM-cagtaatctecttetgeateetgicageaa-TAMRA-3".

and B-actin

Statistics

Statistical comparisons between experimental groups were analyzed using
the Student 1 test. and for all comparisons a P value less than .05 was
considered significant.

Results
Chemotactic response of pML cells to SDF-1a

Several studies have reported that human ATL cells exhibit chemotactic
activity in response lo the chemokines TARC, SLC, and RANTES.10-12
We examined the chemotactic activity of pML cells in response to
several eytokines and chemokines. Specifically, the pML cell migratory
response to 6 different chemokines, TARC, MIP-3a, RANTES, SLC,
CTACK. and SDF-la, was investigated using a chemolaxis chamber
assay. It could be shown that pML cells had a marked. dose-dependent
chemotactic response to SDF-Ta (Figure [A). The cells also showed a
weak chemotactic response to TARC and SLC, which has been reported
for human ATL cells.”!™2 The migratory efficiencies of pML cells and
control normal mouse T cells in response to SDF-Ta were compared
and it could be clearly shown that the migratory response of pML cells
wus markedly higher (Figure [B).

We examined the effect of SDF-1« on survival of pML cells.
SDF-la had no effect on survival of pML cells after 24- and
48-hour incubation. We also investigated the effect of NF-«xB
inhibitor (BAY65-1942). which induces apoptosis of pML cells at
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Figure 1. Chemotactic activity of pML cells in response to various chemokines.
{A} Chemotactic activity of pML cells in response to chemokines SDF-ta, MIP-3¢,
TARC, SLC, RANTES, and CTACK. Migration efficiency of pML cells was estimated
using a Transwell assay in the presence of various concentrations {2, 20, and
200 ng/ml.) of chemokines. The number of migrating pML cells was counted using a
hemocytometer viewed under a microscope. The results are expressed as the fold
number of the untreated control pML cells. The number below each bar corresponds
to each chemokine: 1, control; 2, TARC; 3, LARC,; 4, RANTES: 6, CTACK: 6, SLC;
and 7, SDF-1a. These results were confirmed by 3 independent expetiments. The
data are presented as mean values = SD. 'P < .05. ""P < .01. (B) Chemotactic
activity of pML cells and normal T cells. The number of migrating cells was measured
as described for panel B in the presence of 0, 2, 20, and 200 ng/mL SDF-1a. The
results are expressed as the fold number of the normal T cells. These resulls were
confirmed by 3 independent experiments. The data are presented as mean
values = 8D.'P < .05; "' P < 01,
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Figure 2. CXCR4 expression on the surface of pML cells and SDF-1«-induced CXCR4 translocation. (A) Flow cytometric analysis of cell-surface expression of CXCR4 in
pML cells. CXCR4 was detected by incubating cells with PE-conjugated rat anti-CXCR4 antibody. Red line represents CXCR4 expression, and gray area represents the result
of staining with isotype-matched control antibody. (B) CXCR4 expression on pML cell surface. Cells were treated in the presence (blue dot line) or absence (red line) of
100 ng/mL SDF-1«. After a brief wash. cells were incubated with the same antibody as used in Figure 2A. The gray area represents staining with isotype-matched control
antibody. (C) Total cellular protein level of CXCR4 in the presence ( +) or absence (- ) of SDF-1a (100 ng/mL) for 5§ minutes. (D) SDF-1a—~induced phosphorylation of ERK1/2 in
pML cells. pML cells were treated before lysis with 100 ng/mL SDF-1a. for the indicated times. Cell lysates were analyzed by immunablotting analysis with anti-phospho-ERK,
—total ERK, —phospho-AKT, —total AKT, —phospho-PI3K, —phospho-P38, —phospho-l«Bu, —total [xBa, or —3-actin antibodies. (E) Expression levels of cellular surface CXCR4 in
pML cells after treatment with AMD3100. Cells were pretreated with 25 j.g/mL AMD3100 for 1 hour, and then stimulated with SDF-1a for 5 minutes (black dot line). Cells were
also stimulated exclusively with SDF-1« (blue dot line) or were untreated (red line). The gray area represents staining with isotype-matched control antibody. (F) Expression of
total CXCR4 protein with (+) or without (- ) AMD3100 treatment. The lysates from treated cells were analyzed by immunoblotting with anti-mouse/human CXCR4 polyclonal
antibody. (G) Phosphorylation of ERK1/2 in pML cells with or without AMD2100 treatment. After pretreatment with AMD3100 (25 j.g/mL) for 1 hour, cells were stimulated with
SDF-1a for the indicated times (0, 5, 30, 60, and 120 minutes). The cellular lysates were analyzed by immunoblotting. In the lane at the right, the cells received no AMD3100
treatment but were stimulated with SDF-1a. (H) Migration assay of pML cells using AMD3100 at various concentrations (0, 0.25. 0.5, and 1.25 p.g/mL). pML cells were
preincubated for 60 minutes with AMD3100 at the indicated concentrations, and then subjected to the migration assay in the presence of 100 ng/mL SDF-1a. The data were
presented as a relative ratio of migrating cells: the number of migrated cells in the presence of AMD2100/the number of nontreated cells. These results were confirmed by
3independent experiments. The data are presented as mean values = SD.*P < .05.""P < .01.

Intracellular signal pathways regulated by SDF-10/CXCR4 in
pML celis

24 hours after incubation, to determine whether SDF-la might
reverse this. More than 80% of the pML cells were dead at 24 hours
after incubation with BAY65-1942, and it could be clearly shown
that SDF-1a could not reverse the effect of the inhibitor and permit
the survival of the pML cells (supplemental Figure 1. available on
the Blood website; see the Supplemental Materials link at the top of
the online article).

SDF-la is known (o activate the ERK1/2 pathway. ERK1/2 is a
downstream effector of the MEK-dependent signaling cascade, and
the MEK-ERK pathway is an important mediator of chemotaxis in
many cell types.”*?* To confirm whether SDF-Ia treatment acti-
vates the MEK-ERK pathway in pML cells. we initially examined
phosphorylation of ERK1/2. Immunoblotting with phospho-ERK
antibody revealed that SDF-la treatment led to a rapid activation
of ERK /2 (Figure 2D), with phosphorylation of ERK1/2 evident
within | minute and peaking at 5 minutes after SDF-la exposure.

Cell surface localization of CXCR4 in pML cells

Flow cytometry analysis was used to examine expression of CXCR4,
which is the specific receptor for SDF-1a on pML cells. and it could be

shown that CXCR4 was localized on the cell surface (Figure 2A).
Chemokine binding to their cell surface receptors is known to lead to
internalization of the receptor-ligand complex. with subsequent activa-
tion of intracellular signal cascades.”> To investigate the effect of
SDF-1a on CXCR4 expression. we analyzed CXCR4 localization after
treatment with SDF-1« (100 ng/mL). It could be demonstrated that
treatment with SDF-la down-regulated CXCR4 surface expression
(Figure 2B). Total expression levels of CXCR4 protein were unaffected
(Figure 2C). demonstrating that cell surface CXCR4 in pML cells was
internalized upon exposure to SDF-Ia.

This was sustained at least until 120 minutes. No significant changes
were observed in total ERK protein expression over this time period
(Figure 2D). These results were consistent with a previous study in
which SDF-1a was shown to promote internalization of CXCR4 and
activation of ERK1/2 in multiple myeloma cells.” Phosphorylation of
ERK /2 was found to be abrogated by the MEK inhibitor U0126, even
in the presence of SDF-la (supplemental Figure 2A), and about 40%
decrease in the migration of pML cells was observed in chemotaxis
assays (supplemental Figure 2B). To further analyze CXCR4/SDF-1a—
mediated intracellular signaling. we investigated whether SDF- 1«
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Figure 3. Chemotaxis of human ATL cells in response to SDF-1«. (A) The migration assay of human ATL cells freshly prepared from frozen stocks of ATL patient's
peripheral blood mononuclear cells and cultured for 2 days. Human ATL cells were also examined for chemotactic activity in response to SDF-1«, using recombinant human
SDF-1a. After incubation with SDF-1a for 2.5 hours, the number of the cells migrating to the lower chamber was counted using a hemocylometer.
(B) Phosphorylation of ERK1/2 after stimulation with SDF-1a (100 ng/mL for 5 minutes) in human ATL cells with or without AMD3100 pretreatment (25 pg/mL for 1 hour).
(C) The inhibitory effect of AMD3100 on the migration of human ATL cells. Human ATL cells were preincubated for 60 minutes with the indicated concentrations of AMD3100,
and then applied to the migration assay in the presence of 100 ng/mL SDF-1.. The number of the migrating cells was counted, and represented in the bar graph as a relative

ratio of migrated to nontreated cells.

activated other molecules downstream of CXCR4. In contrast to
ERK1/72, phosphorylation of several other molecules, including PI3K,
AKt, p38, and IkBa, was not significantly affected (Figure 2D). These
results demonstrate that SDF-1a exclusively activates the MEK-ERK
pathway in pML cells.

Effects of the CXCR4 antagonist AMD3100 in pML celis

We investigated the effect of the selective CXCR4 antagonist
AMD3100 on chemotaxis and ERK1/2 signaling. As previously
shown, CXCR4 surface expression was down-regulated by SDF-{«
treatment (100 ng/mL); however, this inhibition was abrogated by
AMD3 100 veatment (25 pg/mL; Figure 2E). Total levels of CXCR4
protein expression were unchanged by AMD3100 treatment (Fig-
ure 2F). We also examined whether AMD3100 affects phosphoryla-
tion of ERK1/2, and it could be demonstrated that phosphorylation
was markedly decreased (Figure 2D,G). SDF-1la—induced migra-
tion activity of pML cells was assayed in the presence of AMD3100
and compared with untreated cells, and migration was found to be
inhibited 79% and 91.2% in the presence of 0.25 and 1.25 pg/mbL
AMD3100, respectively (Figure 2H). These results show that
AMD3 100 inhibits the migration of pML cells in a dose-dependent
manner by inhibiting the MEK-ERK pathway downstream of
CXCR4-SDF-1a.

Chemotaxis of celis derived from ATL patients in response to
SDF-1o

To determine whether the results of our mouse model accurately
reflected human disease, we analyzed chemotactic activity of
leukemic cells from 6 ATL patients after short-term culture (2 days)
in response to SDF-lo. Clinical and laboratory information relating
to the patients is summarized in Table I. Phenotypic analysis of the
leukemic cells showed that all cell populations were CD4+/CD25 7,
and Giemsa staining clearly demonstrated typical features of ATL
with cells having enlarged nuclei, often with lobulation, compared
with normal peripheral blood lymphocytes (data not shown). All
of the ATL cells exhibited chemotaxis in response to SDF-l«
treatiment in a dose-dependent manner (Figure 3A). In addition,
immunoblotting revealed that SDF-la—induced phosphorylation of
ERK1/2 occurred in 4 of the 6 ATL cases examined (Figure 3B);
immunoblotting studies in the 2 remaining cases could not be
carried out due to insufficient amounts of cell lysates. AMD3100

treatment of the human ATL cells strongly blocked phosphorylation
of ERK 172 (Figure 3B) and abrogated cell migration (Figure 3C).
These results clearly demonstrate involvement of the SDF-1a/
CXCR4-ERK pathway in human ATL cell migration, and the
inhibitory potential of AMD3100.

SDF-1a expression in tissues

SDF-l« is constitutively expressed in numerous tissues in mice.”®
We confirmed expression of SDF-la mRNA in various organs,
including brain, heart, lung, liver, spleen. and kidney. However, we
were unable to demonstrate a positive signal for SDF-1a mRNA
expression in pML cells (Figure 4A). To examine the presence of
SDF-1a protein, we used 2 different antibodies for tissue analysis,
and could detect positive signals using a monoclonal anti-CXCL 12/
SDF-1 antibody. Weak immunopositive signals for SDF-la protein
were observed in epithelial cells of mouse liver hepatic ducts
(Figure 4B-C): no positive signals were observed in control
experiments that used normal mouse IgG instead of primary
antibody (data not shown). In HTLV-l Tax transgenic mice,
leukemic cell infiltration was readily observed in areas surrounding
the SDF- la—immunopositive hepatic ducts (Figure 4D-E).

In ATL patients, SDF- la—immunopositive signals were readily
detected in the epithelial cells of hepatic ducts that were surrounded
by infiltrating leukemic cells. (Figure 4F-G). We also observed
SDF-Ta immunostaining in epithelial cells of regenerative hepatic
ducts in regions infiltrated by leukemic cells (Figure 4H-D).
Infiltrating cells were also detected in the portal triad region, and
again specifically around the hepatic ducts where epithelial cells
were positive for SDF-la (Figure 4F-I). We also performed
immunostaining with anti-SDF-la antibody of control disease-
free human liver samples, and immunopositive staining was also
detected in hepatic duct epithelial cells (Figure 4)-K).

Inhibition of pML cell invasion by AMD3100 in vivo

We performed in vivo experiments to determine whether
AMD3100 could inhibit leukemic cell invasion in SCID mice.
The mice were inoculated intraperitoneally with AMD3100
pretreated (AMD™) or nontreated (NT) pML cells (5 X 102,
5% 10% and 5 X 10% cells/mice, n = 3 in each group). The mice
inoculated with AMD™* pML cells were treated with AMD3100
(AMD-treated mice), and control mice inoculated with NT pML
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Figure 4, Tissue expression of SDF-1a. (A) The expression levels of SDF-1u
transcripts in various tissues of C57BL/6 mice. including brain, hean. lung, liver,
spleen, kidney, and intestine with or without reverse transcriptase (RT) reaction. In
the lane at the right, the expression level of SDF-i« transcripts in pML cells was also
examined. 8-Actin was used as an internal control. Vertical lines have been inserted
to indicate a repositioned gel lane. {B-K) immunohistochemical analysis of SDF-1a
protein. H&E staining (B.D) and immunostaining (C.E) of SDF-1« in bile ducts from a
normal C57BL/6 mouse (B-C) and in a bile duct surrounded by infiltrating tumor celis
from a HTLV-| Tax transgenic mouse (D-E). Black arrows indicate the same bile duct
in seriatl sections for panels B and C and panels D and E. Bars indicale (B-C) 20 um
or (D-E} 50 um. immunchistochemical analysis of SDF-1a protein in liver bile ducts
from ATL patients (F-1) and a patient without ATL (J-K). Serial sections of H&E-stained
tiver from ATL patients (F.H) were examined with immunostaining using anti~-SDF-1a
antibody (G,). Black arrows indicate the same bile duct in serial sections for panels
F and G and panels H and |. Serial sections of (J) H&E-stained liver from a patient
without ATL were also analyzed for (K) SDF-1a expression. Black arrows indicate
serial sections of the same bile ducts for panels J and K. Bars indicate 50 pm. Brown
indicates immunopositive reaction {C £.G | K).

cells were treated with PBS (untreated mice) for 3 weeks
(5 times per week) through intraperitoneal injection. The mice
were killed at 23 days after pML cell inoculation. Invasion of
pML. cells containing the HTLV-I Tax gene into liver and lung
tissues was examined using quantitative real-time PCR. The
relative copy number of Tax was represented by the ratio to the
copy number of B-actin (Figure 5). In the pML cell-inoculated
group (5 X 10%), the Tax gene was not detected in the Jiver of
either AMD-treated or untreated mice (n = 5 in each group).
whereas Tax was exclusively detected in one lung tissue of
5 untreated mice (Figure 5). When the mice were inoculated
with 5 X 10% pML cells, the ratio of Tax genome to B-actin gene
was significantly inhibited in AMD-treated mice in both liver
and lung tissues compared with untreated mice. Furthermore,
Tux was detected in all of the untreated mice (n = 5). whereas
this was not detected in any of the AMD-treated mice (n =5,
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Figure 5. Inhibition of pML celf invasion by AMD3100 in vivo, infiltration of pML
cells to the liver (A) and lung (B) was inhibited by AMD3100 treatment. SCID mice
inoculated with pML cells (5 » 102, 5 % 103, and 5 < 104 celis/mice) were treated
with either AMD3100 (AMD treated) or PBS (untreated) for 3 weeks (5 times per
week) through intraperitoneal injection. Infiltration of pML cells that contain the HTLV-I
Tax gene into liver and lung tissues was examined using quantitative real-time PCR.
The relative copy number of Tax genome of the group (inoculated with 5 x 102,
5 x 10% and 5 » 10* pMLcells) was represented by the ratio to the copy number of
B-actin in liver (A) and lung (B) tissues. The ratio of Tax-positive mice/total number of
mice was represented on the right side of each bar {(mean = SE).

Figure 5). No significant differences were observed between
AMD-treated and untreated mice (n = 5. in each group) that
were inoculated with 5 X 104 pML cells (Figuwre 5). Thus,
CXCR4/SDF-1« plays a key role in migration of ATL cells in
vivo and AMD3100 inhibits infiltration of pML cells into liver
and lung. The results also show that the inhibitory effect of
AMD?3100 on tissue infiltration of pML celis is infiuenced by the
numbers of inoculated pML cells.

Discussion

Patients with aggressive ATL characteristically display symptoms
of leukemic cell infiltration in multiple organs including skin, bone
marrow, spleen, liver, fung. and brain. However, the mechanisms of
ATL cell infiltration are poorly understood. Chemokines are small
secretory proteins that control migration and activation of leuko-
cytes and other types of cells through interaction with a group of
7-transmembrane-domain G protein—coupled receptors (GPCRs).
It is known that chemokines may also promote cellular growth and
survival and have been associated with metastasis in several
malignancies. Specifically it has been shown that breast cancer
cells express CXCR4, and high concentrations of SDF-la are
typically present at metastatic sites of breast cancer. The interac-
tion between SDF-1a and CXCR4 has also been implicated in bone

metastasis in prostate cancer.?’



