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Fig. S2. Colocalization of wild-type Ikaros and adult T-cell leukemia-type Helios.

Fig. S3. Dominant-negative inhibition of Hel-6, Hel-v1, and Hel-v2 in the suppressive activities of wild-type Helios and Ikaros.
Fig. S4. Downregulation of the expression of Helios mRNA in HTLV-1-positive T cell lines.

Fig. S5. Overexpression of abnormal Helios isoforms lacking exon 6 in adult T-cell leukemia samples.

Fig. S6. Relative value of Helios transcripts skipping exon 3 to all is upregulated in primary adult T-cell leukemia cells.

Fig. S7. Upregulated expression of Hesl in primary adult T-cell leukemia cells.

Table S1. Clinical characteristics of adult T-cell leukemia patients and HTLV-1 carriers.

Table S2. Primer list and probe sequences. -

1106 doi: 10.1111/cas.12181
© 2013 Japanese Cancer Association



ATL FERICHIICMEORRBE SESRRITECD & D<ENEIRAHIOBRICRT DR

179

frontiers in
MICROBIOLOGY

EDITORIAL
published: 18 June 2013
doi: 10.3389/fmicb.2013.00156

Forefront studies on HTLV-1 oncogenesis

Renaud Mahieux?3*** and Toshiki Watanabe®*

! Equipe Oncogenése Rétrovirale, CIR! Inserm U1111-CNRS UMR5308, Paris, fFrance
2 Fquipe Labellisée “Ligue Nationale Contre le Cancer”, CIRI Inserm U1111-CNRS UMR5308, Paris, France
3 International Center for Research in Infectiology, INSERM U1111 - CNRS UMR5308, Paris, France

4 Ecole Normale Supérieure de Lyon, Lyon, France
5 Université Lyon 1, Lyon, France

6 | aboratory of Tumor Cell Biology, Department of Medical Genome Sciences, Graduate School of Frontier Sciences, The University of Tokyo, Tokyo, Japan

*Correspondence: renaud.mahieux@ens-lyon.fr; tnabe@ims.u-tokyo.ac.jp

Edited by:
Akio Adachi, The University of Tokushima Graduate School, Japan

Almost 40 years ago, Takatsuki et al. recognized the existence
of a peculiar T cell leukemia in Kyoto, Japan that they named
Adult T Leukemia (ATL). They reported a series of 13 patients
in 1976 (Uchiyama et al., 1977). In 1980, the group of Gallo
reported the discovery of a human oncogenic retrovirus that they
named Human T cell Leukemia Virus type 1 (HTLV-1) in cells
obtained from two US patients classified as mycosis fungoides and
Sezary syndrome (Poiesz et al., 1980), but who were, in retrospect,
probably suffering from ATL [for an historical perspective see
(Takatsuki, 2005)]. Shortly after, the groups of Hinuma (Miyoshi
et al., 1981) and of Yoshida (Yoshida et al., 1982) uncovered
the presence of HTLV-1 in cells obtained from ATL patients.
In 1985-1986, two groups independently reported that a neu-
rological disease named HTLV-1 Associated Myelopathy/Tropical
Spastic Paraparesis (HAM/TSP) was also caused by HTLV-1
(Gessain et al., 1985; Osame et al., 1986). Since then, other
inflammatory diseases (uveitis, infective dermatitis) have also
been linked to this viral infection. Other members of the HTLV
family (i.e., HTLV-2, HTLV-3, and HTIV-4 have also now been
reported, none of them being clearly associated so far with an
oncogenic process or a neurodegenerative disease (Kalyanaraman
et al., 1982; Calattini et al., 2005; Wolfe et al., 2005).

Almost 10 years ago, ours colleagues Kuan Teh Jeang and
Mitsuaki Yoshida organized a special issue on HTLV infection in
Oncogene. In setting up this issue, we cannot forget the memory
our friend Teh.

We called upon the expertise of different research groups from
Europe, Japan, and USA. However, we regret that the format of
this issue prevented us from soliciting many other colleagues. The
following reviews will deal with many fascinating aspects of viral
cycle, but summarizes also new approaches that should allow a
better integrated research.

A first group of articles provides information about HTLV-
1 epidemiology and associated-pathogenesis. The article from
Gessain and Cassar provides an updated view on HTLV-1 dis-
tribution, based on data obtained from 1.5 billion individuals
originating from endemic areas (Gessain and Cassar, 2012).
Iwanaga et al. focused their review on ATL epidemiology and
show its peculiar characteristic [age at onset, risk factor, provi-
ral load, etc. (Iwanaga et al,, 2012)]. Yamano and Sato provide
an interesting perspective on HAM/TSP physiopathology, and
remind us that optimal therapeutic treatments are still lacking

for those patients (Yamano and Sato, 2012). The review by
Kamoi ad Mochizuki summarizes our current knowledge on
HTLV-1 uveitis, which is the most common cause of uveitis
in endemic areas (Kamoi and Mochizuki, 2012). Going deeper
in the pathological mechanisms linked to HTLV-1 infection,
Yamagishi and Watanabe summarize recent data showing that
ATL cells express abnormally low levels of a cellular oncosup-
pressor miRNA and display some epigenetic changes on the
promoter of genes critical for cell cycle (Yamagishi and Watanabe,
2012).

A second group of articles summarizes the interaction between
the virus and the host’s cells. Before causing diseases, HTLV-1
has to enter the cell. However, the mechanisms of HTLV-1 trans-
mission and cell entry have remained elusive for a long period
of time. Pique and Jones have summarized recent insights about
those mechanisms both at the cell level but also between indi-
viduals (Pique and Jones, 2012). HTLV-1 associated diseases are
linked to the fact that HTLV-1 evades both adaptative and innate
immune responses. Kannagi et al. provide us with an exciting
review, which explains us how the virus evades the interferon
response, but also that dysfunction of the CTL response might be
a risk factor for disease development in infected carriers (Kannagi
etal, 2012).

A third group of articles reports data on individual viral pro-
teins that play important roles in the viral cycle and/or in patho-
genesis. Nakano and Watanabe remind us the important role
played by Rex, which uses cellular pathways to export unspliced or
singly spliced viral mRNAs in the cell cytoplasm, therefore allow-
ing expressing of structural proteins (Nakano and Watanabe,
2012). Currer et al., Zhao and Matsuoka focused their attention
on Tax and HBZ, two viral proteins that play important roles in
the control of viral transcription and oncogenesis (Currer et al.,
2012; Zhao and Matsuoka, 2012). Finally, Bai and Nicot provide
an overview on 4 auxiliary viral proteins (p12, p8, p30, and p13),
which are required for establishing a persistent infection in vivo
(Bai and Nicot, 2012).

Finally, Duc Dodon and colleagues remind us that study-
ing HTLV-1 pathogenesis requires animal models (Dodon et al.,
2012). Rabbits, rats, transgenic mice, and monkeys have been
used in the past. However, recent approaches using human-
ized mice might represent an interesting alternative for studying
HTLV-1 associated diseases.
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SUMMARY

How hematopoietic stem cells {HS5Cs) produce
particular lineages is insufficiently understood. We
searched for key factors that direct HSC to lympho-
poiesis. Comparing gene expression profiles for
H5Cs and early lymphoid progenitors revealed that
Satb1, a global chromatin regulator, was markedly
induced with lymphoid lineage specification. HSCs
from Satb1-deficient mice were defective in lympho-
poietic activity in culture and failed to reconstitute
T lymphopoiesis in wild-type recipients. Further-
more, Satbt transduction of HSCs and embryonic
stemn celis robustly promoted their differentiation
toward lymphocytes. Whereas genes that encode
lkaros, E2A, and Motchl were unaffected, many
genes involved in lineage decisions were regulated
by Satbi. Satbt expression was reduced in aged
HSCs with compromised lymphopoietic potential,
but forced Satht expression partly restored that
potential. Thus, Satb1 governs the initiating process
central to the replenishing of lymphold lineages.
Such activity in lymphoid cell generation may be
of clinical importance and useful to overcome
immunosenescence.

INTRODUCTION

To maintain the immune system, hematopoistic stem cells
{HSCs) differentiste o lymphoid-primed multipotent progeni-
tors {LIIPEs) and then to lymphoid-specified progenitors in a
process accompanied by the loss of erythroid-megakanyocyte
and myeloid potential (Adolffsson et al, 2005 Lai and Kondo,
2008). Accumulating evidence has suggested that combina-
tions of transcription factors coordinately and sequentially

@ TrmasMark

regulate lymphopoiesis, Five transoription factors, PULT, karas,
E2A, EBF, and Pax® are higrarchically involved in the early
steps of B-lineage differentiation {Medina et al., 2004} Whersas
EBF and Pax5 specifically act in B-lineage-determined progen-
flars, PU.T and lkaros are exprassed in earlier hamatopoietic
progenitors and involved in multiple lineage decision processes
{Scott et al., 1897; Yoshidz &t al., 2006). E24, an indispensable
factor for B lymphopoiesis, can also affect T lymphocyte
formation by regulating Notchl expression (kaws et al,
2006). Furthermore, recent reports have shawn that E2A pro-
teins are expressed in primitive hematopoietic progenitors
and play a critical role in early lymphoid specification (DHas
et al, 2008; Yang et al., 2008; Semerad &t al,, 2008}, However,
whether the mitiation of lymphoid differentiation is regulated
entirely by transcription factors in & hierarchical manner
remaing unclear.

The immune system changes qualitatively and quantitatively
with ontogeny and age {Miller and Allman, 2005, Mortacino-
Fodriguez and Dorshkind, 20065 Ihdeed, lymphocyte pro-
genitors expand substantially in the fetal liver {FL), but their
production shifts to bone marrow (BM) and becomes stable after
birth. With age, replenishment of the adaptive immune systam
declines {Rossi et al, 2005 Sudo et al., 2000 Qualitative
changes in lymphopoietic activity of HSCs are reflected in
in vitro cell-culture experiments. If key inducers in early lymphoid
lineages can be identified, they will be useful for expanding ym-
phocytes in culture for clinical purposes. Additionally, manipu-
tating the expression of relevant genas might boost the immune
gystem of immunocompromised and elderly people,

We have developed a method to sort early lymphoid progeni-
tors (ELPs) from Ragi-GFP reporter mice {Igarashi et al., 2002;
Yokola ot al., 20033). ELPs expressing Ragl are present in the
Seat ekt HSC-enriched fraction; they displayed high B and
T lymphopoietic potential, but limited myeloervthreid potential
and self-renewal ability. In contrast, Ragl Scal’c-kit"™ HSCs
sffectively reconstifute and sustain the lymphohematopoistic
system for long periods in lethally irradiated recipients. We con-
dusted gene array comparisons between those two fractions

Ievmunity 38, 1105-1115, June 27, 2013 ©2013 Elsevier Inc. 1105
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A, receptors important for B or T lymphocyte differentiation in the
’ 1 N Yw@ EL# fraction. In addition to discovering many signal transduction
Bod . kinases with unknown functions in lvmphopoiesis, our search

Satbf exprassion

k.

s

v D) g
Bégi P - Ragr.gep S2150" CD1SO
LEK Ragi-GFF- LBK

Figure 1. Satb1 Expression Lovels Change with Ditforentintion and
Boaging of HSCs

HECs, LMFPP, ELP, CLP, and the mysloid progenifor-ensdched fractions were
sorted from BB of 8- to 10-week-old Rag1-GFP knookin or WT mice according
fo cell surface markers and GFP expression (see Experimental Procedures),
and trapmenipts for Sath T wers quanitatively evalusted with real-lime BY-PCR,
B) The LEK Ragl-GFP and LEK Ragl-GFP” fractions (ot pang or the
CD1S0° LSK Rag1-GFP and CO150 LEK Bagl-GFP fractions {right panel)
ware sorbed from Seweek-old or Boyear-old Ragl-GFP knockin mica,
respectively. Then Sefh] expression was evalfusted with resl-time RT-PCR.
The Sath? expression values were mormelized by Gapdh sspression and
shown in each panel, Each data represents fwo independent examinations
gt showed essenfially the same resulis (Figure 12 see also Figue 51 and
Takie 51}

with the goal of discovering molecules involved in the transition
af H8Cs to lymphoid lineages.

Herein, we showed that special AT-rich sequence binding 1
{Satb1}, a nuclear architectural protein that organizes chromatin
siructure, plays an important role in lkmphoid lingage specifica-
tion. In paraliel with or ahead of key transcription factoss, the
expression of Satb] increased with sarly lymphoid differentia-
tion. In functional assays, lymphopoietic activity was compro-
miged in Satbi-deficient hematopoietic cells, but the induced
expression of Sath1 strongly enhanced Iymphocyte production
from HSCs. Furthenmore, exagenous Sath] expression primed
tymphoid potential even in embryonic stem cell (ESC)-derived
mesoderm: cells and aged BM-derived HSCs. Global analysis
of potential Satb1 target genes identified a number that may
have oritical roles in early ymphopoiesis, The findings demon-
strate that the earliest steps in ymphopoiesis are regulated by
an epigenetic modifier and indicate how modulation of the pro-
cess might be used to induce or rejuvenate the immune system.

RESULTS

Profiling Gene Expression of Rag1® ELP in Fetal Liver
We sorted the Rag1'® c-kit™ Scal’ ELP fraction and the Rag1
c-kit™ Boal® HBC-enriched fraction with high purity from E14.5
FL of Ragi-GFP knockin heterozygous embryos and performed
genie arrays. We found that transcripts of Trbv14 and fghm genes
were upragulated even in very early lymphoid progenitors (see
Table 31 available onling]. Furthermore, we detected increased
expression of 7r, Motch, and Fif3 genes encoding cell surface

106 Immunity 38, 1105-1115, June 27, 2013 £2013 Elsevier Inc.

identified Lok and Xirdb genses as being involved in lymphaid
differentiation signals. Transcripts for some of these lymphoid-
related genes had already been detected in the Bagl HSC-
enriched fraction [see the microamray data; accession number
CBXT3). These results suggest that iymphoid-lineage specifica-
tion begins even before the emergence of Rag1'” ELP. Addition-
ally, the microarray data identified new candidate genes that
rmight be important for early lymphoid development.

Expression of Batb7 Increases with Early Lymiphoid
Specification and Declines with Age
Our major goal was to find key genes involved in the specification
of lymphoid fates. Because the microarray data showed that
expression of varous lvmpheid-related genss was activated
before the ELP stage, we hypothesized the existence of a modu-
lator that synchronousty regulates multiple genes. Among the fist
in Table 51, Sath{ attracted attention because it was originally
idertified as a protein binding to the enhancer region of the Igh
gene and laber shown to play a oritical rale in T cell development
tAlvarez et al., 2000; Dickinson &t al., 1992), Additionally, recent
studies had demonstrated that it serves as a master regulator for
many genes, incleding cytokines, cytokine receptors, and tran-
scription factors (Cai et al., 2006 Han et al, 2008; MNotani
et al., 2010 Yasui et al, 2002

To explore possible relationships between Satbi and early
ymphopoiesis, we examined its expression in primitive hemato-
potetic progenitors. The MSC-gnriched Rag1-GFP FIt3  linsags
marker-negative (Lin™) Scat® o-kit™ (LSK) fraction, the LMPP-
enriched fraction, the ELP-erriched fraction, the common
Iymphoid progenitor (CLPj-enriched fraction, and the mysloid
progenitor-enriched Lin  c-kit™ Scal fraction were sorted
fram Bl of 8- to 10-week-old mice, Transcripts for SaibT were
then guantitatively evaluated with real-time BT-PCR. Sathi
expression increased substantially when HSC differentiated
into LMPP and ELP (Figure 1A). This trend matched that of other
early lymphoid lineage-related genes including those that
encade PLLYT (ST, Ikaros (Tkafi), BE2A (Tef3), and Notchi {Fig-
ure B1) Importantly, in contrast ta its expression in the mphoid
lineage, Sath? expression was shut off when HSC differentiated
to committed myeloid progenitors. These results suggest that
Sath1 is potentially involved in early ivmphaoid differentiation.

Lymphopoietic activity becomes compromised during aging.
Accurmulating svidence suggests that the esrlisst lymphoid
progenitor pools proximal to HSC are deficient in aged BM
freviewed by Miller and Aliman, 2005}, Indeed, the Ragl® ELP
population markedly decreases with age (data not shown). The
downregulation of genes mediating lymphoid specification and
function is fikely a major cause (Rossi et al., 2005). Because
Sath? has been listed in microarray panels as a downregulated
gene in aged HSG (Chambers et al., 2007; Bossi ef al., 2008),
we sorted Rag1-GFP~ LSK and ELP-enriched Bag1-GFP* LBK
from BM of G-wesk-old or 2-year-old Rag1-GFP heterosyvgous
mice and examined their expression. in agreement with previous
studies, our real-time AT-PCR identified an approximate 50%
reduction of Sath transcripts in aged Rag1-GFP - LSK cells (Fig-
ure 1B, left pansl. The few ELP recovered from aged mioe
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Figure 2. Sath1 Deliciency Allers Lymphoid
and Myeloid Activities of Hemslopsistic

StemyProgenitar Cells in Culture

Lin™ catls ware isnlated from FL of E14.5 Satb ™
embryos o their WT iftermates,

(A3} Calls were coculured will OF3-DL1 stromal

cells for evaluation of Tineage differantiation, (&)
Flowe cytomstry results sre shown for calls recav-
ered on day 14 and stainsd for CD44 and CO2G
IL-2R=. (B) Frequensies and absolute numbers of
each phenotype were caloulated. O A 2imilar
ariysis wias pedormed for G4 ang CO8 bearing
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reyednid lineage potentials and representative dats
are ghown for day ¥ of cufture.

{F3 In paraiiel, the Lin™ cells wers evalugted with
mathylcelulose colony assays. Each dish con-
tained 1,000 sorted culls and colony counts were
parfarned an day 10. The bars dicate nurmbers
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expressed amounts of SathT comparable to those in ELP from
young mice. Recent purification methods for HSC with CD150,
a SLAM family receptor that marks HSC even in aged BM (Yiimaz
et al., 2006}, identified an approximate 80% reduction in Sath?
transcripts in aged H3C compared with ones from young mice
Figurs 18, rght panal]. Thess observations suggest that Satb?
may be a key moleculs refated to immunosenescence.

Sath1 Deficiency Reduces the Lymphopoietic Activity

of Hematopoietic Stem and Progenitor Cells

T cell development in the thymus is impaired in Sath? ' mice
{Slvarez et al., 2000). Although the profile of B220, immunoglob-
ulin M {lght), and gD expression appears t© be unaffected in
the Sath?™'~ spleen, the total number of B cells is reportedly
reduced o approximately 25% of wild-type (WT) at 2 weeks of
age {Alvarez et al,, 2000). We have determined that the number
and frequency of cells that can be recovered fram lymphoid
organs were reduced in E18.5-18.5 Sathl™'~ fetuses, Body
sizes of Sath1 ™ fetuses wers not different from WT and hetero-
zygous littermates (Figures 824 and S528).

We then sorted Lin  cells from FL of Sath? ¥ mice or their
WT littermates and cultured them with stramal cells that suppaort
wmphopoiesis. T cell differentiation can be recapitulated in vitro
with hematopatetic cells cultured with OP3 expressing the Notch
ligand Delta-like 1 {OP3-DL1). Under these cocutture conditions,
the differentiation patterns of WT and Satb? /' Lin  celis differed
significantly (Figures 2A and 2B}, The majority of Sath1~ cells
wers arrested inthe CD34™CDEE™ stage and did not differentiate

CFLLGM CFUM GFLLG BFUE CRUGEM

maturation of the CD4 CD8  double-
negative [DM) into CD4'CDEY double-
positive {DF) cells and subsequently into
either the CD4™ or the CDE™ single-positive cells. However,
more than half of the Sstb? * cells were amested in DN stages
even after the IL-7 reduction, and their differendiation to the DP
stage was aberrantly skewed toward CD4CDB ™ (Figure 20).

Bubstantial differences were alao observed in B-lineage cell
production. o cocubture with M85, which supports B and
myeloid lineages in the presence of SCF, Fit3-ligand, and IL-7,
Satb? * progenitars exhibited significant reductions in B-lym-
phopoistic potential (Figures 2D and 2E). Coculiure with OPg,
which originated with M-CSF-deficient mice and supported the
B lineage prédominantly, also vielded reduced B/myeloid ratios
with Satb? / progenitors (Figure S2C). Essentially the same
results were obtained when cultures were initiated with LBK
Fit3™, more stringently purified HEC (Figure 52D, 2E). In addition,
B cell lineage output was also reduced when Sath?™™ LMPP
or CLP were cultured {Figure S2F). In contrast, the myeloid
potential was retained in Satb? ¢ progenitors (Figures 2D
and 2E) Indeed, the Lin~ fraction of E14.56 Satb1' FL
gonmtained more myeloid-erbiroid progenitors than that of the
WT control {Figurs 2F).

In transplantation experiments, we observed that CD45.2°
SathT ¥ HSC sorted from 2-week-old BM did not effectively
reconstitute D3 T-linsage cells in lethally iradiated CD45,1*
WT recipients {Figure 3A}L Peripheral blood COZ™ T-lineage
recoveries from Satb? ¢ HSC were decreased approximately
9% comparad with that from WT HSC (Figure 38). Corversely,
we observed varied amounts of reconstiition of the B lineagse
and no reduction in reconstitution of the myeloid lineage

Immunity 38, 1105-1115, June 27, 2013 ©2013 Elsevier Inc. 1107
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Figure 3. Defective T Lymphopoiesis from

Transplanted Sath1™™ HSG

(A and B Ones thousand stem-cell-gnriched Fa3-
LEK cells ware sorted from BA of Z-week-cld
Satpt gelicient or litermate orice (CO45.2) Thay
- wees then mived with 4 % 10° adult BM celis
w? obtained from WT (C0451] mice and were trans-
planbed into lethally iradisted \WT CD45.1 mice. At

frasi-R]

8 wesks after tansplantation, pedphersl blood
calis of the reciplents were identified with anti-

CRd5,.1 ang anii-Q03. Numbers in each pang of
(4 represent peroestages of CD3™ L4577 calin
amang e tota) ukecytes and are shown as
\ | averages with B0 (n = 4 in sach). Chimerisms of
Loy . CD48.1 cells in the CD3" T-linsags, the CO4ER/

| BEED" B lineage, or the Grl” myeloid ineags were

Y

S

detenmined. Statistizal significance is "p < Q05.
& and D) One thousand FR3™ LSK cells sorted
froen £14.5 FL of Sath1 homodeficient o thair WY
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liftamrates (G452 wong fransplantad into fethally
irgdinted WT CD45.T mice. Al B wesks after
transplantation, T-fneage reconsfitution in the
thymus and the splsen was analyzed. The CDd
and CDE profiles of CD45.2* thymooytes (T, upper
panets) and the o-kit expression of G045 2 DG

resufted from Satb1 ablation (Figure 3B). Compromised T cell
lineage contributions of Sath? ¢ HSC were also evident in the
thymus and spleen (Figures 3C and 30, Although T ymphopoi-
esis in the thymus was replaced by either WT or Satb 1 donor
cefls when FL HBCs were transplanted, thymocytes were
reduced in the Satb? 7 recipients and their differentiation was
affected. Besides apparent stagnation at the DP stage and
marked reduction of the DN population (Figure 3C, uppsr
panels), c-kit™ cells in the CD44°CD2S™ DN1 stage were rare
in Sath? ™’ recipients (Figurs 3C, lower panels). The reduced
contribution of Satb? ¢ cells was also evident in CD3" splenic
T ymphocytes. Intarestingly, T cells in the spleans of Sath? 7
reciplents contained substantial percentages of DP and DN
cells. Such T celf lineage cells are extremely rare in normal
mouse spleens (Figure 30).

Taken together, these results demonstrate that Satb1 is indis-
pensable for normal T lymphopaoiesis, but not for myelopoiesis,
The factor may normatly have a lesser role in B-lineage differen-
tiation. Furthermore, our data indicate that abnormalities of
lymphoid development observed in Sath? ' mice are intrinsic
to Satb? ¥ hematopoietic cells.

Forced Expression of Sath1 in HSC Induces
Lymphopoiesis

Next we conducted overexpression experiments to defing the
raole of Satht in lineage-fate decisions of HSCs. LSK FIit3  cells
were sorted from BM of adult WT mice and then retrovirally
transduced with sither a fluorescence-alane expressing control
or a native Satbl construct combined with a GFP-expressing
vector. Successfully transduced cells ware sorted according to
GFP expression. Real-time BRT-PCR and immunoblots revealed
that Satbi-transduced oslis expressed more than 10-fold

1108 lmmunity 38, 1105-1115, June 27, 2013 £201 3 Elsevier Inc.

Gl S08 CDad™ GRS thymacytes (O lower
paneis) are shown. () Representative TD4 and
CDB profles are shown for C045.2° CO3° calls in
recipiant spleens.

Sath1 transcripts and Sathl proteing compared to contral cells
{Figura S348).

The sorted cells were cultured with stromal cells that sup-
ported lymphopoigisis. Results from these experiments comple-
mented the ohservations with Satb 7™ cells. Sath transduction
enfanced T cell lineage growth in OPS-DL1 cocultures
{Figures 4A and 4B). By day 10 of the culture, cells had been
increased more than S-old by Satbi-transduction, and a
majority of the recovered cells had progressed to the DR2 and
DN3 stages. Differentiation to the DP stage was also advanced
by the Satb1-transduction (Figure 44A). The kinetics of cell differ-
entiation and expansion in the B cell lingage showed maore
changes. Whereas both control and Satbi-transduced cells
produced substantial numbers of B-lineage cells, the latter
produced B220°CD19" cells more quickly and efficiently (Fig-
urez $3B). Specifically, the Sathi transduction resulted inapprox-
imately 50- to 300-fold and S-fold greater recovery of
B2207CD19" cells on day 10 in the M85 and OPS cocultures,
respectively (Figures 4C and 4D). Notably, Satb fransduction
negatively influenced the output of myeloid cells, particularly
Mac1Gr1* granulocytes (Figure S3C). In addition, CFU-GM
formation of HBC was decreased by Sath? transduction
{Figure 5300,

In stremal-free cultures containing SCF, Fit3-ligand, and IL-F,
Satbi expressicn strongly induced CD19° cell production from
the L3K fraction (Figure 53E). When calculated on a per-cell
basis, one LSK cell with Satb! oversxpression produced
approximately 450 D197 cells, whereas only 50 cells with this
B-lineage marker were produced from control progenitors. As
for other hematopoietic insages, DX5°CD3e MK cells emerged
when IL-15 was added 1o the stromal cell-iree cultures. Coex-
prassion of NK1.1 anddor CDO4 confirmed the NK-lineage, and
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Figurs 4. Satb1 Overespression Promotes
Lymphopoiesis

LEK Fi3° celis obtained from WT Bl were
retrovirally ansduced with either a fluorescencs-
Abang expressing comtol or § nalive Satht some-
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their numbers were also enhanced by Satb1 overexpression
(Figure S3F). Interestingly, the same Satbi-transduced LSKs
differentiated to neither conventiconal nor plasmacytoid dendritic
cells (Figure 83G).

The results from in vitro bulk cultures and assessment of
lymiphoid lineage cell numbers might refiect enhanced survival
of lymphoid progenitors rather than priming or expansion of
lymphold potential in individual clones, Notably, no obvious
increase in apoptotic cells occurred in any tested cultures with
Sath? / cells or Sath? ©  lymphopoietic organs {data not
shown and Figure S3H). Additionally, Satbl owverexpression
conferred growth advantages to hematopoietic progenitors
without influencing their vighility in any of the cultures we used
{data not shown). To investigate further the mechanisms through
which Satb1 exerts its effect on early progenitors, we performed
limiting dilution assays. Onaverage, 1in 3.1 control cells and 1in
2.6 Batbl-transduced cells gave rize to bicod cells, indicating
that both are highly potent progenitors for hematopoietic cell

COe” Binesge cells was evalusted in the OPS
cocuiiure {right panell, Cultures were sstablished
ins triplicate. Data are shewn as mean = 5E. Sta-
fistical significarcs is "p < 008, “p < 0.01.

{El Limiting-filution analyses were performed to
determine the frequenciss of hematopoistic pro-
genitors that could give rige to CD12° B-Bneage
cells, input cell mambers comesponding to aach
7% negative valee are shavet in rectangles.

[Fi One thousand LBK FH3 T cols {CD451)
fransduced  with either Sathl-expressing o
corfrol vestors wers bansplantsd o lethally
irvadisted 'WT mics (CD45.2) with 1 » 10° adult
BM cefls (CD45.2). Two wesks after trams-
plantstion, pevipheral blood was coliected to
deterrnitie the proportion of CDAACRET T ineage
arsd CO13" B lineage in CO45.17 calls. Data are
shawr as mean = SE. Statistical significance &
*p < OLOE. 0 = & ineach group) (Figurs 4, sea also
Figure B35

growth (Figure 4E, leff). Nevertheless, we observed significant
differences between them regarding the frequencies of progen-
itors with ymphopoistic potential. While 1 in 41 Satb1-trans-
duced FIt3™ LSK cells produced B cells, only 1 in 143 control
cells were lymphopaistic under thess conditions (Figure 4E,
rightl. In the same experiment, frezh FIt3 ™ LSK cells without
retroviral transfection produced hematopoistic cells and B cells
at afrequency of 10 6.7 cells and 1in 61 calls, respectively (data
not showrl.

These results suggest that Satb1 expression affects early line-
age decisions in individual HSC and expands the growth and
differentiation of ymphoid cells in vitro. To evaluate whether
these findings were of practical value, we performed in vivo
transplantation experiments with SATB-transduced LSK FIt3~
cells. We observed enhanced contribution of the SATB1-trans-
duced cells to bath T and B lineages in shart-term engraftment
{Figure 4F). To assess whether the overexpression of SATB1
induces tumors, we svaluated long-term and  short-tenm

Imrmunity 38, 1105-1115, June 27, 2013 22013 Elsavier Inc. 1108
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Figure & Genss  Affested by Satbn
Expression

A microarcsy  experiment was  perfoomed o
oompare gens sxpression in Sath1 and control-
ransduced LEK FI3™ cells, Upregidation in Satbi-
ransduced colls s shown as positive in esch
figure. 1) Trarsoription factors, (B cytoking and
cyboking receptors, and (C) other lymphaoid lineage-
related genes are summarized {Figure 5 sse slso
Tables 52 and 53}

Sathi Regulates Lymphoid Lineage-
Related Genes in HSC

During early lymphocyte differentiation,
several transcription factors have been
shown 1o play roles in a hierarchical
manner. To identify the target genés
of Satb1, we first examined whether
the exogenous expression of Satb1 influ-
ences the expression of lineage-relevant
transcription factors in LBK FI3~ cells,
Altbough  high Satbh1  expression was
achieved, no significant  upregulation
was observed in the axpression of Sfoit,
M=t Tef3, or Nefch? {data not shown).
The expression of Cebpz, which is
important for myeloid differentiation, was
also not significantly affected (data not
showng.

Maxt, to find candidate genes involved
in the Satbl induction of lymphopois-
sis, we performed a mictroarray com-
paring gene expression between Satb1-
and control-transduced LSK Fi3 cells
Table 52 In accordance with the re-
sults descoribed above, the data showed
no significant changes in the expres-
sion of Sfoil, Kkeft, Tof3, MNotchi, or
Cebpa, Howsver, several transcription
factors involved in lymphoid differen-
tigtion, Spd, Maf, Fos, and [d3, wers
upregulated in Satbl-transduced cells
{Figure 5AL Cytokines such as 47 and
Kitl, which are critical for lymphocyte
differentiation and generally believed to

Lokt be stromal cell products, were induced
! in hematopoletic progenitor cells them-

Bomats | selves by ectopic expression of Salbi
cues | {Figure 5B). While receptors for IL-4 or
g | IL-17 were induced, Csf3r, encoding the
e | G-CSF receptor, was downregulated.
it ‘

Interastingly, among lymphoid-related
genes, Hagl, which is indispensable for
bath T and B el differentiation, was
strangly induced by Satbl (Figure 5C)
iymphohematopoiesis after transplantation. In sight trans-  Expression of the CDB6 gene that correlates with lymphoid
planted mice, SATEl-overaxpressing cells did not induce competency (Shimazu ef al, 2012} was also significantly
tumors, at least during 3 months of abservation. elevabed,

1110 Immumity 38, 1105-1115, June 27, 2013 ©2013 Elsever Inc.
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As a complementary exparimeant, we performed a set of micro-
array analysas comparing gene expression signatures between
WT and Satb? * cells (Table 531 We again observed no direct
correlations between Satbi expression and Mkzf1, Tof3, or
MNoteli!, but confirmed that the expression of numerous line-
age-related genes was influenced. The expression of If7 and
Kift was detectable in WT hematopoietic progenitors, and their
levels were significantly lower in the Sath? ' progenitors, OF
nate, Sath2, which is a homolog of Sath7, as well as Bright,
which codes a B cell-specific AT-rich sequence binding protein
{Herrscher et al, 1995), were upregqulated in SatbT ¥ HSC. In
addition, the Saib? ' HSC aberantly expressed Rag? and
Pax5, whose levels decreased with differentiation to LMPP.
These results indicate that Sath expression globally influgnces
many genes involved in lineage-fate decisions during the speci-
fication of HSC toward lymphoid fineages.

Sath1 Induces Lymphopoiesis in ESCs

Mext, we examined whether the exogencus expression of Satb1
is sufficient to promote lymphopoiesis in ESCs. Inthe 0P8 cocul-
ture system (Nakano et al., 1934}, ESCs can produce mescdarm
cells in 4.5 days, which have potential 1o become hematopoietic
and endothefial cells, After a short period of retroviral transduc-
tion with the control-GFP or the Satb1-GFF vector, ES-derived
rmasoderm cells were cultured with OPS in the presence of
SCF, Fit3-ligand, and IL-7. As shown in Figure 64, although
both control- and Satb1-transfected cells contained substantial
numbers of GFPT cells, the latter produced CD45™ hematopoiet-
ic cells efficiently. Further phenotype revealed that most of the
CD45* GFP’ cells produced from the Satbi-transfected cells
exgressed B220 and CD18 Figura BA, right panels). Notably,
those cells were also positive for AA41, CD11b, and CD3, sug-
gesting that they were likely B1-B-lineage celis (Figure 88).

Next, we established ESC clones, which can be induced to
gxpress Satb1-GFP on removal of tetracycline (Tef) from the
culture medium, Eight days after Tet deprivation {day 12.5; Fig-
ure 8C), approximately 15% of the recovered cells were GFP™
idata not shown). Thirty-five percent of these cells expressed
CD45 and included substantial numbers of 844.1" CIMEY B-ling-
age cells (Figure 8D, right panels). Conversely, in the presence of
Tet, the propartions of AA4.1" and CDHYY cells among the
CD45" faction were very low (Figure 60, left panels). A majority
of the CD18" cells among the Satb!-GFP® ES-derived cells
were pasitive for Mac1 or GDB, again indicating a preference
for the B1-B lineage (Figure 8E). In cyiospin preparations,
rmarry of the ES-dedved cells cultured with Tet showed myelo-
monocytic morphology, whereas Satb1/GFP' cells exhibited
ymphocyte-iike morphology (Figure 8F). Finally, a PCR-based
lgh rearrangement assay confirmed Dy-Ji recombination in
the Sath1-GFP* ES-derived calis [Figure 6G).

To test T-lineage potential, we transduced the control-GFF
or the Sath1-GFF vector to ES-derived mesoderm cells and
cultured them with OPS-DL1 cells, The Satbi-ransduced cells
effectively produced G4~ CD8™ DP cells with rapid kinsetics (Fig-
ures 5H and 6l Substantial numbers of ES-derived T-linsage
celiz expressed TCR-v& or TCR-B, and Satbi-transduced cells
were advanced in this regard (data not shown). Taking thezse
resulls together, we conclude that Sath expression directs
aven ES-derived cells toward lymiphoid lineages,

Estopic Satb1 Expression in Aged HSC Restores
Lymphopoietic Potency
Ag shown in Figure 18, the Saib? expression in H3C declings
with age. This daclime might be correlated with the age-depen-
dent impairment of lymphopoiesis. Therefore, we examined
whether Satbhi expression restores the hymphopoletic activity
of progenitors from aged mice. Hagl-GFP  LSK cells of
Z-year-old mice were transduced with contrel or Sath1-DsRed
vactors, After 72 hr of transduction, DsRed™ cells were sorted
and cultured on OGP in the presence of SCF, Fit3-ligand, and
IL-7. The Satbi-transduced cells produced a percentage of
Rag1-GFP* B220" cefls that was significantly higher than that
of contral cells (Figure TA) Indeed, most of the aged Ragi-
GFP™ LSK cells were prone to differentiate into Rag1-GFP™ cells
as a result of exogenous Satb1 expression. With respect to the
recoversd B-lineage cell counts, approximately 3-fold more
B220" Ragl-GFP* Macl cells were obtained through Sathd
overexpression (Figure TBY

Conversely, fewer B-linsage cells ware generated from aged
ELP than fram young ELF despite their similar expression
of Satb? (Figure 1B Figure S44). B-lineage differentiation of
aged ELP also showed decreased Bagl expression (Figure 24B).
Monetheless, aged ELP showed substantial ymphopoietic activ-
ity in M85 cocultures, in which aged HSC scarcely produced
B-lineage cells [Figure S44). These results suggest that the
downregulation of Satb? expression is involved in the compro-
mised lymphopoistic potential of aged HSC and that sctopic
induction of Sath1 can at least partially restore the activity.

BISCUSSION

Despite accurmulating evidence that multiple transcription fac-
tors support lymphocyte differentiation, onesz that specifically
direct HEC to the lymphoid lineage have remained salusive,
One aim of this study was 1o describe molecular signatures of
early stages of lymphopoiesis by comparing gene expression
patterns between HEC and ELF. While we observed that many
genes specific for the lymphoid lineage including Tor, Igh and
I7r were highly induced at the ELP stage, some ymphoid genes
were already expressad at low levels in the M3C-ennched frac-
tion. Among therm, we were particulardy interested in chromatin
maodifiers becauses of their ability to control spatial and temporal
expression of essential genes. Our screen identified Satbl,
whose expression was pravicusly linked to T lymphocyte dif-
ferentiation (Alvarez &t al., 2000} We show that Satbi plays a
eritical role in diracting HSC to lymphoid lineages.

Sath1 was originally identified as & protein that binds spe-
cifically to genomic DMA in g specialized DNA context with
high base-unpairing potential (fermed base-unpaiting regions:
BURs} Dickinson & al, 1992). Sathl is predominantly ex-
pressed in the thymus and subsequent studies revealed critical
roles in thymocyte development (Alvarez et al., 2000}, T cell acti-
wation {Cai et al., 2008}, and The differentiation (Notani ef al.,
2010). In thymooyte nuclet, Satbl has a cage-like distribution
and tethers BURs onto #is regulatory network, thus onganizing
3-dimensional chromatin architecture (Cal et sk, 2003). By
recruiting chramatin modifying and remodeling factors, Sathl
establishes region-specific epigenstic status at its targe! gene
loci and regulates a large number of gerses (Yasui et al., 2002;

Immunity 38, 1105-1115, dune 27, 2013 £2013 Bsevier Inc. 1111
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Figure 6. Bathi Promotes Lymphoid Ditferentiation from ES-Derved Cells

Etdtg2a ESCs were deprived of lsukenia inhibitory factor and seeded onto OP9 cells, After 4.5 days, the differentisted mesoderm cells were infected with
retrovingl supsmatants containing control-GFE or Sath1-GFP expressing vectons, Subseguantly, the cells were cultvrsd on OPE for 8 days. AL the end of culturs,
ol oolls wene harvested and stgined wilh e ardibodies indicaled in esch panel.

{8 Total recovered cells were divided accarding 10 GFP expressian {lefl panei). The percentages of G045 cells in GEP (upper parwels) ard GFP* papulations
fleawer pandls) are shown. COAEREB220 and COYE profiles of the CD45” calls cormesponding 1o the left pansls [right pansls) are shawn,

(B} Aeprasentative A84.1 and CD18 or Mac and CDE profiles of the GFF' CD45” cells recovered from control or Satbi-transdused cultere.

1T} The experimental design used with a Tet-off system (upper panel). ESCs, which inducibly express Sathl by Tet deprivation, were established. Afler 4.5 days
aof culture withowt leekemi inhibitory factor in the presence of Tet, the differentiated cells wers resesded onto new OPY stromal cells with or without Tat,
Subsequently, FADS anahesis was pardarmed after B dayvs of culiuse {day 12.5)

5 Tt {+) indicates profites of GFP™ calls cullered with Tet ot panelsl. Tet i) pansds show praliles of Sat /GEPY calls cultured withaul Tet {kght panselss,
{E} Bac] ard CDS5 anpression on the SatbU/GFR® COHE” cells grown without Tet.

iF) WMorphology of ES-derived hematopoistic cells on day 12.5.

{3) DMA PCR azsays of genmline (GLY or Dy-Jdy rearranged Igh chain {{1)) genes were perfoemed with the Ssth1/GFP' CD19” cells recovered without Tat {right
panely. Splenceviss were used as 3 positive conteol for the Dy-Jy recombinztion {eft pansl. On each gel, a size marker was boaded in the keft lane.

{H and ) E14tg2a ESCs were differantialed 1o mesodenm cells for 4.5 days and then infected with the setroviral suparmatant containing controb-GFP or Bath1-GFP
exprassing veoitrs for 3 days. Subsequently, the cells were cultiersd on OPZ-DL1 and T-linesge cutpat was evaluated an the indicated days. Dala are shown as
erare + SE. Statistical sigrificance is "p < 0O

Cai et al., 2003). Increased Sathl expression in hematopoietic  been conducted conceming the role of Satb1 in differentiation
progenitors compared with H8C has been observed by others  of HSC to either lymphoid or myeloid progenitors, Cur resulis
{Forsbierg et al, 2008; Ng et al, 2009); however, no study has  clearly show a tight association of Satbi expression with
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Cantral Sath1

Fold expansion

B220

* Figure 7. Sathi Overespression Hestores
Lymiphapoietic Activity of Aged HSC

{4) Reg1/GFF -~ LBK oslls ware sorted from 2-year-
obd rrice and refroviraily transduced with controf or
Sat1-OsAed vectors, Successhully transfected
colis wend culiured on OPY calls, Culiures were
sstablished in tripicate. Numbers i sach pansl
indicats the fequency of Ragl/GFPT CDAERS
B2 cells.

B} Yighds of CDISR/BZEN" Bagl/GFP™ Maoit
B-lnsage cells per 1 input controd- or Sathil-
transduced Hagt/GFP-LEK cells were caloudated
ared given 4% aversges with 80 bars, Stadistical

T

Rag1-GFP

ymphoid lineages even at the earliest stages. In addition,
Sath1" HSCs are hindered in producing lymphocytes in vitro
and in vive that are consistent with the phenotypes originally
described in Satb? " mice, suggesting an indispensable role
of Satbi in physiclogicat lymphopoiesis.

Although we have previously identified maolecules regulating
garly hymphoid differentiation. information about ones that
initiate the process has been slusive (Oritani et al., 2000; Yokota
et al, 2003b, 2008). The present study demonstrates that
ectopic expression of Sathl strongly induces differentiation
wward lymphoid lineages and promstes lymphocyte growth
from primitive progenitors, evert when they are derived from
aged BM or ESCs. We believe that these findings are important
because they reveal that the earliest step of lymphopoiesis is
affected by a global chromatin erganizer. In addition, our results
suggest that Satb1 exprassion could be a uselyl biomarker of
aging and be manipulated to reverse immunosensscence,

Lymphoid-fate decisions are not necessarily deterrnined by a
few transcription factors or cytokines that positively requlate the
differentiation in a hierarchical manner, The process should
irvolve “closed windows” and “open apportunities.” Gene array
studies comparing HEC and ELP have shown that various
hymphoid-related genes appear to be synchronously upregu-
lated in ELP, whereas stem cell-related or myeloid-refated
anes are downregulated. From these cbservations, we specu-
lated that a master regulator is present and involved in the syn-
chronicity along with the hierarchical factors; further, we focused
on the function of SATB1 in this process. Qur results show that
once Sathl is substantially expressed in H3Cs, it reguiates
hundreds of genes, including Rag?, #7. &, and Csf3r, which
together determine the lymphoid lineage fate. Satbl itself has
the determinant role in regulating a set of genes to exhibit the
phenotypa that we observed in vitro and in vivo experiments.

Increasing Sath1 bevond physiclogic levels in HSCs and ESCs
strongly augmented B hymphopolesis, while depleting Sath
from HSC dominantly impaired T lymphopeiesis in vivo. Satb1
overexpression in HSCs by itself induces an expression profile
that favors B cell production, Conversely, Satb deficiency might
have disrupted the delicate balance of Satbt and other BUR-
binding proteins such as Satb2 or Bright. We detected minimurm
levels of Sath? and Bright expression in WT HSC, and their
exprassion levels significantly increase with B-lineage differenti-
ation {data not shown). Interestingly, both genes were aberrandly
induced in Satbl-deficient HSC [Table 32), Sath2 has a binding

¥

sigrificancs s "p <« 005 (Figure 7; sss aliso

Contral  Satbi Figurs S41.

specificity similar to that of Sath1, and its expression is more
predominant in the B lineage than in the T lineage (Dobreva
et al, 2003} In ESCs, Satb® function is antagonistic o Satky
in regulating some target genes (Savarese et al., 2009). Whether
these BUR-binding proteins are antagonistic or sometimes
function gynergistically, depending on cell differentiation or line-
age remaing unknown. Further studies of their functional correla-
tion could yield important information about gene regulation in
T and B lymphopoiesis.

Although our data provide evidence of a vmphocyte-inductive
rode of Satb1, an important guestion remains; that is, what regu-
lates Sath expression? Depletion of long-lived mature B cells
rejuvenates B-lymphopoiesis in old mice, suggesting that age-
associated accurmulation of aged B cells seems to be sensed
by MSCs or sarly progenitors in BM {Karen et al, 2001} 1t will
ke interasting to learn whether such emvironmental cues infiu-
erice Sath1 expression in HSCs. New strategies for boosting
lymphocyte regeneration or protecting this capability during
aging might emerge from studies of Satbi-related molecular
mechanisms.

EXPERIMENTAL PROCEDURES

Animals

Animal sludies were performed with the approval of the Instiutional Revisw
Baard of Osaka University. Bag1-GFP knockin mice were prvdously described
{Farersta ot ., 1989), Satt? ™ mice were also praviously established (Airez
et a1, 20000, WT CETBL/G mice and the congenic CETBLGSIL strain (CD45.3
allcantigen) wers obtained from Japan Clesa (Shizuoka, Japan) and The
Jackson Labs {Bar Harboe, ME], respectively. To obtein mouse fetuses, we
considerad the moming of the day of vaginal plizg cheervation as BQ.S.

Flow Cytometry and Cell Borting

Cells were stained with Abs indicated in each experiment and analyzed with
FACBcanto of FACSariz (B0 Bioscience), Acult BM cells from Hagt-GFR
helprozygates wore usid 1o solate LinT okt Soa-1t FI3T Ragl-GRp-
TRz (HSC-ensiched), Lin 7Rz  okil™ Sca1" FI3 Bagl-GFP
{EMPP-enriched), Ln  IL-TR2 cwit™ Seact’ FE3Y Ragl-GFR® (ELP-
snriched), Lin  o-kiE™ Sca-1" Fit3* Rag?-GFF' IL-7Rx" {CLP-enriched), and
Lin e-kit™Spa-1 IL-7Rs myeloid progenitors (Adoifszon ot g, 2005; lgara-
shi gt al., 2002, Kondo et al., 1987}, For culture experiments, we also sorted g
HSC-snriched fraction from WT C5VELS o Sath? ™' mice according o the
ol siptace pheratype of Lin™ o-kit”™ Soa-17 P,

Stromal Cell Coculture
Murine stromal cell lines MSS and OPS were generous gifts from D, Mo
{Mitgata University) ard Dr. Hayashi {Totior University], respectively, Frashly

Immunity 38, 11051115, June 27, 2013 ©2013 Blsevier Inc. 1113
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isolated or ansduced cells wers cocufturad with steomal cells in =-MERS sup-
plesenied with 10% PGS, rm SCF (10 ngdell, sm PliS-Bgand (20 ngdmL), and
e LT (3 ngfmil). The eultures were fod twice a veek and maintined for e
indicated pericds in each expariment. OP3-0LT calls ariginated by Or. Kawa-
ot {Rikan, Japan) ware obtained from Riken Cell Bank {Tsukuba, Japan) and
uzed o produce T-lineags clls. In this case, cells wese cuftured in the pres-
ence of m Fitd-ligand {5 ngéml) and e iL-¥ (ing/ml) for 14 days, and m
Fltd-higared {5 ngdml) alone themafier, At the end of culturs, cells wese coumted
apnd anabyzed by fow oybometre,

Compotitive Repopulation Sssay

The G045, 100452 systern was adapted to a competitive repopulation assay.
Cine thousard FIE3 - L8K celiz soebed fram FL or BRE of WT, Baib1 haberodsfi-
cient, or Batb1 homaorygous-deficiant mice (CO4E.2) were mixed with 4 x 107
unfractiopneted adult BM cells ohtained from WT CH7BL/G-Ly5.7 (CD45.1) mice
and were transplanted into CHVBLAS-Ly3 1 mice lethally iradisted at a dose of
G20 rad. At & weeks after transpiantation, engrafiment of CD45.2 calls was
avgluated by fow cvlomelry,

Retrovirus Transfection

Rlurine Sathl expression vector was purchased froen OrilBens Pockyille, MD).
A refrovines expression weotor for Satbl was gensrated by subcloning indo the
pbdYs-IRES-GFP or DsBed vector {a gift from Dr. Kitamura, Unbeersity of
Tokoyo). Conditioned medium containing high tighter estrovirug particles was
prapared as reporied previcasty (Satoh et al, 2008), Sorted HEC were culturad
iy E-MERE containing T0% FBS, rm SCF 1100 ngflmly, rm TEO (100 ngdrad), ang
e FR3-Egasd 1100 ngfml) for 24 hr, Ther, the ells wens seoded into the culture
plades comted with Retronectin (Takara Bio, Shiga. Japan] snd cultured with
conditioned meadium coptaining retetwdsus, Adter 24 b, calls ware washed
and performed second transfection by the same condition. After 48 hr from
the second transfection, GFP or DsRed-pasitive celis were sorted by FACBaria.

Linsiting DHlution Assays

The frequencies of mphohematopoistic progesitoss were ceterminsd by
plating cells & lnsting dilution assovs by wsing S6-well flat-bottorm phates.
Pro-gstablished MES5 tayers were plated with 1, 2, 4, 8, or 16 colls sach by
wsing the Automated Cell Deposition Unit of the FAGSaria, Cells werm cullured
in o-MEM supplemented with 10% FCE, o SCF {10 nigfml), rm Fii3-igand
{20 ngdmi), and e (L-T 1 ng/mb]. At 10 days of culture, wells wers inspected
for the presence of hematopoistic clones. Pogitive wells were harvested and
analyzed by flow cytometry for the presance of G045 hematopoigtic callz
and CDISA/RZ20 CINYT Mag1™ B-iineage colls, The frequencies of progan-
Hors ware calculatod by Bnesr regrassion analysis on the basis of Poisson dis-
fribation a5 the reciprocal of the concentration of test calls that gave 37%
nagative ocuftures.

Lymphooyte Development from Blurine BSGs

To induce differentiation toward hematopoietic cells, we deprived Eldtg2a
EECs of leukemia inhibitory factor and seeded onto GPS calis in G-wall plates
at a density of 10° celis per well In «-MEM supplemented with 20% FBS
(Makano @1 ab., 1924) Aler 4.5 days, the colls were harvested and whola-celd
suspensions wens ransferred into a new 10 cm dish and incubated in 37°C
for 30 min to remove adherent OPS cells. The collected fioating cells were
infacted with the reiroviral supematant in Pefronsctinecoated plates by 2 he
spinoculation (1100 g (Kiajima et al, 2008). Subsequently, the celis were
cultured on OPY or GPE-DLY.

Tetracycling-Regulsted Inductble Expression of Satht in ESCs

To inducibly express Sathl in E3Cs, we utilized a Tet-off system a5 reported
presdousty (Era and Witte, 2000}, & which transcription of the tasged gene 15
miticted by e removal of Ted from the cullure mediom. Briefly, we inifially
itreduced  pOAG20-14TA and pUHDIC-3-puss by slectroporation and
sefected one clone designated E14 by culfure with 1 pgéml of Purn andfor
1 pg'ml of Tet. We further transfected pUHDND-3-Bath1-GFP, which can indu-
cibly sxpress Sath1 and GFP a3 a gingle mPiS through the intemal Abosoms
ety sl In response 1o the Tat removal, together with the neomycin-resistant
plagrnd polDMAS, T-neo, Sfter the cullure with G318, we selected clones that
can inducibly exprass GFP in responss to the Tet depavation.

1114 Immunity 38, 1165-1115, June 27, 2013 £2013 Elaevier Inc.
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DMA PCR Assays Tor fgh Bearrangement

DA POR assoys wire pevlormed o5 mpored provicusly (Schlisest of al.,
1921}, PCH was performed by using genormic DNA extracted from splenccyies
or ES-derived calls as a template. Dysdyy récombinaticn was delected as
ampdified fragments of 1.033 bp, 716 bp. and 333 bp by using a pemer
D) and JAA'). Germdineg allsles were detected as an amplified fragment
of 1,25% bp by using a primar MuliE) and J3(37, The sequence of primers
are a5 Tollows: Dulis ), GEAATTCEANCITTTTTGTICHGEAAGREATCTACTA
CTETG: Mulls), COBCATECEAAGGCTAGLUTEAMAGATTACS: and J33Y,
GTCTAGATTCTDACAAGAGTODEATAGACTETEE.

Btatiztical Analyses
Unpaired, fwo-talted §©test analyses ware used Tor infergroun Compansons,
ang povalues were cansidersd signilicard if thiey were less Than 005,

ACCESESION HUMBERS

The microarray data in Tables 52 and 53 has been deposited in NOBI GEG
database undor the accession nemibbers GRE45366 any GBE4528909,

SUPPLEMENTAL INFORMATION

Suppemental Information mchedes four figumes, eee tables, and Suppée-
mental Expasrimental Procedures and can be found with this arlicls oriine at
httpefiddofong 10 1 &L imemuni. 201 306004,

ACKNOWLEDGHMENTS

We thank T. Makano for disceession of the results. This work was supporbed in
part by a grand from Ritsubishi Phaona Research Foundation and grants
ADE00EE, HLIOT138-03, and R37T CADZ9581 from the Mationsl Institutes of
Haalth.

Peceived: August 30, 2011
Accepted: March 6, 2013
Published: June 20, 2003

REFERENCES

Adolfzson, J., Mansson, B., Buza-\idas, M., Huliquist, &, Liuba, K., Jensen,
CT., Breger, U, Yang, L., Borge, OJ, Thoren, LA, et al (2005
identification of Fit3s hmpho-myeloid stem cells lacking endbro-megakanm-
eylic potential a revised rosd map for adult blood linesge commitment, Cell
127, 295-306.

Ahvarsz, JO, Yasui, DH., Niida, H., Joh, T., Leh, LY., and Kohed-Bhigematsw,
T. (20005, The MAR-binding protein SATB1 orchestrates tempaoral and spatial
expression of muitiple genes during T-cell development. Genss Dew. 14,
51535

Ca, 8., Han, H.., and Kohwi-Shigessatsu, T, (2003) Tissus-specific nuclear
architecturs and gene expression requlated by BATB1. Mat. Genet. 34, 42-51.
Cal, S, Les, C.0,, and Kobwi-Shegematsy, T, (2006, 3ATET packages densaly
Incped, transenptonally active chramatin for coordinated expression of evio-
ki genes. Mat. Genet, 38, 1278~1288.

Chambers, SM., Shaw, CA., Gatza, C., Fisk, C.J., Donghower, LA, and
Goodell, WM.A 2007} Aging hematopoietic stem celis decBne In function and
exhibit epigenetic dysreguiation, PLoS Blol, 5, e201,

Dias, 5., Mansson, B, Gubuxansi, 5., Sigeardsson, 3., and Kee, B.L. (2008),
E2A prateins promota devalopment of lympheid-primed multipotent progend-
tors. Immunity 29, 217287,

Dickingos, LA, Joh, T, Katw, Y., and Kohad-Shigematsy, 7. (1952, A issu-
spacific MAR/SAR DRNS&-binding protein with unusaal birding site recognition,
Cell 70, 631-645.

Dobreva, G, Dambacher, J., and Grosschad!, B, (2003), 8URO madification of
a povel MAR-Binding peotein, BATEZ, modulabes immunogiobulia mu gene
expression. Genas Doy, 17, 30458-3081.



ATL SERRICEII eIt DIRRBE S EHIIBEC© & D <HEREHREFIOBEICEI S DR 191

Immunity
Satb1 Promotes Lymphoid Priming in HSC

Era, T., and Witte, 0.0, [2000), Regulated expressicn of P210 Bor-Abl during
ernfryinic stem ool differenitialion stmulates mullipotentia) progenites cRpan-
i and rveloid cell fate, Proc, Natl, Acad. Sci. USA 97, 1737-1742.
Forsberg, B.G., Probaska, 5.5, Katzman, 5., Heffrer, G.G., Stuard, LM, and
Werssman, LL. (2008} Differential axpression of novel potential reguiators in
hematopoistic stem oells. PLoS Genst. 1, 28,

Han, H.l., Resso, J., Ko, Y., and Kohwi-Shigematsu, T. {2008). SATE
reprOgEEMmMEs gene expression to promote bDeeast tumour growth and
metastzsis, Natsre 452, 187-193.

Herrscher, RF., Kaplan, M.H., Lelsz, DL, Das, C., Scheusrmann, R., and
Tugker, PW. {1995 The immunoglobalin heavy-chain matriz-aseociating
regions are bound by Bright: a B celi-specific frans-aotivator that deseribes
a new Da-pirding protein family, Genes Dey, 9, 2067-3087,

lgarashi, H., Gregory, 5.0, Yokata, T., Sakaguechi, ., and Kincade, PW,
(2OUZL Teansciplion from the BAGT loous marks the cadiest emphoodts
progenitons in booe marrow. Iinmanity 77, 117-130.

[rawa, T., Kasamoto, M., Geldrath, 8.0, and Musse, G. [2008), E proteirs and
Metch signaling cosparate o prarsate T cell lineage specification and commit-
mant. J. Exp. Med. 203, 1328-1342,

Reran, £. Naor, 3., Hussbaun, 3., Galan, K., Bn, T., Sasaki, Y., Schmidt
Supprian, M., Lapidot, T, and Metamed, D {200 1). B-cell depletion mactivates
B lymphopaoiesis in the B and rejuvenates the B linsage in aging. Blood 177,
A104-3112,

Kitgjima, K., Taraka, M., Zheng, J., Yen, H., Sato, A, Sugivama, D, Umehara,
H., Sakai, E., and Makano, T, (2008}, Bedirecting differentiation of hemaiopaoi-
atic progenitoes by a transdription factor, GATA-Z, Blood 707, 1857-1863,
Konde, M., Weissman, 1L, and Akaskd, K, (1997 Identification of clonogenis
comman lemphoid progenitons in mouse borss marrow, Cell §1, 661-872.
Kenwala, N, lgarashd, H,, Oheura, T, Alvawa, 5. and Sakagoechd, N, {1993),
Cuttiesy edge: absence of exoression of RGN in peritoneal B-1 colls delectod
by knccking into RAGT ocus with grean flucrescent protein gene. J. lmmournol.
163, BI5&-GIRA.

Laid, AY., arwd Konde, M. 2008 T and B haphosyte differentiation fnom
hematepoistic stem call. Bemin, Immaunol. 20, 200212

Medina, K.L., Pongotala, JM., Reddy, KL, Lancki, DOW., Dekater, R,
Kieslinger, M., Grosschedl, R., and Singh, M. (2004). Aszembiing a gene
regulatory network for specification of the B ol fate. Dev, Cell 7, 807-B17.
Méler, J.P., and Allman, £ (2005} Linking age-related defects in 8 lymphopai-
exis 1o the aging of hemstopoietic sterm oells. Semin. Immunal. 17, 321-32%
Montecino-Rodriguez, E., and Dorsbkingd, K. [2008). Evaliing patterns of lym-
phepoiesis fram embeyogenesis through senescence. Immunity 24, 850642,
Makanao, T., Kodama, H., and Honje, T. (1994). Generation of lymphohemato-
poletic cells from embryonic stem cefls in culture. Sclence 285, 10881101,
Ng, 8., Yoshida, T., Zhang, .1, and Geargopoulos, K. (2004). Genome-wids
lineage-specific  transcriptional  natworks  undersoove tharos-dependent
Frghaic griening in hematopoietic stem cells. Immunity 30, 483-307,
Notani, [, Gottimukkala, P, Javant, RS, Limaye, A S, Damie, WUV, Mehta,
3., Purbey, PK,, Joseph, J., and Galande, B, 2010, Global regulalor SATET
recruits beta-catenin and regulaies TIHIE differoniiation in Wrib-deperdent
manner. PLoS Bicl, 5, e1000296,

Oritan, K., Meding, K.L. Tomiyama, Y., Istikaws, 4., Okajima, 7., Ogawa, M.,
Yokota, T., Aoyama, K., Takahaski, L. Kincade, PW., and Matsuzawa, Y.
[Z000). Limitine An interferon-like cytokine thet peeferertisfly influsnces
B-lyrmphocyie precursors. Hat, Med, §, 859-568.

Ruossi, (0., Bryder, [y, Zaha, J8, Allenius, H., Sonu, B, Wagers, &4, and
Weissrman, BL. (2005, Call intrinsic allerations underlie hamalopaietic stem
oall aging. Proc. Matl, Acsd. Sci. USA 102, $184-8185

Satoh, Y., Matsumurz, 1, Tangka, H., Ezoe, 5., Fukushima, K., Tokunzgs, M.,
Yasuend, ML, Shibavama, H., Mizuld, 8., Era, T., et gl 2008), AMLTRLINK
Works 45 a negative reguiator of o-Mpl in remalopeetic stem celis, J, Bal,
Cherr, 283, 30045-30038.

Savarese, F.. Davila, A, Nechanitzhy, B, Ds La Bosa-Yelezquesr, 1., Pereira,
CF., Engelke, R., Takshashi, K, Jenwwein, T.. Kohvi-Shigematss, T,
Fisher, A0G., and Grosschedl, R (2009), Satbt and Sath? requlate embryonic
stem cell differentiation and Nantg expression, Genes Dev, 23, 2625-2638,

Sehiizsel, M.S.. Coecoran, L., and Balfimore, 0. {1981). Viresdransiormad
pre-B cells show ordered activetion but not ineetivation of immunogiobuin
geng rearmangement and franseription. 4. Exp. Med. 173, ¥11-720.

Seott, B, Fisher, B.G,, Clson, .G, Kabrli, EW,, Simon, 34,C., and Sinah, H.
{1887 PULT dunctions i1 a cell-auionomoss manmer to contred the differentia-
tiewy of multipotentizl pmphoid-mysioid progenitors, Immunity 8, 437-447.

Semerad, G.L., Mercer, EM., Inley, MA, Welsaman, LL., and Murre, C. (2009,
E24 proteins maintain the hematopolefic siem cell pood and promots the
materation of myelolympheid and mysloerdbvold progenitors. Proc. Magl,
A, Sci, USA T8, 18301935,

Shimazu, T., da, R., Zhang, 4., Welner, B.5., Medina, K., Albercla-Us, {1,
and Kincsde, PW. (2012). CDBB is expressed on murine hematopoistic
stem cells and denotes ymphopobstic polential. Blood 179, 48594807,

Surde, K., Ema, W, Sorta, ¥ and Nakauohi, H. (2000L Age-associated char
attenistios of murie hematopoietic stern celis, . Exp. Med, 152, 12731280,

Yang, Q. Kardave, L, 8t Lepger, &, Maninoic, B, Vamum-Finney, B
Bemstein, L0, Micarek, C., and Borghesi, L {2008} E47 contoniz the develop-
mental integrity and cell oycle guisscsnce of multipotential hematopaistic
progerstors, J, bmrencd, 187, SA85-5804,

Yasui, D, Bivano, M., Cai, B, Varga-Welsz, P, and Mohwi-Shigematsu, T.
{2002). BATB1 tasgets chromatin remodeling to regulate genes owver fong
distances, Matuss 473, B41-645,

Yilmaz, O, Kigl, M, and Mormson, S.4J, (2006, SLAM family markers are
conserved armong hematopoietic slem celis from old ard reconstituted mice
and markedly norease their purity, Blood 107, 924-830.

Yokaota, T., Kouro, T., Hirose, £, Igasachi, H., Gamett, K.P., Gregory, 5.0,
Gakagueht, M., Owen, J.J., and Kincade, PW, 20033, Usique propertias of
fetal Wmphoid progenitons identifisd scconding 1o BAGT gene exprassion,
Imarsuriity 19, 385-375.

Yokota, T., Meka, G.8., Kouro, T., Bedina, B.L., lgarashi, H., Takehashi, .,
Oritani, K., Funshashi, T., Tomiyamsa, Y., Matsuzaws, Y., and Kincade, PW.
{2003b). Adgiponsctin,d a fat cell product, influences the eariast lymphooyte
pecasers in bong marcw Cullures By activalion of the oyeiooxyneoase-
prostaglarsdin pathway in stromal colls, J, mmunol, 177, 5091-5083,
Yokota, T., Oritani, K., Garmatt, K.P., Kouro, T, Mishida, B, Takshash, |, lohii,
M., Satoh, ¥, Kincade, P.W., ard Kanskura, ¥, (2008} Soluble frizzled-related
peotein 1 iz eslrogen inducible in bone marrow stromal cells and suppresses
the sardiest everts in mphopoiesis, J. lmemurol. 187, 8081-5072,

Yoshida, T., Mg, 8.Y., Zuniga-Plucker, L2, and Georgopoulos, K. (2008
Early hamatopoistic neage restrictions directed by karos. Nat. Immanol. 7,
382-301.

Immunity 38, 1105-1115, June 27, 2013 ©2013 Elsevier Inc. 1115



192 TR 25 FE EBEHBARNFMRERNE DABKMRSESR

Best Practice & Research Clinical Haematology 26 (2013) 3-14

Biology and treatment of HTLV-1 associated

‘ — ; CrossMark
T-cell lymphomas

Kunihiro Tsukasaki, MD, PhD, Chief®*, Kensei Tobinai, MD,
PhD, chief?
2 Department of Hematology, National Cancer Center Hospital East, 6-5-1 Kashiwanoha, Kashiwa, Chiba

277-8577, Japan
b Department of Hematology, National Cancer Center Hospital, Tsukiji, Tokyo, Japan

Keywords: Adult T-cell leukemia-lymphoma (ATL) is a distinct peripheral T-

ATL lymphocytic malignancy associated with human T-cell lympho-
HTLV-1 tropic virus type I (HTLV-1) endemics in several regions of the
subtype-classification world including the south-west Japan. The three major routes of
molecular epidemiology HTLV-1 transmission are mother-to-child infections via breast milk,
multi-step carcinogenesis sexual intercourse, and blood transfusions. A HTLV-1 infection early
treatment strategy in life, presumably from breast feeding, is crucial to the develop-

new agent development ment of ATL. The estimated cumulative risk of developing ATL

among HTLV-1-positive individuals is about 3% after transmission
from the mother. The diversity in clinical features and prognosis of
patients with this disease has led to its subtype-classification into
acute, lymphoma, chronic, and smoldering types defined by organ
involvement, lactate dehydrogenase (LDH) and calcium values. For
the acute, lymphoma and unfavorable chronic subtypes (aggressive
ATL), and the favorable chronic and smoldering subtypes (indolent
ATL), intensive chemotherapy followed by allogeneic stem cell
transplantation and watchful waiting until disease progression has
been recommended, respectively, in Japan. A retrospective analysis
suggested that the combination of interferon alpha and zidovudine
was promising for the treatment of ATL, especially for leukemic
subtypes. There are several new trials for ATL, including a defuco-
sylated humanized anti-CC chemokine receptor 4 monoclonal
antibody, histone deacetylase inhibitors, a purine nucleoside
phosphorylase inhibitor, a proteasome inhibitor and lenalidomide.

© 2013 Elsevier Ltd. All rights reserved.
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Introduction

Adult T-cell leukemia (ATL) was first described in 1977 by Uchiyama and Takatsuki as a distinct
progressive T-cell leukemia of peculiar morphology, so called “flower cells” with a suspected viral
etiology because of the clustering of the disease in the southwestern region of Japan [1]. Subsequently,
anovel RNA retrovirus, human T-cell leukemia/lymphotropic virus type I (HTLV-1), was isolated from a
cell line established from leukemic cells of an ATL patient, and the finding of a clear association with
ATL led to its inclusion among human carcinogenic pathogens [2-5]. In the mid-1980s and 1990s,
several inflammatory diseases were reported to be associated with HTLV-1 including tropical spastic
paraparesis (TSP)/HTLV-1-associated myelopathy (HAM), HTLV-1 uveitis and infective dermatitis [6-9].
At the same time, endemic areas for the virus and diseases have been found such as the Caribbean
islands, tropical Africa, South America, Mid East and northern Oceania [10]. Subsequently, diversity in
the clinical features of ATL has been recognized including ATL without leukemic manifestation and
nomenclature of adult T-cell leukemia/lymphoma (ATLL) and/or adult T cell leukemia-lymphoma (ATL),
and a classification of clinical subtypes of the disease was proposed [11]. This chapter will review the
current recognition of ATL focusing on the biology and treatment of the disease.

Recent epidemiological findings of HTLV-1 and ATL in Japan

It has been estimated that there are several tens of million HTLV-1-infected individuals reside in the
world, with 1.1 million in Japan, and the annual incidence of ATL is approximately 1,000 in Japan. The
annual rate of ATL development among HTLV-1 carriers older than 40 years is estimated at 1.5 per 1000
in males and 0.5 per 1000 in females, and the cumulative risk of ATL development among HTLV-1
carriers is estimated to be 2.5%-5% over the course of a 70-year life span [12].

Recently, the prevalence of HTLV-1 in Japan as determined by screening of blood donors was sur-
veyed [13]. The seroprevalence of HTLV-1 among 1,196,321 Japanese first-time blood donors from 2006
to 2007 was investigated. A total of 3787 such donors were confirmed to be positive for the anti-HTLV-1
antibody. This resulted in an estimation of at least 1.08 million current HTLV-1 carriers in Japan, which
is 10% lower than that reported in 1988. The adjusted overall prevalence rates were estimated to be
0.66% and 1.02% in men and women, respectively. The peak in carrier numbers was found among
individuals in their 70s, which is a shift from the previous peak observed in the 1988 database among
individuals in their 50s. As compared to the survey in the 1980s, carriers were distributed throughout
the country, particularly in the greater Tokyo metropolitan area.

Factors reportedly associated with the onset of ATL include the following: HTLV-1 infection early in
life, increase in age, male sex, family history of ATL, past history of infective dermatitis, smaoking of
tobacco, serum titers of antibody against HTLV-1, HTLV-1 proviral load and several HLA subtypes [10,14].
However, definitive risk factors for the development of ATL among asymptomatic HTLV-1 carriers have
not been elucidated. Recently, Iwanaga and colleagues evaluated 1218 asymptomatic HTLV-1 carriers
(426 males and 792 females) who were enrolled during 2002-2008 for a prospective study on the
development of ATL[15]. The HTLV-1 proviral load at enrollment was significantly higher in males than
females (median, 2.10 vs. 1.39 copies/100 peripheral blood mononuclear cells (PBMC)) (P < .0001), in
those aged 40 or more years, and in those with a family history of ATL. During the follow-up period, 14
participants developed ATL. Their baseline proviral loads were high (range, 4.17-28.58 copies/100
PBMC). Multivariate Cox regression analyses indicated that not only a higher proviral load but also
advanced age, a family history of ATL, and the first opportunity for HTLV-1 testing during treatment for
other diseases were independent risk factors for the progression of ATL from a carrier status.

Molecular features of HTIV-1 and ATL

The HTLV-I gene encodes three structural proteins, Gag, Pol and Env, and complex regulatory
proteins such as Tax, which not only activates viral replication but also induces the expression of
several cellular genes. The expression of the proteins encoded by these cellular genes may enhance the
multistep carcinogenesis of ATL. However, the expression including Tax is suppressed in vivo probably
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escaping from immune surveillance, and appears just after in vitro culture [10]. A new viral factor,
HTLV-1 basic Zip factor (HBZ), encoded by minus strand mRNA was recently discovered and is thought
to be involved in viral replication and T-cell proliferation [16]. Several isoforms of HBZ transcripts were
reported to be steadily expressed in HTLV-1-infected cells and primary ATL cells in contrast to Tax. The
functions of these transcripts and putative proteins in the context of cellular transformation are now
under investigation.

Prototypical ATL cells have a mature helper T-cell phenotype (CD3-+, CD4+, CD8-). Recent studies
have suggested that the cells of some ATL patients may be the equivalent of regulatory T cells because
of the high frequency of expression of CD25/CCR4 and about half of that of FoxP3 [17]. By Southern
blotting for both HTLV-1 integration and T-cell receptor (TCR) gene rearrangement, about 10-20% of |
ATL cases showed clonal changes during the transformation from indolent to aggressive disease [18].
Oligoclonal expansion of HTLV-1 infected pre-malignant cells was detected in asymptomatic HTLV-1
carriers by HTLV-1 integrated site-specific PCR [19]. Polycomb-mediated epigenetic silencing of miR-
31 is implicated in the aberrant activation of NF-KB signaling in ATL cells [20]. A high rate of chro-
mosomal abnormalities has been detected in HTLV-1-infected T-cell clones derived from HTLV-1
carriers [21]. Abnormalities in tumor suppressors such as p53 and p14/p16 are frequent and rare in
acute- and chronic-type ATL, respectively, and both are associated with poor prognosis [22]. Chro-
mosomal abnormalities detected by cytogenetics or comparative genomic hybridization are often more
complex and more frequent in acute ATL than in chronic ATL, with aneuploidy and several hot spots
such as 14q and 3p [23]. Microarray analyses of the transcriptomes of ATL cells at the chronic and acute
stages elucidate the mechanism of stage progression in this disease revealed that several hundred
genes were modulated in expression including those for MET, a receptor tyrosine kinase for hepatocyte
growth factor and cell adhesion molecule, TSLC1 [24,25].

In summary, ATL is etiologically associated with HTLV-1. However, HTLV-1 does not carry a viral
oncogenes, expression of the virus including Tax appears just after in vitro culture. Integration of the
provirus into the host genome is random, and chromosomal/genetic abnormalities are complex:
therefore, ATL is regarded as a single HTLV-1 disease entity with diverse molecular features resembling
the acute-crisis-phase of chronic myeloid leukemia.

Clinical features and prognostic factors of ATL

ATL patients show a variety of clinical manifestations because of various complications of organ
involvement by ATL cells, opportunistic infections and/or hypercalcemia [10,11,26]. These three often
contribute to the extremely high mortality of the disease. Lymph node, liver, spleen and skin lesions are
frequently observed. Although less frequently, digestive tract, lungs, central nervous system, bone and/
or other organs may be involved [26]. Large nodules, plaques, ulcers, and erythrodermas are common
skin lesions [27~29]. Immune suppression is common. Approximately 26% of 854 patients with ATL
had active infections at diagnosis in a prior nationwide study in Japan [14]. The infections were bac-
terial in 43%, fungal in 31%, protozoal in 18%, and viral in 8% of patients. Individuals with indolent ATL
might have no manifestation of the disease and are identified only by health check-ups and laboratory
examinations.

ATL cells, so called “flower cells”, are usually detected easily in the blood of affected individuals
except in smoldering type, which mainly has skin manifestations and lymphoma type [11]. The his-
tological analysis of aberrant cutaneous lesions or lymph nodes is essential for the diagnosis of the
smoldering type with mainly skin manifestations and lymphoma type of ATL, respectively. Because ATL
cells in the skin and lymph node can vary in size from small to large and in form from pleomorphic to
anaplastic and Hodgkin-like cell with no specific histological pattern of involvement, distinguishing
the disease from Sezary syndrome, other peripheral T-cell lymphomas and Hodgkin lymphoma can at
times be difficult without examinations for HTLV-1 serotype/genotype [26].

Hypercalcemia is the most distinctive laboratory abnormality in ATL as compared to other lymphoid
malignancies, and is observed in 31% of patients (50% in acute type, 17% in lymphoma type and 0% in
the other two types) at onset [11]. Individuals with hypercalcemia do not usually have osteolytic bone
lesions. Parathyroid hormone-related protein or receptor activator of nuclear factor kappa B ligand
(RANKL) produced by ATL cells is considered the main factor causing hypercalcemia [30,31].
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The diagnosis of typical ATL is not difficult and is based on clinical features, ATL cell morphology,
mature helper-T-cell phenotype and anti-HTLV-1 antibody in most cases [11]. Those rare cases which
might be difficult to diagnose can be shown to have the monoclonal integration of HILV-1 proviral DNA
in the malignant cells as determined by Southern blotting. However, its sensitivity is around 5% of ATL
cells among normal cells. Furthermore, the monoclonal integration of HTLV-1 is also detected in some
HAM/TSP patients and HTLV-1 carriers [32]. After the diagnosis of ATL, subtype-classification of the
disease, reflecting prognostic factors, clinical features and natural history of the disease are based on
the presence of organ involvement, leukemic manifestation and values for LDH and calcium, is
necessary for the selection of appropriate treatment (Table 1) [11,33].

Major prognostic indicators for ATL, elucidated among 854 patients with ATL in Japan by multi-
variate analysis were advanced performance status, high LDH level, age of 40 years or more, more
than three involved lesions, and hypercalcemia [34]. Additional factors associated with a poor prog-
nosis include thrombocytopenia, eosinophilia, bone marrow involvement, a high interleukin (IL)-5
serum-level, CC chemokine receptor 4 (CCR4) expression, lung resistance-related protein (LRP), p53
mutation and p16 deletion by multivariate analysis [33]. Specific for the chronic type of ATL, high LDH,
high blood urea nitrogen (BUN), and low albumin levels were identified as factors for a poor prognosis
by multi-variate analysis [10]. Primary cutaneous tumoral type generally included among smoldering
ATL had a poor prognosis in a uni-variate analysis [27].

Recently, a retrospective review of 807 patients in Japan led to a prognostic index for acute- and
lymphoma-type ATL based on five prognostic factors; stage, performance status (PS), age, serum al-
bumin and sIL2R. In the validation sample, the index was reproducible with median survival times
(MSTs) of 3.6, 7.3, and 16.2 months for patients at high, intermediate, and low risk, respectively [35].
The Japan Clinical Oncology Group (JCOG)-Lymphoma Study Group (LSG) conducted a meta-analysis of
three consecutive trials exclusively for aggressive ATL (see below) [36]. OS analysis of a total 276 pa-
tients with acute-, lymphoma- or unfavorable chronic-ATL identified two significant prognostic factors,
PS and hypercalcemia. In the validation sample, a proposed prognostic index using the two factors into
two strata revealed MSTs of 6.3, and 17.8 months for patients at high and low risk, respectively. In both

Table 1
Diagnostic criteria for clinical subtypes of adult T-Cell leukemia-lymphoma.
Smoldering Chronic Lymphoma Acute

Anti-HTLV-1 antibody + + + +
Lymphocyte (x103/uUL) <4 >4 <4 2
Abnormal T lymphocytes >5%¢ +¢ <1% +€
Flower cells with T-cell marker b b No +
LDH <1.5N <2N 2 2
Corrected Ca?* (mEq/L) <55 <55 2 a
Histology-proven lymphadenopathy No 2 +
Tumor lesion
Skin and/or lung 2 a a 2
Lymph node No 2 Yes 2
Liver No 2 @ 2
Spleen No a 4 2
Central nervous system No é 2 2
Bone No No @ a
Ascites No No 2 2
Pleural effusion No No 2 a
Gastrointestinal tract No No 2 2

HTLV-1, human T-lymphotropic virus type I; LDH, lactate dehydrogenase; N normal upper limit.
With permission from Shimoyama M, Members of the Lymphoma Study Group (1984-1987): Diagnostic criteria and classifi-
cation of clinical subtypes of adult T-cell leukemia-lymphoma. Br ] Haematol 1991; 79:428.

2 No essential qualification except terms required for other subtype(s).

> Typical “fower cells” may be seen occasionally.

€ If the proportion of abnormal T lymphocytes is less than 5% in peripheral blood, a histologically proven tumor lesion is
required.

4 Histologically proven skin and/or pulmonary lesion(s) is required if there are fewer than 5% abnormal T lymphocytes in
peripheral blood.
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studies, however, the 5-year OS rate was less than 15% even in the low risk group, indicating that they
are not sufficient to properly identify non-candidates for allo-HSCT which can achieve a cure of ATL
despite considerable treatment-related mortality.

Treatment of ATL

Current treatment options for ATL include watchful waiting until the disease progresses, interferon
alpha (IFN) and zidovudine (AZT) therapy, multi-agent chemotherapy, allogeneic hematopoietic stem
cell transplantation (allo-HSCT) and new agents.

Recently, a treatment strategy based on the clinical subtype classification and prognostic factors
was suggested as shown in Table 2 [33].

Watchful waiting

At present, no standard management for indolent ATL exists. Therefore, patients with the smol-
dering or favorable chronic type, may survive one or more years without chemotherapy, excluding
topical therapy for cutaneous lesions, are observed and therapy is delayed until disease progression
[33]. However, it was recently found that the long-term prognosis of such patients was poorer than
expected. In a long-term follow-up study for 78 patients with indolent ATL (favorable chronic- or
smoldering-type) with a policy of watchful waiting until disease progression at a single institution in
Japan, the MST was 5.3 years with no plateau in the survival curve. Twelve patients remained alive for
>10 years, 32 progressed to acute ATL, and 51 died [37].

Chemotherapy

Since 1978, a number of consecutive chemotherapy trials have been conducted for patients newly
diagnosed with ATL by the JCOG-Lymphoma Study Group (LSG) (Table 3) [10]. Between 1981 and
1983, JCOG conducted a phase III trial (JCOG8101) to evaluate LSG1-VEPA (vincristine, cyclophos-
phamide, prednisone, and doxorubicin) vs 1SG2-VEPA-M (VEPA plus methotrexate (MTX)) for
advanced non-Hodgkin lymphoma (NHL), including ATL [10]. The complete response (CR) rate of
LSG2-VEPA-M for ATL (37%) was marginally higher than that of LSG1-VEPA (17%; P = .09). However,

Table 2
Strategy for the treatment of adult T-Cell leukemia-lymphoma.

Smoldering-or favorable chronic-type ATL
« Consider inclusion in prospective clinical trials
» Symptomatic patients (skin lesions, opportunistic infections, etc): consider AZT/IFN or watch and wait
o Asymptomatic patients: consider watch and wait

Unfavorable chronic- or acute-type ATL
o If outside clinical trials, check prognostic factors (including clinical and molecular factors if possible):

— Good prognostic factors: consider chemotherapy (VCAP-AMP-VECP evaluated by a phase lI] trial against biweekly-
CHOP) or AZT/IFN (evaluated by a meta-analysis on retrospective studies)

- Poor prognostic factors: consider chemotherapy followed by conventional or reduced intensify allo-HSCT
(evaluated by retrospective and prospective Japanese analyses, respectively).

— Poor response to initial therapy: consider conventional or reduced intensity allo-HSCT

Lymphoma-type ATL
o If outside clinical trials, consider chemotherapy (VCAP-AMP-VECP)
« Check prognostic factors (including clinical and molecular factors if possible) and response to chemotherapy:

— Good prognostic factors and good response to initial therapy: consider chemotherapy followed by observation
~ Poor prognostic factors or poor response to initial therapy: consider chemotherapy followed by conventional or
reduced intensity allo-HSCT.
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Table 3
Results of sequential chemotherapeutic-trials of untreated patients with ATL (JCOG-LSG).
]7801 J8101 8701 J9109 Jjo303 JCOG9801
LSG1 LSG1/LSG2 LSG4 LSG11 LSG15 mLSG15/mLSG19
Pts. no. 18 54 43 62 96 57 61
CR (%) 16.7 278 41.9 283 355 404 24.6
CR + PR (%) 51.6 80.6 72.0 65.6
MST (months) 7.5 8.0 7.4 130 12.7 109
2 yr. survival (%) 17.0 313
3 yr. survival (%) 10.0 219 236 12.7
4 yr survival (%) 8.0 11.6

CR: complete remission, PR: partial remission, MST: median survival time.

the CR rate was significantly lower for ATL than for B-cell NHL and peripheral T-cell lymphoma (PTCL)
other than ATL (P < .001). The MST of the 54 patients with ATL was 6 months, and the estimated 4-
year survival rate was 8%.

In 1987, JCOG initiated a multicenter phase II study (JCOG8701) of a multiagent combination
chemotherapy (LSG4) for advanced aggressive NHL (including ATL). LSG4 consisted of three regimens:
(1) VEPA-B (VEPA plus bleomycin), (2) M-FEPA (methotrexate, vindesine, cyclophosphamide, predni-
sone, and doxorubicin), and (3) VEPP-B, (vincristine, etoposide, procarbazine, prednisone, and bleo-
mycin) [10]. The CR rate for ATL patients was improved from 28% (JCOG8101) to 43% (JCOG8701);
however, the CR rate was significantly lower in ATL than in B-cell NHL and PTCL (P < .01). Patients with
ATL still showed a poor prognosis, with an MST of 8 months and a 4-year survival rate of 12%.

The first phase II trial (JCOG9109) with a pentostatin, which was considered to be a promising agent
showing responses against relapsed/refractory ATL as a single agent, ~containing combination (LSG11)
as the initial chemotherapy [38]. A total of 62 untreated patients with aggressive ATL (34 acute, 21
lymphoma, and 7 unfavorable chronic type) were enrolled. Among the 60 eligible patients, there were
17 CRs (28%) and 14 partial responses (PRs) (overall response rate [ORR] = 52%). The MST was 7.4
months, and the estimated 2-year survival rate was 17%. The prognosis of patients with ATL remained
poor, even though they were treated with a pentostatin-containing combination chemotherapy.

In 1994, JCOG initiated a phase II trial (JCOG9303) of an eight-drug regimen (LSG15) consisting of
vincristine, cyclophosphamide, doxorubicin, prednisone, ranimustine, vindesine, etoposide, and car-
boplatin for untreated ATL [39]. Dose intensification was attempted with the prophylactic use of
granulocyte colony-stimulating factor (G-CSF). In addition, non-cross-resistant agents such as rani-
mustine and carboplatin, and intrathecal prophylaxis with methotrexate and prednisone were incor-
porated. Ninety-six previously untreated patients with aggressive ATL were enrolled: 58 acute, 28
lymphoma, and 10 unfavorable chronic types. Approximately 81% of the 93 eligible patients responded
(75/93), with 33 patients obtaining a CR (35%). The overall survival rate of the 93 patients at 2 years was
estimated to be 31%, with an MST of 13 months. Grade 4 neutropenia and thrombocytopenia were
observed in 65% and 53% of the patients, respectively, whereas grade 4 non-hematologic toxicity was
observed in only one patient.

To confirm whether the LSG15 regimen would be considered as the new standard for the treatment
of aggressive ATL, JCOG conducted a phase III trial comparing modified (m)-LSG15 (Fig. 1) with CHOP-
14 (cyclophosphamide, hydroxy-doxorubicin, vincristine [Oncovin], and prednisone), both supported
with G-CSF and intrathecal prophylaxis [37]. A total of 118 patients were enrolled. The CR rate was
higher in the mLSG15 arm than in the CHOP-14 arm (40% vs. 25%, respectively; P =.020). The MST and
OS rate at 3 years were 12.7 months and 24% in the mLSG15 arm and 10.9 months and 13% in the CHOP-
14 arm {two-sided P =.169, and the hazard ratio was 0.75; 95% confidence interval (CI), 0.50 to 1.13}. In
mLSG15 vs. CHOP-14, rates of grade 4 neutropenia, grade 4 thrombocytopenia and grade 3/4 infection
were 98% vs. 83%, 74% vs. 17% and 32% vs. 15%, respectively. Three treatment-related deaths (TRDs), two
from sepsis and one from interstitial pneumonitis related to neutropenia, were reported in the mLSG15
arm. The longer survival at 3 years and higher CR rate with mLSG15 compared with CHOP-14 suggest
that mLSG15 is a more effective regimen at the expense of greater toxicity, providing the basis for
future investigations in the treatment of ATL [40]. The superiority of VCAP-AMP-VECP in mLSG15 to



