T-Cell Leukemia

Characteristics, Treatment and Prevention
Edited by Mariko Tomita

T-CELL LEUKEMIA CHARACTERISTICS,
TREATMENT AND
PREVENTION
Edited by Mariko Tomita

T-Cell Leukemia - Characteristics, Treatment and Prevention
http://dx.doi.org/10.5772/45997
Edited by Mariko Tomita
Contributors
Mariko Tomita, John Charles Morris, Tahir Latif, Shih-Sung Chuang, Tsung-Hsien Lin, Yen-Chuan Hsieh, Sheng-Tsung
Chang, Suming Huang, Marriott, Kendle Pryor, Makoto Yoshimitsu, Tomohiro Kozako, Naomichi Arima, Hidekatsu Iha,
Masao Yamada
© The Editor(s) and the Author(s) 2013
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.
Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.
First published in Croatia, 2013 by INTECH d.o.o.
eBook (PDF) Published by IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia
Legal deposit, Croatia: National and University Library in Zagreb
Additional hard and PDF copies can be obtained from orders@intechopen.com
T-Cell Leukemia - Characteristics, Treatment and Prevention
Edited by Mariko Tomita
p. cm.
ISBN 978-953-51-0996-9
eBook (PDF) ISBN 978-953-51-7097-6

We are IntechOpen,
the world’s leading publisher of
Open Access books
Built by scientists, for scientists

4,000+ 116,000+ 120M+
Open access books available

151

International authors and editors

Our authors are among the

Countries delivered to

Top 1%
most cited scientists

Downloads

12.2%

Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Meet the editor
Dr. Mariko Tomita, molecular oncologist, graduated
from Medical School, Kyushu University, Fukuoka, Japan in 1992. She worked for Kyushu University Hospital
as an intern in 1992/1993. She earned a Ph.D. in molecular oncology from Kyushu University in 1998. She spent
3 years at IGBMC (Strasbourg, France) and Free University (Amsterdam, The Netherlands) and performed
post-doctoral research. Then, she moved to the University of the Ryukyus,
Okinawa, Japan and started the research in viral oncology. She is presently
an Associate Professor at the Department of Pathology and Oncology.

Contents

Preface XI

Chapter 1

Molecular Morphogenesis of T-Cell Acute Leukemia 1
Michael Litt, Bhavita Patel, Ying Li, Yi Qiu and Suming Huang

Chapter 2

Monoclonal Antibody Therapy of T-Cell Leukemia and
Lymphoma 33
Tahir Latif and John C. Morris

Chapter 3

T- and NK/T-Cell Leukemia in East Asia 53
Tsung-Hsien Lin, Yen-Chuan Hsieh, Sheng-Tsung Chang and ShihSung Chuang

Chapter 4

Pleiotropic Functions of HTLV-1 Tax Contribute to Cellular
Transformation 67
Kendle Pryor and Susan J. Marriott

Chapter 5

Glycan Profiling of Adult T-Cell Leukemia (ATL) Cells with the
High Resolution Lectin Microarrays 89
Hidekatsu Iha and Masao Yamada

Chapter 6

Prevention of Human T-Cell Lymphotropic Virus Infection and
Adult T-Cell Leukemia 105
Makoto Yoshimitsu, Tomohiro Kozako and Naomichi Arima

Chapter 7

The Roles of AMP-Activated Protein Kinase-Related Kinase 5 as
a Novel Therapeutic Target of Human T-Cell Leukaemia Virus
Type 1-Infected T-Cells 119
Mariko Tomita

Preface
T-cell leukemia is relativelyrare malignancyof thymocytes. There are around 20 entities and
variants of this disease. Each of them has different characteristics, including pathogenesis,
epidemiology, diagnosis, therapeutic approaches, andprognosis. Although T-cell leukemia
is relatively rare malignancy, many types of T-cell leukemiasstill havea very poor prognosis‐
due to rapid progression. Therefore, development of novel therapeutic and preventive strat‐
egies is necessary to improve prognosis. The purpose of this book entitled “T-Cell Leukemia
- Characteristics, Treatment and Prevention”is to provide a comprehensive overview of the
disease from the basics of pathogenesis, epidemiology, morphology, and immunological
features. This book also highlights the most recent achievements from basic and clinical re‐
search including molecular mechanisms and novel therapies of T-cell leukemia.
The present book features contributions from international authors in various clinical and
research fields of T-cell leukemia.The first chapter, “Molecular Pathogenesis of T-Cell leuke‐
mia” by Drs. Michael Litt, Bhavita Patel, Ying Li Yi Qiu and Suming Huang, provides an
overview of molecular changesassociated withpathogenesisof T-cell acute leukemia (TALL).Specifically, chromosomal translocations which involve rearrangement of T-cell recep‐
tors and gene mutations which deregulate importantsignaling pathways involved in T-cell
leukemogenesisare described. The second chapter, “Monoclonal Antibody Therapy of T-cell
Leukemia and Lymphoma”writtenby Drs. TahirLatif, and John C. Morris, focuses on the
current status of monoclonal antibody therapy of T-cell leukemia and lymphoma.A number
of antibodies, including anti-CD2, anti-CD3, anti-CD4, anti-CD5, anti-CD25, anti-CD30, antiCD52, anti-CD122, and anti-CCR4, which are currently studied for antibody therapy of Tcell leukemia and lymphoma are summarized.Chapter 3, “T- and NK/T-Cell Leukemia in
East Asia”was written by Drs. Tsung-Hsien Lin, Yen-Chuan Hsieh, Sheng-Tsung Chang,and
Shih-Sung Chuang.The countries in East Asia have higher relative frequencies of these types
of leukemias and there are some differences in the clinical and pathological characteristics
between Western and Asian countries.This chapter gives usan overview of clinico-patholog‐
ical analysis of various types of T- and NK/T-cell leukemias in the East Asia.
The next four chapters cover the topics of human T-cell leukemia virus type 1(HTLV-1) and
adult T-cell leukemia/lymphoma (ATLL).Chapter 4, “Htlv-1-tax--all-roads-lead-to-transfor‐
mation” by Drs. Kendle Pryor and Susan J. Marriott, describes contribution of HTLV-1 viral
protein Tax to transformation of HTLV-1 infected cells. In this chapter, cellular transforma‐
tion by Tax both in tissue culture and transgenic mouse models are summarized.The molec‐
ular mechanisms of Tax mediated transformation isalso described from several aspects, such
as transcription factors, DNA repair pathways, and cell cycle regulation.Chapter 5,“Glycan
Profiling Analysis of Adult T-cell Leukemia (ATL) Cells with the High Resolution Lectin
Microarrays”is written by Drs. HidekatsuIha and Masao Yamada. Glycans have been con‐
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sidered biomarkers of cancer. In this chapter, the evidences that glycan profiles are useful
biomarker for diagnosis and prognosis ofATLL are discussed. Chapter 6, “Prevention of Hu‐
man T-Cell Lymphotropic Virus Infection and Adult T-Cell Leukemia”, is written by Drs.
Makoto Yoshimitsu, Tomohiro Kozako, NaomichiArima.Although many efforts to prevent
infection of HTLV-1 have been made in many countries, about 20 million people are infected
with HTLV-1 and ATLL is still developed among carriers. Understanding how to prevent
HTLV-1 infection and treatment related diseases is still big issue in the world health. This
chapter provides the overview of prevention and current treatment for ATLL not only from
clinical but also from research aspects. The last chapter, Chapter 7, “The Roles of AMP-Acti‐
vated Protein Kinase-Related Kinase 5 as a Novel Therapeutic Target of Human T-cell Leu‐
kaemia Virus Type 1-Infected T-Cells” by Dr. Mariko Tomita was focused on ARK5, a fifth
member of the AMP-activated protein kinases(AMPK) catalytic subunit family and ana‐
lyzed its role on the growth of HTLV-1-infected T-cells.The novel findings that ARK5 is a
novel target of NF-κB andaccelerates the growth of HTLV-1-infected T-cells during glucose
starvationare summarized.
As an editor of this book,I would like to acknowledge all of the authors for their significant
dedication and excellent works. I also thank Ms. ViktorijaZgela and entireInTech editorial
team for helping me to publish this book. This book addresses key issues of characteristics,
treatment and prevention of T-cell leukemia. I hope thatthis book will helpto developbasic
and clinical approaches for treatment and prevention of T-cell leukemia.
Mariko Tomita
University of the Ryukyus
Japan

Chapter 1

Molecular Morphogenesis of T-Cell Acute Leukemia
Michael Litt, Bhavita Patel, Ying Li, Yi Qiu and
Suming Huang
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/55144

1. Introduction
Many molecular alterations are involved in the morphogenesis of T-cell acute leukemia (TALL), classified as lymphoblastic leukemia/lymphoma by the World Health Organization. TALL is a malignant disease of the thymocytes which accounts for approximately 15% of
pediatric acute lymphoblastic leukemia (ALL) and 20-25% of adult ALL. Frequently, it presents
with a high tumor load accompanied by rapid disease progression. About 30% of T-ALL cases
relapse within the first two years following diagnosis with long term remission in 70-80% of
children and 40% of adults [1]-[4]. This poor prognosis is a consequent of our insufficient
knowledge of the molecular mechanisms underlying abnormal T-cell pathogenesis. Under‐
standing the abnormal molecular changes associated with T-ALL biology will provide us with
the tools for better diagnosis and treatment of lymphoblastic leukemia. Recent improvements
in genome-wide profiling methods have identified several genetic aberrations which are
associated with T-ALL pathogenesis. For simplification these molecular changes can be
separated into 4 different groups: chromosome aberrations, gene mutations, gene expression
profiles, and epigenetic alterations. This chapter will discuss these molecular changes in depth.

2. T-cell development
The progenitors for T lymphocytes arise in the bone marrow as long-term repopulating
hematopoietic stem cells (LT-HSCs) (Figure 1). These cells then differentiate, generating shortterm repopulating hematopoietic stem cells (ST-HSCs) and lymphoid-primed multipotent
progenitor (LMPP)[5]-[7]. LMPPs, which migrate via the blood and a chemotaxis process to
the thymus [8], phenotypically resemble early T-cell progenitors (ETP)[9],[10]. ETP cells, also
called double negative 1 (DN1), are capable of differentiating into either T-cells or myeloid

© 2013 Litt et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

2

T-Cell Leukemia - Characteristics, Treatment and Prevention

cells and phenotypically belong to a CD3-CD4-/lowCD8-CD25-CD44-KIT+ (Figures 1 and 2). If
ETP cells commit to the T-cell lineage they progress to double negative 2 (DN2), followed by
double negative 3 (DN3) and finally to double negative 4 (DN4) T-cell development stages.
This process starts with the downregulation of c-KIT receptor resulting in the cell surface
phenotype CD4-CD8-CD25+CD44- for DN2 cells, next CD44 is lost for a cell surface phenotype
of CD4-CD8-CD25+CD44- for DN3 cells, and finally CD25 is lost for a cell surface phenotype of
CD4-CD8-CD25-CD44- for DN4 cells (Figures 1 and 2) [9],[11]-[13]. This differentiation from
ETP to DN4 cells occurs within the thymus in intimate contact with the epithelial stromal cells,
which express Notch ligands, essential growth factors (interleukin-7), and morphogens (sonic
hedgehog proteins) important for T-cell development. Before differentiation into double
positive cells (DP) which have the cell surface phenotype CD4+CD8+, DN4 cells lose their
dependence on Notch ligand, interleukin-7 and sonic hedgehog (Shh) [14],[15]. Once they are
DP cells, they undergo positive and negative selection. Following selection, αβ T-cell receptor
(TCR)+ T cells migrate from the thymus to secondary lymphoid organs to manifest their
immune function. These mature cells are single positive (SP) with the cell surface phenotype
of either CD4+ or CD8+ [9],[11].

Figure 1. Stages in T-cell development. The different regions of the adult thymic lobule are indicated to the rights. The
progression of hematopoietic stem cells (HSC), multipotent progenitors (MPP), and the common lymphoid progeni‐
tors (CLPs) are shown to the left in the bone marrow. Lymphoid progenitors migrated through the blood to the thy‐
mus. The migration and differentiation from immigrant precursor to early T-cell precursors (ETP), to double negative
(DN), to double positive (DP), and to single positive (SP) stages is illustrated within the distinct microenvironments of
the thymus. Complete commitment to the T-cell lineage is indicated with a line between the DN2b and DN3a stages. β
or γδ selection is indicated between the DN3a and DN3b stages. This figure is modified form Aifnatis 2008 and Roth‐
enberg 2008 [9],[11]
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Figure 2. Regulatory factors in early T-cell development. The different stages of the cell differentiation are shown in
the center starting with hematopoietic stem cells (HSC) and progressing to single positive cells. Above and below the
line regulatory factors involved in the progression from one stage to another are indicated. Red lines indicated nega‐
tively active factors. The triangles at the top of the illustration indicate regulatory factors which are either upregulated
or downregulated at indicated stages. For example, Tal1 expression decreases from the DN2 stage to the DN3a stage
whereas Lef1 expression increased during that same transition. The solid blue line indicates the β-selection checkpoint
with the long blue arrow indicating the TCRβ-dependent stages. At the bottom of the illustration the different cell
surface phenotypes are shown below the corresponding stage in T-cell development. This figure is modified from
Rothenberg 2008 [9].

3. Classifications
3.1. Recurring chromosomal aberrations
Chromosomal translocations which alter gene function were among the first clues to the genes
and molecular mechanisms involved in abnormal T-cell biology. In T-ALL, approximately 50%
of cases have cytogenetically detectable chromosomal abnormalities. There are at least two
distinct molecular mechanisms of chromosomal translocations that can lead to abnormal Tcell biology (Figure 3). In one mechanism a strong regulatory element such as a promoter or
enhancer is rearranged next to a gene resulting in abnormal expression of this gene. The
affected gene typically encodes a transcription factor or a protein involved in cell cycle
regulation. In the second mechanism the translocation results in a fusion protein. Frequently
this fusion creates a novel protein that affects normal cell cycle regulation [16]. One of the
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hallmark features of T-ALL is translocations involving T-cell receptor genes, which are
observed in majority of T-ALL patients. The bulk of these recurring aberrations involve strong
transcriptional regulator elements from the T-cell receptor (TCR) genes being juxtaposed with
genes encoding transcription factors. These alterations are frequently caused by erroneous
V(D)J recombination events during T-cell development. Overall these chromosomal abnor‐
malities lead to aberrant gene expression and proteins that alter normal growth, differentia‐
tion, and survival of T-cells and their precursors.

Figure 3. Two mechanisms of aberrant activities caused by chromosomal translocations. A. A strong promoter or en‐
hancer is rearranged next to a proto-oncogene resulting in abnormal expression of the proto-oncogene. The TCR loci
elements and recurring gene targets involved in T-cell leukemogenesis are indicated to the left. B. Chromosomal rear‐
rangement between two transcription factors result in a chimeric transcription factor with oncogenic activity. Recur‐
ring gene fusions in T-cell leukemogenesis are indicated in the center below the arrow.
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Approximately 35% of the observed cytogenetic abnormalities in T-ALL involve translocations
that include the TCR alpha/delta chain at 14q11.2, the TCR beta chain at 7q34, and the TCR
gamma chain at 7p14 (Table1). Among this group, rearrangements with the HOX11, HOX11L2,
TAL1, TAL2, LYL1, BHLHB1, LMO1, LMO2, LCK, NOTCH1, and cyclin D2 genes are most
frequently observed in patients [11]. Overexpression of LMO1, LMO2, or TAL1 is caused by
rearrangements to the TCR delta chain in 3-9% of patients. About 3% of pediatric T-ALL is
caused by ectopic TAL1(1p32) expression due to the t(1;14)(p32;q11) rearrangement [17]-[21].
Overexpression of HOX11(TLX1) is observed in greater than 30% of adult T-ALL when
rearranged to the promoters of the TCR delta or TCR beta chains[22]. About 3-5% of patients
have HOXA-TCR beta rearrangements. For example, the inv(7)(p15q34) and t(7;7)(p15;q34)
rearrangement which results in up-regulation of the HOXA9, HOXA10 and HOXA11 genes
[23],[24]. Rare translocations involving juxtaposition of the TCR gamma or the TCR alpha/delta
chains to the LYL1 (19p13), TAL2 (9p32), or BHLH1(21q22) resulting in overexpression of these
genes are also observed [25]-[28].
Several chromosomal translocations do not involve the TCR locus (Table1). In 10-25% of TAL1
positive T-ALL patients, TAL1 is expressed as result of an intrachromosomal deletion between
the upstream ubiquitously expressed SIL gene as a result and TAL1 (SIL-TAL1)[29]-[31]. 20%
of pediatric and 4% of adult cases of T-ALL have HOX11L2 (TLX3)-BCL11B fusion. This fusion
causes ectopic expression of the HOX11L2/TLX3 gene [32],[33]. 8% of patients have the
(10;11(p13;q14)/PICALM-MLLT10 rearrangement. In this case leukemogenesis is mediated
through HOX gene upregulation via mistargeting of hDOT1l and H3K79 methylation [34],[35].
ABL1, a cytoplasmic tyrosine kinase, fusion genes have been identified in approximately 8%
of T-ALL case. The NUP214-ABL1 fusion, which results in a constitutively active tyrosine
kinase with oncogenic potential, occurs in 6% of both adult and children patients and is the
most frequent ABL1 fusion gene observed. EMl1-ABL1, BCR-ABL1, and ETV6-ABL1 gene
fusions are rarely observed in T-ALL but are frequent in other hematologic malignancies [36],
[37]. ETV6, which is an important hematopoietic regulatory factor, fusion genes have been
observed in both B-ALL (9.6%) and T-ALL patients (5%)[38],[39]. A significant cytogenetically
visible deletion on chromosome 9p involves CDKN2A and CDKN2B genes, incidence of which
varies from being rare to 70% in T-ALL cases [40]-[42]. In 5-10% of T-ALL patients, gene
rearrangements involving MLL gene are observed. The MLL gene can fuse to at least 36
different translocation partner genes [43],[44]. Although there are a wide variety of chromo‐
somal aberrations, the number of genes affected is relatively small. All of these genes are
important for normal T-cell development.
3.2. Recurring genetic mutations
Several genes associated with T-ALL pathogenesis have mutations which are not cytogeneti‐
cally visible. Some of the most frequently mutated genes are NOTCH1, FBXW7, PTEN,
CDKN2A/B, CDKN1B, 6q15-16.1, PHF6, WT1, LEF1, JAK1, IL7R, FLT3, NRAS, BCL11B, and
PTPN2 (Table2). Many of these genes were identified by gene expression profiling using
microarrays or by whole genome sequencing analysis. Below some of these genes and their
role in T-ALL is described briefly.
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Recurring Translocations in T-ALL
TCR Rearrangements
Gene

Rearrangemen

Non-TCR Rerrangements
Frequency

Gene

Rearrangement

Frequency

~3 of T-ALL

TAL1

STIL-TAL1 (1p32 deletion)

12-25% T-

t
TAL1

t(1;14)
(p32;q11)

ALL

t(1;7)(p32;q34)
TAL2

t(7;9)(q34;q32)

rare

HOXA

PICALM-MLLT10 (t(10;11)
(p13;q14))
MLL-MLLT1 (t(11;19)
(q23;p13))
SET-NUP214 9q34 deletions

LMO1

EML1-ABL1 (t(9:14)

8% T-ALL

(p15;q11)

(q34;q32))

for ABL1

t(7;11)

BCR-ABL1 (t(9;22)(q34;q11))

6% T-ALL

(q34;p15)

ETV6-ABl1 (t(9;12)(q34;p13))

for NUP214

t(11;14)

6-8% of T-ALL

ABL1

NUP214-ABL1
LMO2

ETV6

t(11;14)

ETV6-JAK2 (t(9;12)(p24;p13)

Rare

ETV6-ARNT (t(1;12)(q21;p13)

(p13;q11)
t(7;11)
(q34;p13)
11p13 deletions
HOX11

t(10;14)

30% of T-ALL

(q24;q11)
t(7;10)
(q34;q24)
HOX11L2

t(5;14)

20% Childhood

(q35;q32)

T-ALL
4% Adult T-ALL

HOXA

Inv(7)(p15q34)
t(7;7)(p15;q34)

LYL1

t(7;19)

rare

(q34;p13)
Table 1. Table of recurring translocation involved in T-ALL. The rearrangements are divided into those involving TCR
and non-TCR loci.
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Recurring genetic alterations in T-ALL
Gene

Alteration

Frequency

Notch1

Sequence mutations

~50% of T-ALL

FBW7

Sequence mutations

~20% of T-ALL

PTEN

Deletions/Sequence mutations

6-8% of T-ALL

CDKN2A/B

Deletions

30-70% of T-ALL

CDKN1B

Deletions/Sequence mutations

12% of T-ALL

6q15-16.1

Deletions

12% of T-ALL

PHF6

Deletions/Sequence mutations

16% of childhood T-ALL

WT1

Frameshift mutations

LEF1

Focal deletions/sequence mutations

15% of childhood T-ALL

JAK1

Sequence mutations

18% of adult T-ALL

IL7R

Gain of function mutation

9% of T-ALL

FLT3

Internal tandem duplication

4% of adult T-ALL

38% of adult T-ALL
13% childhood T-ALL
12% of adult T-ALL

3% of childhood T-ALL
NRAS

Sequence mutations

10% childhood T-ALL

BCL11

Deletions/Sequence mutations

9% of all T-ALL case
16% of T-ALL cases with HOX11
overexpression

PTPN2

Deletion

6% of T-ALL

Table 2. Table indicating recurring genetic alterations in T-ALL. The type of alteration and frequency of occurrence in
T-ALL cases is indicated.

3.2.1. Notch1 signaling pathway in T-ALL
Activating or loss of function NOTCH1 mutations are observed in ~34-71% of T-ALL and is
one of the most significant T-ALL oncogene [45]-[49]. NOTCH is involved in the regulation of
several cellular processes including differentiation, proliferation, apoptosis, adhesion, and
spatial development [50],[51]. The importance of NOTCH1 in leukemogenesis was first
discovered in a rare translocation t(7;9) that fuses the intracellular form of NOTCH1 to the TCR
beta promoter and enhancer sequences. This rare fusion leads to a truncated and constitutively
activated form of NOTCH1 termed TAN1 [52]. Other Notch isoforms also show oncogenic
activity. Notch2 sequences were able to induce leukemogenesis in cats and overexpression of
Notch3 in mice resulted in multi-organ infiltration by T lymphoblasts [53],[54]. The majority
of T-ALL cases with active Notch1 arise due to mutations in the Notch1's heterodimerization
(HD) domain and/or the PEST domain (proline-, glutamic-acid-, serine-, and threonine-rich
domain)[46]. Mutations in the HD domain appear to make the NOTCH1 receptor susceptible
to ligand-independent proteolysis and activation (Figure 4b), whereas, mutations in the PEST
domain interfere with recognition of the intracellular form of NOTCH1 by the FBW7 ubiquitin
ligase (Figure 4c) [45],[46],[55]-[62]. Notch1 is a single-transmembrane receptor with an
extracellular, transmembrane, and intracellular subunits. Initially the cell-membrane-bound
Notch protein is a single protein. After maturation when the protein is cleaved into two
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subunits the extracellular and intracellular subunits are linked non-covalently via the HD
domains. On the extracellular domain multiple epidermal growth factor (EGF)-like repeats
bind ligands namely, Delta-like ligand (DLL1), DLL2, DLL4, Jagged1 and Jagged 2. Ligand
binding initiates two cleavage events by the ADAM family of metalloproteinases and the γsecretase complex to release the intracellular form of NOTCH from the membrane. Two
nuclear localization domains in NOTCH lead to its translocation to the nucleus [62]. Once in
the nucleus, NOTCH associates with CSL (CBF1/suppressor of hairless/Lag1). Transcriptional
activation of NOTCH-target genes begins once the NOTCH/CSL complex recruits the coactivator proteins like mastermind-like 1 and the histone acetyl transferase p300 (Figure 4a)
[63]. The C-terminal domain of NOTCH contains the PEST domain. This domain is targeted
for ubiquitination by FBW7 and subsequent proteasome-mediated degradation. Mutations in
the PEST domain can increase the half-life of NOTCH protein resulting in aberrant activation
of NOTCH-target genes [58],[59],[61]. Together, aberrant stabilization or activation of the
intracellular form of NOTCH1 directly links to T-cell leukemogenesis.

Figure 4. The Notch1 signaling pathway and mutations involved in aberrant Notch1 activation. A. Depiction of normal
Notch1 signaling. Binding of Notch ligand to the extracellular Notch1 triggers a conformation change in the heterodi‐
merization domain (HD). This allows cleavage first by a metalloproteinase of the ADAM family and then by γ-secre‐
tase. These cleavages releases Notch1 from the membrane allowing it to translocate into the nuclease. Once in the
nucleus, Notch1 associates with a transcriptional complex composed of CSL (CBF1/suppressor of hairless/lag1) and
mastermind-like 1 (MAML1) to activate Notch1 target genes. Notch1 then becomes associated with FBW7 and is tag‐
ged for degradation following ubiquitination. B. Mutations in the HD domains (indicated by a red star) result in ligand
independent cleavage allowing aberrant release of Notch1 from the membrane. C. Mutations in the PEST domain of
Notch1 or mutations in FBW7 interfere with ubiquitination of Notch1. This allows accumulation of intracellular
Notch1 by reducing its degradation. The figure is modified from Aifantis 2008 [11].
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Because NOTCH1 plays a significant role in T-cell leukemogenesis, its regulation has been
studied extensively. Nearly 40% of Notch-responsive genes are regulators of cell metabolism
and protein biosynthesis [64]. c-MYC, a master regulator of multiple biosynthesis and
metabolic pathways, is a direct transcriptional target of Notch1. Notch1 binding sites in the
MYC promoter have been shown to be important for MYC expression in T-ALL [64]-[67].
Constitutively active Notch1 was shown to activate the NF-κB pathway [68], an important
regulator of cell survival, cell cycle, cell adhesion and cell migration. This activation can occur
by the direct transcriptional activation of Relb and Nfkb2 as well as via a Notch1 and IKK
complex interaction. Another Notch1 target is PTEN (phosphatase and tension homologue).
PTEN is negatively regulated by Notch1 through the activity of HES1 and MYC, resulting in
the deregulation of the PI3K-AKT metabolic pathway [69]. Finally, Notch1 is also involved in
the regulation of the NFAT signaling pathway, where it regulates the pathway by altering
expression of calcineurin, a calcium-activated phosphatase [70]. Overall, these findings
emphasize the role of Notch1 in inducing T-cell leukemogenesis through multiple cell
signaling pathways capable of regulating cell survival, proliferation and metabolism.
As mentioned above, FBW7 (F-box and WD repeat domain containing 7), an E3 ubiquitin ligase
located on chromosome 4q31.3, is observed to be mutated in T-ALL with a frequency ranging
from 8.6% to 16% [59],[61],[71]. FBW7 is part of the SCF complex (SKP1-Cullin-1-F box protein
complex), which can target MYC, JUN, cyclin E, and Notch1 for ubiquitination coupled
proteosomal degradation [60]. The WD40 domain of FBW7 contains a degron-binding pocket
domain. This domain recognizes phosphothreonine in the consensus sequence I/L/P-T-P-X-XS/E of protein substrates. Roughly 20% of T-ALL patients have mutations in FBW7 that
destroys the degron-binding pocket. Moreover, the degron sequence of Notch1 (LTPSPES)
located in the distal portion of its PEST domain is found to be mutated in T-ALL, thus extending
Notch1 half-life and altering downstream signaling cascades. Interestingly, T-ALL patients
frequently have mutations in both the FBW7 degron binding pocket as well as in the Notch1
degron sequence (Figure 4c) [58],[59],[61]. These combined mutations elevate intracellular
Notch1 activity and therefore, enhances leukemia manifestation. Current studies suggest
FBW7 mutations induce T-cell leukemogenesis by disrupting Notch1 regulation.
PTEN (phosphatase and tensin homolog deleted on chromosome 10) is deleted or mutated in
6-8% of T-ALL cases. The major substrate of PTEN is PIP3 (phosphatidylinositol-3,4,5triphosphate). PTEN activity prevents the accumulation of PIP3, thus limiting or terminating
activation of a cascade of PI3K-dependent signaling molecules. The expression of PTEN has
been shown to be negatively regulated by Notch1. PTEN appears to be required for optimal
negative selection in the thymus. Loss of PTEN is characterized by overexpression of the cmyc oncogene and induction of lymphomagenesis within the thymus [69],[72]. Therefore
PTEN appears to be an important tumor-suppressor involved in T-cell leukemogenesis.
3.2.2. Cell cycle, apoptosis, and transcription regulators in T-ALL
Deletions in CDKN2A and CDKN2B are significant secondary abnormities in pediatric T-ALL.
Loss of the tumor suppressor CDKN2A/B expression is observed in 30-70% of T-ALL cases
and can occur due to chromosomal translocation, promoter hypermethylation, somatic
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mutation, or gene deletions [40],[42]. CDKN2A and CDKN2B are located adjacent on chro‐
mosome 9p21. CDKN2A encodes p16INK4a(cyclin-dependent kinase inhibitor)/p14ARFwhile
CDKN2B encodes p15INKb. These genes block cell division during the G1/S phase of the cell
cycle by inhibiting cyclin/CDK-4/6 complexes [73],[74]. The principle mode of CDKN2A
inactivation occurs via genomic deletions which can usually be detected by FISH [41]. Loss of
function of CDKN1B (cyclin-dependent kinase inhibitor 1B) gene, located on 12p13.2, have
been observed in 12% of T-ALL cases [75]. Similar to CDKN2A and CDKN2B, CDKN1B acts
as a tumor suppressor. Inactivation of CDKN1B leads to overexpression of D-cyclins, thereby
inhibiting the cells ability to maintain quiescence in G0. Therefore, CDKN2/B and CDKN1B
play an important role in abnormal T-cell biology by regulating cell cycle progression.
12% of pediatric T-ALL cases have deletion in 6q15-16.1 [75]. The single most down regulated
gene in this region is caspase 8 associated protein 2 (CASP8AP2). Deletion of CASP8AP2
probably interferes with Fas-mediated apoptosis. In gene expression profiling study, loss of
CASP8AP2 was not observed in any pre-B-ALL samples [75], indicating deletions to 6q15-16.1
maybe a hallmark of T-ALL.
The X-linked plant homeodomain (PHD) finger 6 (PHF6) gene has inactivating mutations in
16% of pediatric and 38% of adult primary T-ALL cases [76]. Mutations in PHF6 are limited to
male T-ALL cases. Consequently, this gene may be responsible for the increased incidence of
T-ALL cases in males. Loss of expression of the PHF6 gene was associated with leukemia
driven by abnormal expression of the homeobox transcription factor oncogenes. PHF6 gene
encodes a protein with two plant homeodomain-like zinc finger domains. A recent study
demonstrated that PHF6 copurifies with the nucleosome remodeling and deacetylation
(NuRD) complex, implicating its role in chromatin regulation [77].
The WT1 (Wilms tumor) tumor suppressor gene is mutated in 13.2% of pediatric and 11.7% of
adult T-ALL cases [78],[79]. The WT1 is known to be a transcriptional activator of the eryth‐
ropoietin gene. Loss of WT1 expression results in diminished erythropoietin receptor (EpoR)
expression in hematopoietic progenitors, suggesting that activation of the EpoR gene by Wt1
is an important mechanism in normal hematopoiesis [80]. WT1 mutations are frequently
prevalent in T-ALL cases harboring chromosomal rearrangements associated with abnormal
expression of the homeobox transcription oncogenes, HOX11, HOX11L2, and HOXA9 [79].
This suggests that the recurrent genetic mutations in WT1 are associated with abnormal HOX
gene expression in T-ALL period
Lymphoid enhance factor 1 (LEF1) gene is mutated in 15% of pediatric T-ALL cases [81].
Inactivation of LEF1 was associated with increased expression of MYC and MYC targets, a
gene expression signature consistent with developmental arrest at a cortical stage of T-cell
differentiation. Interestingly, T-ALL cases with LEF1 mutation lacked overexpression of TAL1,
HOX11, HOX11L2 and HOXA genes suggesting that LEF1 acts via different molecular
pathways in T-cell leukemogenesis. In fact, The LEF family of DNA-binding transcription
factors interacts with nuclear β-catenin in the WNT signaling pathway. The loss of LEF1 may
result in the relief of transcriptional repression of MYC in T-ALL cases. It was reported that
LEF1 probably contributes to T-ALL pathogenesis by acting in concert with NOTCH1 to
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promote up-regulation of MYC expression. In this case LEF1 also relieves transcriptional
repression of MYC to allow its maximum overexpression by Notch1 [81].
3.2.3. JAK/STAT signaling pathway in T-ALL
About 18% of adult and 2% of pediatric T-ALL cases have activating mutations in the Janus
Kinase 1 (JAK1) [38]. The JAK family (JAK1, JAK2, JAK3, and TYK2) function as signal
transducers to control cell proliferation, survival, and differentiation. They are nonrecep‐
tor tyrosine kinases that associate with cytokine receptors to phosphorylate tyrosine residues
of the target proteins. This process regulates the recruitment and activation of STAT proteins.
The JAK/STAT signaling cascade is an important regulator of normal T-cell development.
Each JAK family member associates with a different subset of cytokine receptors. JAK1
regulates the class II cytokine receptors as well as receptors that use the gp130 or γc receptor
subunit. These class of cytokine receptors are involved in controlling lymphoid develop‐
ment [82],[83]. The majority of the JAK1 kinase mutations observed in T-ALL cases result
in unregulated tyrosine kinase activity. T-ALL cases with mutations in JAK1 appear to be
associated with different T-ALL subgroups than patients harboring aberrant expressions of
the homeobox transcription factors HOX11 and HOX11L2 [38]. JAK1 is involved in the
regulation of both interleukin 7 receptor (IL7R) and protein tyrosine phosphatase nonreceptor type 2 (PTPN2) [84],[85].
The interleukin 7 receptor (IL7R) has a gain-of-function mutation in exon 6 in 9% of TALL cases [85]. Several lines of evidence suggest IL7R plays an important role in T-cell
leukemogenesis. IL-7 and IL7R signaling are essential for normal T-cell development.
Deficiency of IL-7 and IL7R in mice caused reduction of non-functional T cells and showed
an early block in thymocyte development [86]-[89]. Loss of IL7R function also results in
severe combined immunodeficiency in humans [90]. Increased expression of IL7R was
associated with spontaneous thymic lymphomas in mice. Furthermore, Notch1 has been
shown to transcriptionally upregulate IL7R receptor gene [91]. Mutations in exon 6 of IL7R
promotes de novo formation of intermolecular disulfide bonds between IL7R mutant
subunits, which triggers constitutive activation of tyrosine kinase JAK1 regardless of
regulation by IL-7, γc, or JAK3. Gene expression profiles for IL7R mutations are generally
associated with the T-ALL subgroup harboring HOX11L2 rearrangements and HOXA
deregulation [85].
Inactivation of protein tyrosine phosphatase non-receptor type 2 (PTPN2) gene is ob‐
served in ~6% of T-ALL cases [84],[92]. PTPN2 encodes a tyrosine phosphatase, located on
chromosome 18p11.3-11.2, that negatively regulates JAK/STAT pathway and NUP214ABL1 kinase activity. Loss of PTPN2 results in activation of the JAK/STAT pathway and
increased T-cell proliferation by cytokines. Unlike JAK1 mutations, deletions in PTPN2 gene
appear to be restricted to T-ALL cases which specifically overexpress HOX11 [84]. There‐
fore mutations in PTPN2 probably play a role in T-cell leukemogenesis by deregulating
tyrosine kinase signaling.
Activating mutations in the FMS-like tyrosine kinase 3 (FLT3) gene are amongst the most
common genetic aberrations in acute myeloid leukemia [93]-[95]. In T-ALL, FLT3 mutations
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are relatively rare with a frequency of approximately 4% in adult and 3% in pediatric cases.
[96]-[98]. FLT3 encodes a class III membrane tyrosine kinase that is expressed in early hema‐
topoietic stem cells. Normally FLT3 is activated when bound by the FLT3 ligand (FL). This
interaction causes receptor dimerization and kinase activity resulting in activation of down‐
stream signaling pathways such as Ras/MAP kinase, PIK3/AKT, and STAT5. The most frequent
FLT3 mutation involves a duplication of the juxtamembrane (JM) domain. This mutation leads
to dimerization of FLT3 in the absence of FLT3 ligand (FL), autophosphorylation of the receptor
and constitutive activation of the tyrosine kinase domain, which triggers uncontrolled
proliferation and resistance to apoptotic signaling though activation of the PIK3/AKT, Ras/
MAPK and JAK2/STAT pathways [98]-[100].
The B-cell chronic lymphocytic leukemia (CLL)/lymphoma 11B (BCL11B) gene has mutations
in 16% of T-ALL patients with HOX11 overexpression. However, in unselected patients,
deletions or missense mutations for BCL11B were observed in only 9% of cases. This suggests
that BCL11 mutations probably occur across all subtypes of T-ALL [101]. BCL11B is located
on human chromosome 14q32.2 and encodes a kruppel-like C2H2 zinc finger protein which
acts as a transcriptional repressor. Loss of function mutations in BCL11B gene in mice leads to
developmental arrest of T-cell in DN2-DN3 stage, acquisition of NK-like features, and aberrant
self-renewal activity. Transcriptional activation of IL-2 expression in activated T-cell is
mediated by BCL11B via its interaction with p300 co-activator at the IL-2 promoter [102]-[106].
Because of BCL11B’s role in normal T-cell development, it plays an important role in T-cell
leukemogenesis.
Approximately 10% of childhood T-ALL cases have mutations in NRAS oncogene located on
chromosome 1p13.2, which is involved in the malignant transformation of many cells [107].
The recurrence of NRAS mutations in T-ALL cases suggests that NRAS is involved in abnormal
T-cell biology.
3.3. Gene expression profiles
Whole genome sequencing and gene expression profiles provide a more comprehensive view
of the genetic alterations involved in T-cell leukemia. A recent microarray-based gene
expression study classified T-ALL cases into major subgroups corresponding to leukemic
arrest at different stages of thymocyte differentiation. Currently there are 3 subtypes of T-ALL
cases which include the HOXA/MEISI, TLX1/3 and TAL1-overexpressing subtype [108], the
LEF1-inactivated subtype [81], and the early T-cell precursor phenotype [109] (Figure 5).
Leukemic arrest at early pro-T thymocytes (DN2 cells) were characterized by high levels of
expression of the LYL1 gene. Arrest in early cortical thymocytes (DN3 cells) were characterized
by changes in HOX11/TLX1 expression. Arrest in late cortial thymocytes (DP cells) were
characterized by changes in the TAL1/LMO1 expression. Aberrant HOX11L2/TLX3 activation
was also identified as being involved in T cell leukemogenesis (Figure 4) [108]. TAL1 and LYL1
are members of the basic helix-loop-helix (bHLH) family of transcription factors, LMO1 is
member of the LIM-only domain genes (LMO), and HOX11 and HOX11L2 belongs to the
homeobox gene family.
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Figure 5. Gene subtypes resulting in differentiation arrest at specific stages of T-cell development. The illustration
shows the progression of T-cell development from the double negative stages to the mature single positive stage. The
colored rectangles indicates stages of leukemic arrest. Overexpression of LYL, HOX11, TAL1, and HOXA lead to differ‐
entation arrest at the double negative stage, early cortical stage, late cortical stage, and positive selections stage, re‐
spectively. Loss of Lef1 expression results in early cortical leukemic arrest. The table below indicates the molecular
subtypes leading to differentiation arrest at specific stages of T-cell development and the molecular subtypes occur‐
ring across all the stages of T-cell development.

Recently whole genome sequencing of early T-cell precursor acute lymphoblastic leukemia
(ETP-ALL) identified several genes involved in abnormal T-cell biology [10]. 15% of T-ALL
cases are ETP-ALL. Phenotypically ETP-ALL is negative for the cell surface markers CD1a and
CD8, has little to no expression of CD5, and has aberrant expression of myeloid and hemato‐
poietic stem cell markers. This study performed whole genome sequencing on 12 children with
ETP-ALL. The frequency of the mutations identified from these 12 cases was then accessed in
94 cases of T-ALL. Of these 94 cases 52 cases had ETP and 42 had a non-ETP pediatric T-ALL.
Even though an average of 1140 sequence mutations and 12 structural variations in the genome
were identified per ETP case, they were able to narrow down the number of affected genes to
3 group and 3 novel genes (DNM2, ECT2L, and RELN). 67% of the cases were characterized
by activating mutations in genes involved in the regulation of cytokine receptor and RAS
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signaling. These genes included NRAS, KRAS, FLT3, IL7R, JAK3, JAK1, SH2B3 and BRAF.
58% of the cases were characterized by inactivating lesions that disrupted hematopoietic
development. These genes included GATA3, ETV6, RUNX1, IKZF1, and EP300. 48% of the
cases were characterized by changes in histone modifying genes (EZH2, EED, SUZ12, SETD2,
and EP300) [10]. From gene expression profiling and whole genome sequencing we are
beginning to obtain a more complete picture of the genes involved in abnormal T-cell biology.
MicroRNA expression profiling found 10 detectable miRNAs in human T-ALL cells, five of
these miRNAs (miR-19b, miR-20a, miR-26a, miR-92, and miR223) were predicted to target
tumor suppressors genes implicated in T-ALL [110]. These five miRNA's were able to accel‐
erate leukemia development in a mouse model. Furthermore, it was shown that these five
miRNAs produced overlapping and cooperative effects of the tumor suppressor genes
IKAROS, PTEN, BIM, PHF6, NF1 and FBXW7 in T-ALL pathogenesis. miR223 appears to be
the most overexpressed miRNA in leukemia. These results indicate the important role that
miRNA's play in abnormal T-cell biology.
3.4. Basic helix-loop-helix proteins
As mentioned early, some of the most common recurrent chromosomal aberrations in
abnormal T-cell biology involved chromosomal translocations of the TCR gene to the basic
helix-loop-helix (bHLH) genes (MYC, TAL1, TAL2, LYL1, bHLHB1), the cysteine-rich (LIMdomain) genes (LMO1, LMO2), or the homeodomain genes (HOX11/TLX1), HOX11L2/TLX3,
members of the HOXA cluster) (Table1). The most common bHLH gene with aberrant
expression observed in T-ALL cases is the transcriptional regulator TAL1 (T-cell acute
lymphocytic leukemia 1; also known as SCL). It was first identified in T-ALL patients with the
t(1;14)(p32;q11) translocation [17],[18],[20],[21]. This chromosomal rearrangement, which is
observed in 3% of cases, causes ectopic TAL1 expression by placing TAL1 under control of the
TCRδ oncogene [19]-[21],[111]. 12%-25% of T-ALL cases have a submicroscopic 90-kb deletion
that fuses the TAL1 coding sequence to the first exon of the SIL gene (SCL interrupting locus).
This rearrangement leads to dysregulation of TAL1 expression [17],[29]-[31]. The majority of
T-ALL cases, up to 60%, show ectopic TAL1 expression with no detectable TAL1 gene
rearrangements [112]. Gene expression profiling has shown that ectopic expression of TAL1
results in leukemic arrest in late cortical thymocytes (Figure 5) [108]. These results show that
activation of TAL1 gene is required for the leukemic phenotype of T-cells.
The TAL1 gene, located on chromosome 1p32, encodes a class II basic helix-loop-helix factor
[113]. The protein binds DNA as a heterodimer with the ubiquitously expressed class I bHLH
genes known as E-proteins such as E2A or HEB. These heterodimers recognize an E box
sequence (CANNTG)[114]. TAL1 positively and negatively modulates transcription of targets
gene as a large complex consisting of an E-protein, the LIM-only proteins LMO1/2, GATA1/2,
Ldb1, and other associated coregulators. This complex usually binds a composite DNA
elements containing an E box and a GATA-binding site separated by 9 or 10 bp (Figure 6) [115][117]. It was shown recently that in T-ALL cells TAL1, GATA-3, LMO1, and RUNX1 together
form a core transcription regulatory circuit to reinforce and stabilize the TAL1-directed
leukemogenic program [118].
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Figure 6. Model of TAL1 complexs and target sites. A. TAL1 complex binding to an E-box and GATA box. B. TAL1 com‐
plex binding to a double E-box. C. TAL1 complex binding to a single E-box. D. TAL1 complex binding to a single GATA
site showing activation of either the RALDH-2 or NKX3.1 genes. E. TAL1 complex binding to a GC-box with activation
of c-kit. The table to the lower right shows the different TAL1 regulator partners. The partners are divided into three
categories transcription factors, co-activators, or co-repressors.

TAL1 expression is essential for hematopoiesis. It is required for specification of hematopoietic
stem cells during embryonic development and it is necessary for erythroid maturation. Normal
expression of TAL1 is restricted to the DN1-DN2 subset of immature CD4-/CD8- thymocytes
with ectopic expression resulting in leukemic arrest in late cortical thymocytes [108].
Two models have been proposed for TAL1-induced leukemogenesis. In the prevailing model
TAL1 acts as a transcriptional repressor by blocking the transcriptional activities of E2A, HEB,
and/or E2-2 through its heterodimerization with these E-proteins. TAL1 may mediate its
inhibitory effect by interfering with E2A-mediated recruitment of chromatin-remodeling
complex which activate transcription [114],[119]-[121]. It also been shown to associate with
several corepressors including HDAC1, HDAC2, mSin3A, Brg1, LSD1, ETO-2, Mtgr1, and
Gfi1-b (Figure 6) [122]. In human T-ALL TAL1 transcriptional repression may be mediated by
TAL1-E2A DNA binding and recruitment of the corepressors LSD1 and/or HP1-α [123]. In the
other model TAL1 induces leukemogenesis through inappropriate gene activation [124]. At
least two genes RALDH2 and NKX3.1 are transcriptionally activated by TAL1 and GATA-3
dependent recruitment of the TAL1-LMO-Ldb1 complex [125],[126]. As a transcriptional
activator TAL1 has been shown to associate with the coactivators p300 and P/CAF (Figure 6)
[127],[128]. Both of these complexes contain HAT activities. The prevalence of histone-
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modifying enzymes in TAL1 complexes suggests that one function of TAL1 is to regulate
chromatin states of its target genes.
TAL1 and the lymphoblastic leukemia-derived sequence 1 (LYL1) share 90% sequence identity
in their bHLH motif [26]. Like TAL1, LYL1 role in leukemogenesis was discovered by studying
chromosomal rearrangements. It is expressed by adult hematopoietic cells and is overex‐
pressed in T-ALL. Gene expression profiling showed that overexpression of LYL1 resulted in
leukemic arrest at pro T-cell (Double negative) stage of T-cell differentiation (Figure 5) [108].
In mouse embryos LYL1 and TAL1 expression overlaps in hematopoietic development,
developing vasculature and endocardium. At the molecular level LYL1 controls expression of
several genes involved in the maturation and stabilization of the newly formed blood vessels
[129]. Therefore, bHLH proteins play an important role in abnormal T-cell biology.
3.5. LIM domain proteins
Aberrant expression of the LMO1 and LMO2 proteins is observed in 45% of T-ALL cases. The
discovery of the LMO1 and LMO2 genes adjacent to the chromosomal translocations t(11;14)
(p15q11) and t(11;14)(p13;q11) was the first indication that these proteins were involved in Tcell leukemogenesis [130]-[132]. The LMO family (LMO1, LMO2, LMO3, and LMO4) encodes
genes that have two cysteine-rich zinc coordinating LIM domains. The LIM domain is found
in a variety of proteins including the homeodomain-containing transcription factors, kinases,
and adaptors. Despite the presence of 2 zinc finger motifs, LMO1 and LMO2 genes do not
appear to bind DNA. Instead the LMO proteins probably act as scaffolding protein to form
multiprotein complex through their interaction with the LIM domain binding protein 1 (LDB1)
(Figure 6) [116].
Leukemogenesis by aberrant expression of LMO1 or LMO2 is thought to occur via two
mechanisms. In the first mechanism aberrant expression or abnormal LMO proteins forms a
dysfunctional multiprotein complexes that alters the expression of the target genes by directly
binding to their promoters [133]-[136]. In the second mechanism abnormal LMO1 or LMO2
complexes displace the LMO4 complex. This results in arrest of T-cell development at the DP
stage [137].
LMO2 function is necessary for normal T-cell development. In fact, LMO2 has been shown to
interact with several factors involved in aberrant T-cell biology. As mentioned above TAL1 may
regulate its target genes through the TAL1-LMO-Ldb1 complex (Figure 6). Ectopic expres‐
sion of LMO1 and LMO2 leads to accumulation of immature DN T cells in mice with subse‐
quent leukemia manifestation with a long latency, suggesting the role of LMO is important for
the development of tumors but is not self-sufficient [26],[138],[139]. Ectopic expression of both
TAL1 and LMO1 in mice accelerated the progression to leukemogenesis (Figure 7). In this case
thymic expression of the TAL1 and LMO1 oncogenes induced expansion of the ETP/DN1 to
DN4 population and lead to T-ALL in ~120 days. The acquisition of a Notch1 gain-of-function
mutation was proposed to be the rationale behind this increase in leukemia penetrance. In fact,
thymic expression of all three oncogenes Notch1, TAL1 and LMO1 induced T-ALL with high
penetrance in 31 days, the time necessary for clonal expansion (Figure 7) [140]. These studies
suggest that aberrant LMO proteins are key players in abnormal T-cell biology.
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Figure 7. Model of progression to leukemia via TAL1, LMO1 and Notch1. The dashed line indicates the time of wean‐
ing. The number of days to differentiation arrest and finally T-ALL are shown above the cell stages. A. Shows the num‐
bers of days to full T-ALL in mice with TAL1 and LMO1 oncogenes. Note the 70 day delay for a Notch1 gain of function
mutation. B. Shows the number of days to full T-ALL in mice with TAL1, LMO1, and Notch1 oncogenes. Note the delay
is ~30 days the time necessary for clonal expansion. This figure is modified from Tremblay et al 2010 [140].

3.6. Homeobox genes
Dysregulated expression of HOX-type transcription factors occurs in 30-40% of T-ALL cases
[23],[24],[32]. The HOX genes play an important role in hematopoiesis [141]. The majority of
the HOXA, HOXB and HOXC genes clusters are expressed in hematopoietic stem cells and
immature progenitor compartments. Furthermore, these genes are down regulated during
differentiation and maturation of hematopoiesis [142],[143]. In T-ALL dysregulation of the
HOXA gene cluster is a frequent recurring aberration. Upregulation of HOXA9, HOXA10, and
HOXA11 occurs in T-ALL cases when the TCR beta regulatory elements are juxtaposed with
these genes [16].
Two orphan HOX proteins (HOX11 and HOX11L2) have been implicated in T-cell leukemogen‐
esis [144]. Overexpression of HOX11 is observed in 30% of T-ALL cases because of two recurring
translocation events. This gene is also frequently overexpressed in T-ALL cases in the ab‐
sence of genetic rearrangements. Mice deficient in HOX11 fail to develop a spleen, implicat‐
ing its role in spleen organogenesis [145]. Normally HOX11 is not expressed in thymocytes.
Ectopic expression of HOX11 in T-cells caused a block at the DP stage of T-cell differentiation
(Figure 5). This is consistent with genetic profiling studies which showed that overexpression
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of HOX11 results in leukemic arrest at early cortical thymocytes stage (Figure 5) [108]. Overex‐
pression of HOX11 in hematopoietic stems cells of mice developed T-cell leukemia. However,
the long latency of tumorigenesis suggests other genetic abnormalities are required [146]-[148].
It should be noted that nearly all HOX11 T-ALL cases have activating NOTCH1 mutation. It
has been proposed that HOX11 binding to the Groucho-related TLE corepressor was necessa‐
ry for maximal transcriptional regulation of Notch1-responsive genes. This suggests that HOX11
and Notch1 may synergistically regulate transcription in T-ALL [149].
3.7. Epigenetic modifications
Aberrant changes in DNA methylation and histone modifications occur frequently in all
cancers. Estimates vary but studies suggest that there are approximately 100 epigenetic
changes for every DNA based genetic mutation. Consequently epigenetic modifications will
almost certainly play an important role in T-cell leukemogenesis.
Comparative genomic hybridization data of T-ALL primary samples has shown recurrent
deletions in 25% of T-ALL cases in EZH2 and SUZ12 genes. These genes are members of the
polycomb repressor complex 2 (PRC2) and involved in establishing the repressive H3K27me3
mark. Activation of Notch1 was shown to cause the loss of the H3K27me3 mark by antago‐
nizing the activity of PRC2. This data implicates histone modifications and PRC2 as important
regulatory factors in T-cell leukemogenesis [150].
The CpG island methylator phenotype (CIMP) has been used to characterize T-ALL patients.
The CIMP+ phenotype has a large number of hypermethylated genes with the CIMP- having
a low number of hypermethylated genes. Analysis of the methylation status of 20 genes, the
majority of which are implicated in abnormal T-cell biology, in 61 pediatric T-ALL patients
and 11 healthy children showed a difference in the CIMP pattern. On average patients had 2.4
hypermethylated loci where none of the normal individual's loci where hypermethylated
[151]. Therefore changes in the patterns of CpG island methylation at critical genes can be
associated with specific tumorigenesis and consequently may be playing an important role in
T-cell leukemogenesis.

4. Summary
Although there are a large number of genes involved in the molecular morphogenesis of Tcell leukemogenesis, many of the genes act through related pathways. This has helped us
clarify the different genetic subtypes of T-ALL improving our risk stratification of T-ALL.
Furthermore understanding the different genetic subtypes is allowing for personalized
chemotherapy. Powerful new tools such as next-generation sequencing aid in identifying more
relevant recurring lesions in leukemogenesis. This is resulting in the development of better
therapeutic agents and methods. Because of improved supportive care, better risk stratification
and personalized chemotherapy the 5-year survival of pediatric acute lymphoblastic leukemia
has increase to 85% [152]. Even though we have made significant progress in the understanding
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of the molecular morphogenesis of T-ALL there are still significant gaps in our knowledge of
the genes involved in leukemogenesis.
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1. Introduction
T-cell leukemias and lymphomas are a heterogeneous group of uncommon tumors that
account for 7-15% of lymphomas. [1] They represent approximately 6,500 new cases annually
in the United States. Typically patients with malignant T-cell disorders present with highgrade lesions, advanced stage disease and have systemic or “B” symptoms at diagnosis. Until
relatively recently these diseases were treated with the same anthracycline-based chemother‐
apy regimens used to treat B-cell lymphomas. With few exceptions, the outcomes are poorer
with lower response rates, shorter times to progression, and shorter median survivals com‐
pared to B-cell lymphomas. A number of new agents have recently entered the clinic for the
treatment of T-cell lymphomas. [2] These include the histone deacetylase inhibitors voronistat
(Zolinza®) and romidepsin (Istodax®) approved for treatment of previously treated cutaneous
T-cell lymphoma (CTCL), the antifolate, pralatrexate (Fotolyn®) indicated for the treatment of
relapsed or resistant peripheral T-cell lymphoma (PTCL), and the immunotoxin brentuximab
vedotin (Adcetris®) for the treatment of relapsed anaplastic large cell lymphoma (ALCL).
These newer agents join a handful of drugs approved for the treatment of T-cell lymphomas
including beraxotene (Targretin®) and the interleukin-2-diphtheria toxin fusion protein,
denileukin diftitox (Ontak®).
The introduction of the chimerized anti-CD20 monoclonal antibody, rituximab (Rituxan®),
was a major advance in the treatment of B-cell lymphoma improving the survival of patients
with B-cell lymphoma. Unlike B-cell lymphomas no monoclonal antibody has received a
similar indication for treatment of T-cell neoplasms. Presently an expanding number of
antibodies targeting T-cells are being studied for the treatment of T-cell leukemia and lym‐
phoma. The current status of monoclonal antibody therapy of T-cell leukemia and lymphoma
will be the focus of this chapter.
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Target Antigen

Description

Monoclonal Antibody

CD2

LFA-3 (CD58)

Slipizumab (MEDI-507)

CD3 (CD3ζ)

TcR signaling chain

muromonab-CD3 (Orthoclone®, OKT3)

CD4

TcR co-receptor

Zanolimumab (HuMax-CD4®)

CD5

Scavenger receptor family member

Anti-Leu1
T101

CD25

IL-2 receptor α-subunit

Daclizumab (Zenapax®)

CD30

TNF receptor family member

Brentuximab vedotin (Adcetris®)

CD52

GPI-anchored glycoprotein

Alemtuzumab (Campath®)

CD122

β-subunit of the IL-2 and IL-15

Mik-β1

receptor
CCR4

Chemokine receptor-4

KW-0761

Table 1. Monoclonal antibodies for the treatment of T-cell leukemia and lyumphoma.

2. Characteristics of the ideal target for antibody-directed therapy
Delivering maximum therapeutic benefits with minimal or no toxicity have been the main
objective of any therapeutic strategy including antibody therapy. The choice of therapeutic
target for antibody therapy is one of the most important variables in achieving this goal. The
ideal target for antibody-directed therapy should have following characteristics: Including
restriction of the target antigen expression to malignant T-cells. Toxicity and unintended
effects of a ubiquitously present target is a significant hindrance in development of antibody
therapy, an ideal target should have its expression restricted to malignant T-cell or if the target
is expressed on other hematopoietic cells, the loss of these cells or their function should not
result in serious complications such as life-threatening immunosuppression. If the target is
broadly expressed on other T-cells or hematopoietic cells, treatment will not only eliminate
the tumor cells, it will also cause depletion of functional T-cells allowing reactivation or
susceptibility to a variety of serious infections. Alemtuzumab (Campath®), a monoclonal
antibody directed against CD52 is an effective therapy against B-cell chronic lymphocytic
leukemia (CLL); however, since CD52 is also expressed on T-cells, treatment results in the
depletion of both CD4+ and CD8+ T-cell populations and an increased risk of opportunistic
infections. [3]
The target antigen ideally should be expressed at high density on the malignant T-cells. Most
antibodies deliver their therapeutic effect by binding to the target on the cell surface, activating
complement, antibody dependent cellular cytotoxicity (ADCC) or inducing signals activating
apoptosis. The target receptor must be present in significant numbers on the cell surface to
provide an adequate number of binding sites for the antibody. Down modulation and
mutations in surface receptors can reduce binding of monoclonal antibodies interfering with
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their therapeutic efficacy. Modulation of surface receptor expression is an important physio‐
logical characteristic used by normal and malignant cells to control responsiveness to cytokines
and other receptor ligands. For unmodified monoclonal antibodies ideally the antibody target
should be non-modulating so that adequate target antigen is always available for antibody to
exert its therapeutic effect. Modulating receptors internalize antibody-receptor complex
leaving limited numbers of surface receptors causing relative resistance. Modulation; however,
can be used to an advantage with immunotoxins and ligand-toxin fusion proteins that need
internalization to exert their action, but in general, modulation reduces the effectiveness of
monoclonal antibodies.
Other characteristics of the ideal monoclonal antibody should include that the targeting of the
antigen by the antibody should not lead to serious side effects. In addition to their immuno‐
genicity causing infusion reactions and serum sickness, some monoclonal antibodies can
stimulate the systemic release of inflammatory cytokines with serious consequences. A phase
1 dose-escalation trial testing an anti-CD28 monoclonal antibody (TGN1412) with ‘superagonist’ effects on T-lymphocytes caused near-lethal acute systemic inflammation requiring
hospitalization in six volunteers treated in a phase I study. [4]

3. Qualities of the antibody
Ideally the targeting antibody itself should be non-immunogenic, should act through several
mechanisms of antitumor activity and have patient friendly dosing schedules and pharmaco‐
kinetics. [5] Current technologies has made it possible to engineer majority of antibodies in
clinical use so that most of the molecule except for the receptor-binding domains is identical
to that of a human antibody to reduce immunogenicity and the risk of neutralizing responses
against the antibody. [6, 7]
3.1. Mechanism of action
Mechanisms of actions of monoclonal antibody action include induction of antibody-depend‐
ent cellular cytotoxicity (ADCC). A monoclonal antibody binds to its antigen target and
recruits other components of cellular immune system such as NK cells, neutrophils, and
eosinophils. These stimulated cells then attack and destroy the tumor cell. Some antibodies
will directly bind to Fc receptors on effector cells such as macrophages and cytolytic T-cells
causing destruction of the target cell through ADCC. [8]
Complement-mediated cytotoxicity (CMC) is another Fc-mediated mechanism of monoclonal
antibody action. [9] It has been shown to play a roll in the antitumor activity of a number of
antibodies including alemtuzumab. [10] In addition to CMC, complement fixation is also
involved in inflammation, chemotaxis and opsonization, all of which may aid in tumor cell
killing.
Monoclonal antibodies can also engage tumor cell surface receptors resulting into release of
an apoptotic signal inducing tumor cell killing. Many of the cell surface markers including
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those of the tumor necrosis factor receptor (TNFR) family, Fas, and the receptors for TNFrelated apoptosis-inducing ligand (TRAIL) when engaged by their ligand deliver an apoptotic
signal promoting apoptosis. Monoclonal antibodies can mimic the physiologic ligand of these
receptors and can agonistically bind to receptor family members eliciting apoptotic responses
on engagement. [11] A number of monoclonal antibodies are known to induce tumor cell
apoptosis at least partially through direct engagement of their target receptor including
SGN-30 a chimeric anti-CD30 antibody, and alemtuzumab (anti-CD52). [12, 13]
Monoclonal antibodies can also hinder cell growth and regulation through blocking critical
ligand-receptor interactions necessary for tumor survival and inducing receptor and downmodulation reducing pro-growth signaling. Daclizumab, the anti-CD25 antibody, exert its
main cytotoxic effect by blocking the binding of IL-2 to its receptors depriving T-cells of a
necessary growth factor resulting in cell death. [14]
3.2. Immunogenicity of monoclonal antibodies
3.2.1. Non-human monoclonal antibodies
Scientists have attempted to produce single specificity monoclonal antibodies for therapy for
more than a century now. Despite early optimism the development of monoclonal antibodies
as therapeutic modality remained elusive due to the immunogenicity of monoclonal antibod‐
ies. It was only with the introduction of hybridoma technology in 1975 the promise of selec‐
tively targeting cancers using monoclonal antibodies became a reality. [15] Early therapeutic
monoclonal antibodies were derived primarily from rodents. These antibodies can be pro‐
duced in large amounts and have greater specificity to their single antigenic determinant
compared to polyclonal antisera used for therapeutic purposes. Unfortunately early attempts
to use these mouse or rodent antibodies for therapeutic purposes were unsuccessful in large
part due to the dissimilarity between the rodent and human immune systems. Initially
developed non-human antibodies, as foreign glycoproteins, had several issues hindering their
effectiveness and development. These rodent hybridoma-derived antibodies exhibited short
in vivo half-lives, were highly immunogenic in man often inducing neutralizing human antimouse antibodies (HAMA), and they could not engage Fc receptors expressed on human
effector cells resulting in their inability at inducing ADCC making them relatively weak
cytotoxic agents. Due to the foreign protein sequences serum sickness, infusion reactions and
anaphylaxis were also common with these antibodies. In addition, many of these early nonhuman monoclonal antibodies were not directed against cell surface targets that were acces‐
sible to the antibody limiting their efficacy. First FDA approved monoclonal antibody in 1986
for treatment of allogeneic transplant rejection, Muromonab-CD3 (Orthoclone® OKT3), an
anti-CD3 monoclonal antibody, is a non-human monoclonal antibody. [16]
3.2.2. Chimerized antibodies
Rapid neutralization of therapeutic antibodies due to formation of immune complexes
between the non-human monoclonal antibody and induced host antibodies can severely limit
tumor response and may alter antibody distribution and binding resulting in undesired side
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effects. Engineering of non-human monoclonal antibodies with human constant domains, so
called chimerized or humanized monoclonal antibodies, or the generation of fully human
monoclonal antibodies using transgenic or phage display technology has helped overcome
many of these issues of immunogenicity. [17-19]
Chimeric monoclonal antibodies are generated by linking the rodent light and heavy chain
variable domains to the human immunoglobulin constant domains using recombinant DNA
technology. [20] This results in an antibody that contains approximately 65% human sequences
that exhibits reduced immunogenicity and an increased serum half-life. Although the immu‐
nogenicity of chimeric monoclonal antibodies is significantly reduced, they are occasionally
still capable of eliciting a human anti-chimera response (HACA) in some patients.
3.2.3. Chimerized monoclonal antibodies
Second generation monoclonal antibodies were further improved by incorporating the six
complementarity-determining regions (CDR) of the rodent antibody-antigen binding site onto
a human IgG antibody framework. Further improvements in maintaining the structure of the
antigen-binding site and high affinity binding to the target were made by incorporating small
number of amino acids in the murine antibody not directly involved in the CDR. [21] Alem‐
tuzumab is one such example. Although the binding between humanized antibodies and the
dissociation constants (Kd) of humanized and the parental monoclonal antibody target is
weaker than the murine parent, the differences between these are usually small enough to not
be significant. [22, 23] Polymorphisms located in the constant regions, or to anti-idiotypic
recognition of the variable domain can rarely result in human anti-human (HAHA) antibody
responses. [24, 25]
3.2.4. Fully human monoclonal antibodies
To further enhance efficacy, “fully human” monoclonal antibodies have been generated using
transgenic mice expressing human immunoglobulin genes. Vaccination of these mice using
the desired antigen induces B-cells producing a fully human antibody by the mouse. Panitu‐
mumab (Vectibix®) an anti-EGFR monoclonal antibody [26], and ofatumumab (Azerra®), an
anti-CD20 monoclonal antibody, were generated using such an approach. Phage display
technology has also made it possible to develop fully human monoclonal antibody with
significant clinical activity. Phage display techniques have the added benefit of also allowing
the enhanced selection of therapeutically relevant features of antibodies. [27]
3.3. Fully human monoclonal antibodies
Most antibodies in clinical use exert their antitumor effect through direct antibody-mediated
killing. In an effort to increase cytotoxic effect of monoclonal antibodies other modifications
were made to enhance their affinity or cell toxicity by combining the antibody with a toxin or
radioisotope.
The antibody Fc region mediates effector function and may be altered to augment binding to
FcRIII, a stimulatory receptor and reduce binding to FcRII, an inhibitory receptor, to enhance
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ADCC. One strategy is to engineer Fc portions that exhibit reduced fucose glycosylation. [28]
Alternatively, the Fc region may be engineered to reduce or enhance CMC by substituting
antibody isotypes such as IgG4 that exhibit little complement activation or Fc receptor binding.
An additional interaction of the Fc region is with the neonatal receptor FcRn that is involved
with immunoglobulin turnover. This receptor interacts with IgG Fc in a saturable and pH
dependent manner, this allows FcRn to bind IgG from acidic endosomes generated during
pinocytosis, and recycle the IgG back to the cell surface where it is released in the slightly basic
pH of the blood. This allows for an extended antibody half-life. This approach holds much
promise for favorably altering the pharmacokinetics of monoclonal antibodies ultimately
leading to the potential for less frequent administration of these expensive treatments.
3.4. Immunotoxins
Immunotoxins are conjugations of monoclonal antibodies with toxins that result in highly
specific cytotoxicity. In this approach it is desirable for the target antigen to be internalized
upon antibody binding delivering the toxin into the cell. These toxins, often derived from
bacteria or plants sources, are extremely potent. Bacterial toxins such as diphtheria toxin (DT)
and Pseudomonas exotoxin A inhibit cellular protein synthesis by the irreversible ADP ribosy‐
lation of elongation factor-2 (EF-2), while plant toxins such as ricin inactivate ribosomes. [29]
Disadvantages of this approach include the increased immunogenicity of most of these toxins
because of their microbial or plant origins. In addition, many immunotoxin conjugates are nonspecifically taken up by pinocytocysis by endothelial cell resulting in a vascular leak syndrome
with edema and weight gain. In 2011, Brentuximab vendotin (Adcetris®), an immunotoxin
composed of an anti-CD30 monoclonal antibody (SGN-30) and the potent anti-microtubule
agent monomethylauristatin (MMAE) was approved for previously treated anaplastic large
cell lymphoma and Hodgkin’s lymphoma. [30] Denileukin difitox (Ontak®) approved for the
treatment cutaneous T-cell lymphoma is often categorized as an immunotoxin; however, this
agent is not antibody-based, but rather represents a fusion protein between the receptor
binding domain of interleukin-2 and diphtheria toxin linked by short peptide sequence. [31]
3.5. Radioimmunotherapy
Radioimmunotherapy combines the specificity of monoclonal antibodies with the tumor
killing effects of radiation, in theory sparing non-target cells from exposure to high doses of
radiation. The choice of an appropriate antigen target and hence the specific monoclonal
antibody is critical, as off target killing needs to be avoided. One consequence of this is the
“bystander” or “cross-fire” effect, as radiation can also kill adjacent tumor cells that may not
express the target antigen. The greatest clinical experience with radioimmunotherapy is in
CD20-expressing lymphomas using radionuclides such as yttrium-90 (90Y) and iodine-131 (131I)
labeled anti-CD20 monoclonal antibodies.
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4. Antibody therapy for T-cell leukemias and lymphomas
4.1. Anti-CD2 antibodies
CD2 is a surface glycoprotein that plays a key role in lymphocyte adhesion and signaling. [32]
It is expressed on human T-lymphocytes, natural killer (NK) cells, and thymocytes, and its
stimulation results in T-cell activation and antigen co-stimulation. It also potentiates the
physical interaction between T-cells and antigen presenting cells, as well as between T-cells
and NK-cells. In the cell membrane, CD2 associates with the T-cell receptor (TcR) and appears
to enhance CD3 signaling during low affinity interactions with the major histocompatibility
complex (MHC) molecules enhancing class I and class II-restricted antigen recognition. [33]
Siplizumab is humanized IgG1 monoclonal antibodies that binds to CD2 and inhibits Tcell responses and induced severe T-cell lymphopenia. It has primarily been studied as
treatment for refractory psoriasis and treatment for graft-versus-host disease occurring
during allogeneic bone marrow transplant. It has shown to increase disease-free survival of
mice inoculated with human MET-1 adult T-cell leukemia cells. [34] In a phase I/II trial [35],
29 patients with various T-cell malignancies including HTLV-1-associated adult T-cell
leukemia, peripheral T-cell lymphoma, cutaneous T-cells lymphoma, T-cell chronic lympho‐
cytic leukemia, and T-cell large granular lymphocyte leukemia were treated with siplizu‐
mab. Twenty-eight patients experienced a marked decline in circulating CD4+ and CD8+ Tcells, and NK-cells and there were two complete and nine partial responses. Unfortunately,
four patients (13.7%) developed Epstein-Barr virus-related B-cell lymphoproliferative
disease (EBV-LPD). [36] This complication has significantly hindered the development of
siplizumab. A Phase I trial of siplizumab combined with rituximab and dose-adjusted
etoposide, prednisone, vincristine, cyclophosphamide and doxorubicin (EPOCH) for Tand NK cell lymphoma is currently ongoing at the National Cancer Institute, where the
rituximab is used to prophylaxis against the risk of EBV-LPD.
4.2. Anti-CD3 antibodies
CD3 represents a series of intermediate molecular weight polypeptide chains (CD3γ, CD3δ,
CD3ε and CDζ) closely associated with α and β-subunits of the T-cell receptor (TcR) that
recognizes antigen-peptide epitopes presented by MHC molecules in a class-restricted
manner. [37] The intracellular regions of the CD3-subunits represent the signaling domains of
the TcR complex that mediates T-cell activation. CD3 is expressed on most T-cells throughout
development and thus represents a pan-T-cell antigen. The vast majority of T-cell neoplasms
express CD3, although its expression may be reduced or lost in some lesions. [38]
Muromonab-CD3 (Orthoclone®, OKT3; Janssen Pharmaceutica, Ltd.), a murine IgG2a
monoclonal antibody directed against the 20 kDa CD3ζ-subunit is approved for the reversal
of acute allograft rejection in patients undergoing cardiac, hepatic and renal transplants. [39]
It has also been used for the depletion of T-cells from stem cell and bone marrow allog‐
rafts to treat or reduce the risk of serious GvHD. [40] Administration of muromonab-CD3
results in the rapid disappearance of CD3+ T-cells from the peripheral circulation and
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lymphoid tissue through complement-mediated lysis, ADCC, apoptosis and the re-direc‐
tion of T-lymphocytes to other compartments. [41] Binding of muromonab-CD3 to its target
receptor also stimulates TcR signaling, activation and proliferation of T-cells with in‐
creased expression of HLA-DR and CD25.
In one report, a patient with refractory T-cell acute lymphoblastic leukemia that received
muromonab-CD3 experienced a dramatic, albeit transient decline in circulating lymphoblasts
and a reduction in splenomegaly. [42] Muromonmab-CD3 therapy is made difficult because
engagement of the antibody with CD3ζ increases TcR signaling and can result in the release of
inflammatory cytokines that can cause life-threatening cytokine release syndrome. In addition,
muromonab-CD3 is also mitogenic for T-cells and its use may risk increasing the proliferation of
malignant T-cells. Muromonmab-CD3 therapy is also associated with profound suppression of
cell-mediated immunity and increased risk of opportunistic infections and secondary malignan‐
cies including EBV-LPD, lymphoma, skin cancer and Kaposi’s sarcoma.
4.3. Anti-CD4 antibodies
CD4 is a 55 kDa membrane glycoprotein with four immunoglobulin-like domains, a hydro‐
phobic transmembrane domain and a long cytoplasmic tail. [43] CD4 acts as a co-receptor for
the TcR complex. It is expressed on helper and regulatory T-cells, and it recognizes antigens
presented by MHC class II molecules in association with the TCR. CD4 represents an attractive
target since the majority of the post-thymic T-cell malignancies manifest a CD4+ phenotype.
In phase I study, seven CTCL patients were treated with a chimeric antibody composed of
the IgG1κ human constant regions and the mouse variable regions directed against CD4
(anti-Leu3a). [44] Patients were dosed in cohorts of 10, 20, 40 or 80 mg intravenously twice
a week for three weeks. At the 80 mg dose, the antibody was detected in skin lesions and
also coating circulating CD4+ T-cells in the peripheral blood; however, with no significant
depletion of CD4+ cells was observed. In a second study, this group administered a single
intravenous dose of another chimeric murine anti-CD4 monoclonal antibody, cM-T412
(Centocor, Inc.), to eight previously treated CTCL patients. [45] Following the antibody
infusion there was a significant suppression of peripheral blood CD4+ cells in seven of eight
patients. Seven patients responded and the median duration of response was 25 weeks. One
patient developed a neutralizing anti-chimeric antibody response. Toxicity was grade 2 or
less and usually manifested as infusion reactions, mayalgias, and rashes.
More recently, zanolimumab (HuMax-CD4®; Genmab, Inc.), a fully human IgG1κ antiCD4 monoclonal antibody was shown to deplete CD4+ T-cells from the skin, reduce dermal
inflammatory infiltrates and induce remissions in psoriasis patients. [46] Zanolimumab was
evaluated in two separate phase II trials in a total of 47 CTCL/Sezary syndrome patients.
[47] Patients received between 280 and 980 mg weekly for up to 17 weeks. Zanolimumab
resulted in a dose-dependent and profound CD4+ lymphocytopenia; however, the recov‐
ery of CD4+ cells. Overall 13 of 38 (34.2%) CTCL patients and 2 of 9 (22.2%) patients with
Sezary cell leukemia responded to the antibody. Adverse events included nine infections
attributed to therapy. In a second phase II study, 21 adult patients with relapsed or refractory
CD4+ PTCL of non-cutaneous type were treated in a single-arm multicenter study, with
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weekly intravenous infusions of zanolimumab 980 mg for 12 weeks. [48]. Objective tumor
responses were observed in 24% of the patients with two complete responses and three
partial responses. In general, the drug was well tolerated with no major toxicity. Zanolimu‐
mab at a dose of 980 mg weekly demonstrated clinical activity and an acceptable safety
profile in this poor-prognosis patient population, suggesting that the potential benefit
combining zanolimumab with standard chemotherapy in the treatment of PTCL should be
investigated.
4.4. Anti-CD5 antibodies
CD5 (Leu-1) is a 67 kDa cysteine-rich scavenger receptor family glycoprotein expressed on
T-cells and the B1a subset of B-cells. [49, 50] CD5 acts as a co-receptor and appears to regulate
the signaling strength of the TcR signaling response. It may also play a similar role in
modulating B-cell receptor signaling. [51] Current evidence indicates that CD5 is a key
regulator of immune tolerance. Two small clinical trials have examined the use of antiCD5 antibodies in patients with T-cell lymphoma. In one trial, 7 patients with refractory
Leu-1+ (CD5+) T-cell lymphoma, six with CTCL and one with PTCL, were treated with
murine anti-Leu-1 monoclonal antibody at doses of 0.25 to 100 mg administered 2-3 times
per week. [52] A decrease in circulating T-cells was observed. The decline in T-cells was
short-lived with a return to baseline occurring within 24-48 hours. The target antigen
demonstrated down-modulation suggesting that CD5 might be a less suitable target for an
unmodified antibody strategy. Five short-lived responses were reported and not surprising‐
ly the majority of patients treated developed neutralizing antibodies. In another trial, T101,
a murine IgG2a anti-CD5 monoclonal antibody was administered to eight patients with
CD5+ T-cell malignancies, four of which had CTCL. [53] Short-lived clinical improvements
were noted in two CTCL patients. Again, the induction of neutralizing antibodies was
limiting. More recent trials of CD5-targeted therapy have focused on treatment of B-cellinduced autoimmune diseases and purging of T-cells from bone marrow to prevent GvHD
and have used immunotoxin conjugates of anti-CD5. [54-56]
4.5. Anti-CD25
CD25 (IL-2Rα) is the 55 kDa subunit of the interleukin-2 (IL-2) receptor, and plays a critical
role mediating immune-modulatory function of IL-2 in the activation of T- and B-lymphocytes,
NK-cells and macrophages. [57, 58]. Less than 5% of un-stimulated peripheral blood T-cells
expresses the IL-2Rα; however, it is highly expressed on activated T-cells and on many B- and
T-cell neoplasms such as ATL, ALCL, CTCL, hairy cell leukemia, and on the Reed-Sternberg
cells of Hodgkin’s lymphoma. [59]
In 1981, Uchiyama and coworkers generated murine anti-Tac that defined the human IL-2Rα
(CD25). [60] Daclizumab (Zenapax®; Hoffmann-La Roche, Inc.) is a recombinant monoclonal
antibody where murine antigen-binding regions of the anti-Tac molecule were joined to a
human immunoglobulin framework, approximately 90% of the murine IgG2a has been
replaced with a human IgG1κ sequence. [61] Daclizumab has the advantages of a low frequency
neutralizing antibodies, a significantly prolonged serum half-life compared to murine anti-

41

42

T-Cell Leukemia - Characteristics, Treatment and Prevention

Tac, and the ability to mediate ADCC through its humanized Fc-domain. [62] It inhibits IL-2induced activation of T-cells and it is approved for the prophylaxis of renal allograft rejection
in combination with other immunosuppressive drugs.
Daclizumab up to 8 mg/kg was administered to ATL patients in one phase I/II trial. [63]
Cohorts of patients were treated with daclizumab 2 mg/kg on days 1 and 2, or 4, 6, or 8
mg/kg as a single intravenous dose every 2 or 3 weeks to complete six doses. Although
Daclizumab showed modest clinical activity (2 partial response and 3 patients with
improvement of their skin disease), flow cytometry analysis of the peripheral blood 72 hours
after the first dose and at weeks 2, 5 and 14 showed that ≥95% saturation of IL-2Rα on
circulating ATL cells could be achieved and maintained. In six patients that underwent
lymph node fine needle aspiration, receptor saturation was documented in only half and it
was not maintained suggesting that the impeded access of large antibody molecules into
tumor is a potential blockade to receptor-directed therapy.
4.6. Anti-CD30 antibodies
CD30 is a cellular membrane protein member of the tumor necrosis factor receptor (TNFR)
family expressed on activated T- and B-cells. It is highly expressed on HL Reed–Sternberg (RS)
cells, in anaplastic large cell lymphoma (ALCL), embryonal carcinomas, and select subtypes
of B-cell derived, non-Hodgkin's lymphomas and mature T-cell lymphomas. The immuno‐
toxin brentuximab vedotin (Adcetris®, SGN-35) was approved by the FDA in 2011 and became
the first new treatment for HL in 30 years. Brentuximab vedotin is an antibody-drug conjugate
between the antitubulin agent monomethylauristatin E (MMAE) and the anti-CD30 monoclo‐
nal antibody cAC10. Clinical studies with unconjugated anti-CD30 antibodies have shown
disappointing clinical activity. [64] Objective responses were observed in 6% of patients with
HL who were treated with MDX-060 and in none of those treated with cAC10 (SGN-30).
However, the results of a pivotal phase II study of brentuximab vedotin in relapsed or
refractory HL were impressive [65]. In this study, 102 patients with refractory or relapsed
classical HL received brentuximab vedotin every 3 weeks for a median of 27 weeks. Almost
all patients exhibited a reduction in tumor volume with 34% complete response and 40% partial
response. A phase II multicenter trial evaluated the efficacy and safety of brentuximab vedotin
in relapsed or refractory systemic anaplastic large-cell lymphoma (ALCL) patients as CD30 is
uniformly expressed in ALCL. [66] Fifty-eight patients received brentuximab vedotin 1.8 mg/
kg intravenously every 3 weeks and 50 patients (86%) achieved an objective response, 33
patients (57%) achieved a complete remission (median duration 13.2 months) and 17 patients
(29%) achieved a partial remission. Grade 3 or 4 adverse events observed in ≥10% of patients
were neutropenia (21%), thrombocytopenia (14%), and peripheral neuropathy (12%). Based
on these studies, brentuximab vedotin received accelerated approval for the treatment of
Hodgkin lymphoma that has relapsed after autologous stem cell transplant and for the
management of relapsed ALCL. Currently multiple studies are evaluating combination of
brentuximab vedotin combined with standard chemotherapy options in management of both
newly diagnosed and relapsed refractory ALCL patients.

Monoclonal Antibody Therapy
http://dx.doi.org/10.5772/55122

4.7. Alemtuzumab (anti-CD52)
CD52 is a glycosylphosphatidylinositol (GPI)-anchored antigen expressed at high density on
normal and malignant T- and B-cells, NK cells, monocytes, macrophages, eosinophils and
epithelial cells of the male genital tract. It is not expressed on hematopoietic stem cells,
granulocytes, erythrocytes, platelets, or plasma cells. Alemtuzumab (Campath®) a humanized
rat monoclonal antibody targeting CD52 was approved by FDA for the treatment of relapsed/
refractory B-cell chronic lymphocytic leukemia (CLL). [67] Due to the presence of CD52 on Tcells and the antibody’s ability to activate several mechanisms of cell death including ADCC,
CMC and apoptosis it is an attractive agent to study in T-cell malignancies.
T-cell prolymphocytic leukemia (T-PLL) carries a worse prognosis than CLL and has no
established standard therapy and thus constituted a fitting model to study alemtuzumab. An
initial trial in 39 T-PLL patients showed an overall response rate of 76%, including 60%
complete responses to alemtuzumab. [68] A subsequent study reported the experience with
alemtuzumab in 76 T-PLL patients. [69] The objective response rate was 51% with almost 40%
patients achieving complete response with median response duration of 8.7 months. The most
common treatment-related adverse events were acute infusion reactions. There were 2
treatment-related deaths, 15 infectious episodes in 10 patients during active treatment, and 8
patients experienced late-onset infections due to the long lasting lymphopenia associated with
alemtuzumab treatment.
These promising results in T-PLL lead to additional trials of alemtuzumab in both cutaneous
T-cell lymphoma and other systemic T-cell malignancies either as a single agent or combined
with chemotherapy. Single agent alemtuzumab is active in a variety of T-cell malignancies;
however, responses are not durable and the risks of immunosuppression and development of
opportunistic infections in patients poses a significant problem. In a phase II trial, alemtuzu‐
mab was administered to 22 patients with advanced mycosis fungoides/Sézary syndrome (MF/
SS). The overall response rate was 55%, with 32% of patients achieving a complete remission.
[70] Remarkably after treatment, Sézary cells were undetectable in blood in 6 of 7 (86%) SS
patients and pruritis significantly improved in responding patients. Patients with erythroder‐
ma responded better than patients with thick plaque disease or skin tumors.
In a pilot study, 14 patients with heavily pretreated peripheral T-cell lymphoma (PTCL) that
received alemtuzumab for a maximum of 12 weeks showed a response rate of 36%. [71] Toxicity
included cytomegalovirus (CMV) reactivation in 6 patients, pulmonary aspergillosis in 2
patients, and pancytopenia in 4 patients. Another trial reported on the efficacy of the combi‐
nation of alemtuzumab combined with cyclophosphamide, doxorubicin, vincristine and
prednisone (CHOP) as initial therapy for 24 PTCL patients. [72] The overall complete response
rate was 71% (17 patients) and 1 patient a had partial remission. Grade 4 neutropenia and CMV
reactivation was frequent. JC virus reactivation, invasive pulmonary aspergillosis, staphylo‐
coccal sepsis and pneumonia were also seen. In a recently reported phase II trial by the DutchBelgian HOVON group, 20 T-cell lymphoma patients were treated with 30 mg of alemtuzumab
three times per week with every two week CHOP for eight courses. [73] The overall response
was 90% and the median overall survival and event-free survival were 27 and 10 months,
respectively. Although alemtuzumab-intensified CHOP achieved a high number of responses,
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many patients ultimately still relapsed, and this treatment was associated with frequent serious
infection-related adverse events.
The combination of intravenous alemtuzumab 30 mg three times weekly and weekly pentos‐
tatin 4 mg/m2 was studied in 24 patients with a variety of T-cell leukemias and lymphomas.
[74] This trial showed an overall response rate of 54% with 11 complete responses and median
response duration was 19.5 months. As with other trials opportunistic infections due to severe
T-cell dysfunction were common in spite of antimicrobial prophylaxis.
4.8. Anti-CD122 (Mik-β1) antibodies
CD122 (IL-2R/IL-15Rβ) is a 75 kDa glycoprotein that constitutes the β-subunit shared by the
IL-2 and IL-15 receptors. During signal transduction, CD 122 and CD132, the common γ-chain
of type I cytokine receptors, recruit janus kinase (JAK), that in turn activates the signal
transducer and activator of transcription (STAT). Activated STAT transcription factors
enhances specific gene expression after translocation to nucleus. T-cell large granular lym‐
phocyte (T-LGL) leukemia commonly presents with anemia, neutropenia and less frequently
thrombocytopenia. IL-2 and IL-15 can stimulate T-LGL and NK cells and it is thought that the
clinical cytopenias seen in T-LGL leukemia are a result of the enhanced NK activity of the
leukemic cells. The Mik-β1 antibody (anti-CD122), directed against the IL-2R/IL-15Rβ, can
inhibit IL-15-mediated effects in vitro. [75]
In a phase I trial, 12 patients with T-LGL leukemia received the murine Mik-β1 antibody and
showed no responses in terms of decreases in T-LGL cell counts or improvement in their
cytopenias. [76] Greater than 95% saturation of CD122 on circulating T-LGLs was achieved in
all patients and down-modulation of CD122 was observed in seven patients. The lack of
response may be the result of the short half-life of the murine antibody. In addition, downmodulation of CD122 after binding of the antibody reduced the amount of the receptor on the
surface of the LGL cells and might have impacted the efficacy of the Mik-β1 antibody. A phase
I safety and pharmacokinetic study of the humanized form of the antibody, HuMik-β1, in TLGL leukemia patients was recently completed, but the results are not available.
4.9. KW-0761 (anti-CCR4)
Chemokine receptor-4 (CCR4) is over expressed on several T-cell neoplasms in addition to its
normal expression on T-helper type 2 and regulatory T-cells. [77]. KW-0761 is a humanized
IgG1 monoclonal antibody with a defucosylated Fc region that markedly enhances ADCC due
to its increased binding affinity to the Fcγ receptor on effector cells. [78]. In a Phase I trial in
16 patients with relapsed CCR4-positive adult T-cell leukemia/lymphoma (ATL) or PTCL
received KW-0761 once a week for 4 weeks by intravenous infusion. Toxicities included
infusion reactions and skin rashes. The objective response rate was 31% with two complete
and three partial responses. [79] Recently a multicenter phase II study conducted on 28 patients
with relapsed ATL showed overall objective response rate of 50%, including eight complete
responses, with a median progression-free and overall survival of 5.2 and 13.7 months,
respectively. [80] The most common adverse events were infusion reactions (89%) and skin
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rashes (63%), which were manageable and reversible in all cases. Based on these results, a
multicenter randomized phase II trial is ongoing comparing KW-0761 with standard secondline therapy according to investigator's choice of pralatrexate, gemcitabine and oxaliplatin, or
dexamethasone, cisplatin and cytarabine in previously treated relapsed ATL.

5. Conclusions
T-cell leukemias and lymphomas represent a heterogeneous group of uncommon diseases that
often present with advanced stage disease and systemic symptoms. Historically they have
been treated with combination chemotherapy similar to high-grade B-cell lymphomas;
however, outcomes have been poorer. One of the reasons for this may be the lack of effective
monoclonal antibody therapy for these diseases comparable to that of rituximab for the B-cell
disorders. A number of antibodies targeting surface receptors on T-cells are being clinically
studied. Alemtuzumab, a CD52-directed monoclonal antibody has demonstrated antitumor
activity as a single agent and in combination with chemotherapy, but with increased risk of
serious opportunistic infections. Zanolimumab and KW-0761 directed against CD4 and CCR4
expressed on T-cells, have also show an activity against CTCL and ATL, respectively and are
being studied in ongoing clinical trials and offer hope for the future for patients with T-cell
malignancies.
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1. Introduction
The relative frequency of lymphoma types varies in different geographic region. Human Tcell lymphotropic virus type I (HTLV-I) infection is endemic in south-western Japan which
leads to a high frequency of adult T-cell leukemia/lymphoma (ATLL). As compared to the
West, East Asian countries have higher relative frequencies of T- and natural killer (NK)-cell
lymphomas, which account for about 15-20% of non-Hodgkin lymphoma after excluding
ATLL in some Japanese series [1-5]. Accordingly, a higher frequency of T- and NK/T-cell
leukemia would be expected in East Asia. As compared to B-cell lymphomas, T- and NK/Tcell neoplasms more frequently occur at extranodal locations, and may occasionally present
as leukemia, either with or without concomitant lymphoma.
There are around 20 entities and variants of T- and NK/T-cell neoplasms in the 4th edition of
World Health Organization (WHO) classification of lymphoid neoplasms [6]. Table 1 lists
the T- and NK/T-cell neoplasms which may have leukemic presentation. The first category
comprises entities that are predominantly leukemic including T-cell prolymphocytic leuke‐
mia (T-PLL), T-cell large granular lymphocytic leukemia (T-LGLL) and aggressive NK-cell
leukemia (ANKL). The second category includes neoplasms that frequently present with
concurrent lymphoma and leukemia such as T lymphoblastic leukemia/lymphoma (T-LBL),
ATLL and Sézary syndrome. The third category includes T-cell lymphoma with secondary
peripheral blood involvement such as unspecified peripheral T-cell lymphoma (PTCL-NOS)
progressing to a leukemic phase and very rarely extranodal NK/T-cell lymphoma (ENKTL)
with peripheral blood involvement, which might overlap with ANKL [7]. In the East Asian
region other than Japan, ATLL is extremely rare and the discussion on this entity is covered
in the other chapters. Sézary syndrome is extremely rare in this region as well. Accordingly
we will not discuss these two entities in this chapter.

© 2013 Lin et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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A. Predominantly leukemic
1. T-cell prolymphocytic leukemia (T-PLL)
2. T-cell large granular lymphocytic leukemia (T-LGLL)
3. Aggressive NK-cell leukemia (ANKL)
B. Concurrent lymphoma/leukemia
1. T lymphoblastic lymphoma/leukemia (T-LBL)
2. Adult T-cell lymphoma/leukemia (ATLL)
3. Sézary syndrome
C. Lymphoma with secondary peripheral blood involvement
1. Peripheral T-cell lymphoma with peripheral blood involvement
2. Extranodal NK/T-cell lymphoma with peripheral blood involvement
Table 1. T- and NK/T-cell neoplasms with leukemic presentation.

There are very few reports systemically reviewing the whole spectrum of T- and NK/T-cell
neoplasms with leukemic presentation in the East Asia. In a prospective study of chronic
lymphoproliferative disorders in Hong Kong in an 18-month period from January 1995 to
June 1996, there were a total of 34 cases of chronic lymphoproliferative disorder, estimated
at 0.54 case per million populations per year, as compared to 245 new cases of acute myeloid
leukemia in the same study period [8]. Of these 34 cases, the majority were B-cell neoplasms
with the remaining 3 (9%) cases being T-cell leukemias including one case each of T-PLL,
Sézary syndrome and T-LGLL [8]. In our recent retrospective study of 718 consecutive pa‐
tients with lymphoid neoplasms in a single institution in Taiwan, the frequency of T- and
NK/T-cell neoplasms with leukemic presentation was 13.1% (18 of 137 patients) [9]. Our
study showed that cases with concurrent lymphoma, higher absolute leukemic cell counts,
and elevated lactate dehydrogenase level carried a poorer prognosis. The survival of pa‐
tients with leukemic presentation was dichotomous, with a very poor prognosis for patients
with T-LBL, T-PLL, ANKL, ATLL in acute phase, and PTCL-NOS; while those with T-LGLL
and ATLL in chronic phase had a favorable outcome.
Table 2 summarizes the relative frequency of various T- and NK/T-cell leukemia in different
countries in the East Asia [1,4,9]. As mentioned previously, T- and NK/T-cell neoplasms ac‐
count for 15-20% of lymphomas in this region. The relative frequency of T-LBL among T-cell
neoplasms is low in Taiwan and Japan at less than 10%, but it is high at 23.77% (208 of 875
cases) in Korea, which is partly due to the inclusion of all lymphoid neoplasms including Tcell acute lymphoblastic leukemia in that Korean study [4]. T-PLL is very rare in all 3 coun‐
tries with a relative frequency of less than 1% among T-cell neoplasms. T-LGLL and ANKL
are also rare with a frequency of less than 1% except for a higher frequency of the former in
Taiwan and the latter in Korea, respectively. The higher relative frequency of T-LGLL in our
series in Taiwan is probably due to a higher interest of this entity in our laboratory with con‐
firmation of suspicious cases by T-cell receptor (TCR) gene rearrangement and/or flow cy‐
tometry immunophenotyping (aberrancy in T-cell antigen expression or clonal by flow
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cytometric TCR-Vβ repertoire analysis) [10]. While in other pathology laboratories, such cas‐
es might either be unrecognized or diagnosed solely by hematologists without marrow tre‐
phine biopsy and thus not being enrolled in the pathology files for lymphoma analysis. In
the following sections, we will discuss each specific T- and NK/T-cell neoplasm.
Taiwan [9]

Japan-1A [1]

Japan-1B [1]

Japan-2 [5]

Korea [4]

287/1,552

875/5,318

(18.49%)

(16.45%)

T-cell/total

137/718

796/3,194

neoplasms (%)

(19.08%)

(24.92%)

T-LBL

2.92% (n=4)

6.91% (n=55)

9.86% (n=55)

6.62% (n=19)

23.77% (n=208)

T-PLL

0.73% (n=1)

0.25% (n=2)

0.36% (n=2)

0.35% (n=1)

0.57% (n=5)

T-LGL leukemia

5.10% (n=7)

0.25% (n=2)

0.36% (n=2)

-

0.23% (n=2)

ANKL

0.73% (n=1)

0.38% (n=3)

0.54% (n=3)

0.70% (n=2)

3.31% (n=29)

ATLL

2.92% (n=4)

29.90% (n=238)

Excluded

14.29% (n=41)

0.11% (n=1)

558/2,956 (18.88%)

*Data of various T- and NK-cell neoplasms are presented as percentage (case number) among the total number of Tand NK-cell neoplasms in each country.
Columns Japan-1A and -1B are from the same reference with exclusion of ATLL cases in the column of Japan-1B.
Table 2. Relative frequency of various T- and NK/T-cell leukemia among T-cell neoplasms in representative East Asian
countries.

2. T Lymphoblastic Leukemia/Lymphoma (T-LBL)
T-LBL is a rare neoplasm occurring more commonly in adolescents, accounting for 1-4%
among malignant lymphomas in East Asia [1,2,4,5,9]. Patients with T-LBL usually present
with a very high leukemic cell count (frequently over 150,000/μL), and often with a large
mediastinal mass [9]. The diagnosis is often straightforward with typical clinical features
and numerous blasts in the peripheral blood with a fine chromatin pattern and irregular nu‐
clear contours (Fig. 1A). Phenotypically, the neoplastic cells express cytoplasmic but not sur‐
face CD3; and they frequently co-express CD4 and CD8. The most important and reliable
immature cell marker is terminal deoxynucleotidyl transferase (TdT), which could be used
either in immunohistochemistry or flow cytometry [11]. The other immature markers are
CD1a, CD34 and CD99 [12,13]. Immunohistochemically, occasional cases of T-LBL may not
express TdT, but instead, express CD34 and/or CD99 [14]. The immunophenotype of T-LBL
and T-cell acute lymphoblastic leukemia are identical but differ in frequency, with a higher
rate of later phases of development (cortical or mature immunophenotype) in T-LBL, which
is probably reflecting the higher rate (> 90%) of mediastinal tumors [15].
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Figure 1. Photomicrographs of representative cases in the peripheral blood smear of A) T-LBL with indented nuclei, B)
T-PLL of small cell variant without nucleoli, C) T-LGLL with usual LGL morphology containing azurophilic cytoplasmic
granules, D) T-LGLL with atypical morphology characterized by irregular nuclear contours resembling a flower, E) reac‐
tive NK lymphocytosis and F), ANKL.
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3. T-cell Prolymphocytic Leukemia (T-PLL)
T-PLL is rare, representing around 2% of mature lymphocytic leukemia in adults over
the age of 30 in the West with a median age of 65 [16]. The main disease features are
splenomegaly, lymphadenopathy, hepatomegaly, skin lesions, and a high leukocyte count
comprising small to medium-sized nucleolated prolymphocytes with cytoplasmic protru‐
sions or blebs but devoid of granules (Fig. 1B). Small cell variant with small, less typical
cells and an indistinct nucleolus has been recognized in 20% cases [16]. T-PLLs account
for less than 1% of T- and NK-cell lymphomas in East Asia. The clinical manifestations
and immunophenotype of T-PLL in Japan are similar to those of the Western cases
[17-19]. However, there is a significantly higher frequency of tumor cells in Japanese cas‐
es expressing HLA-DR than that of Western cases [17]. Chromosome 14q11 abnormality
and trisomy 8q, which are frequently seen in T-PLL of Western countries (70-80%), are
not common in Japan [18]. Furthermore, a substantial number of T-PLL cases in Japan
shows abnormal expression of TCL1A, probably due to rearrangement of TCL1 gene,
which may serve as a useful marker for diagnosing T-PLL [19]. In contrast to the aggres‐
sive clinical courses observed in Western T-PLL patients, Kameoka et al. reported that 6
out of 13 Japanese patients experienced an indolent course. Interestingly, the clinical
course closely correlated with morphology; 86% cases of typical morphology were ag‐
gressive, whereas 83% of small-cell variant were indolent [17]. Studies on more cases are
needed to see if Japanese T-PLL constitutes a variant of T-PLL. In East Asia countries
other than Japan, there are only scanty reports on T-PLL, either included in a small case
series or as a single case report [9, 20].

4. T-cell Large Granular Lymphocytic Leukemia (T-LGLL)
Large granular lymphocytes (LGLs) are medium to large-sized lymphocytes with azuro‐
philic cytoplasmic granules that normally comprise 10-15% of the peripheral blood mon‐
onuclear cells (PBMCs) and serve as the main effector cells of cell-mediated cytotoxicity.
The majority (85%) of these LGLs are NK-cells with the remaining minority being CD8positive cytotoxic T-cells [21]. LGL lymphoproliferation may be reactive or neoplastic;
and reactive LGL lymphoproliferation occurs most commonly in patients with viral infec‐
tion such as cytomegalovirus infection and infectious mononucleosis, autoimmune dis‐
ease or an underlying malignancy [10,22]. In the 2008 WHO classification scheme, TLGLL is defined as a heterogeneous disorder characterized by a persistent (> 6 months)
increase in the number of LGL in the peripheral blood, usually between 2-20 x109/L,
without a clearly identified cause [23]. In cases with absolute LGL count less than 2
x109/L, the diagnosis of T-LGLL could be established if clonal T-cell lymphoproliferation
is confirmed, either by TCR gene rearrangement and/or flow cytometry immunopheno‐
typing (aberrancy in T-cell antigen expression or clonal by flow cytometric TCR-Vβ rep‐
ertoire analysis) [10,24-28]. In most instances, the morphology of the leukemic cells in TLGLL is indistinguishable from that of the normal LGLs (Fig. 1C), with the exception of
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extremely rare examples showing markedly pleomorphic nuclei indicating a neoplastic
lymphoproliferation (Fig. 1D) [29].
A recent study led by Prof. Kwong YL from Hong Kong characterized 22 Chinese T-LGLL
patients in his institution in Hong Kong and found that the most important indication for
treatment of their patients was anemia, in contrast to neutropenia in Western patients [30].
Compiling their cases with 88 Asian patients in comparison with 272 Western patients iden‐
tified from the literature, they found that Asian patients had more frequent anemia (66/110,
60% vs. 113/240, 47%; p=0.044), attributable to a much higher incidence of pure red cell apla‐
sia (PRCA; 52/110, 47% vs. 6/143, 4%; p<0.001) [30]. On the other hand, Western patients pre‐
sented more frequently with neutropenia (146/235, 62% vs. 33/110, 30%; p<0.001) and
splenomegaly (99/246, 40% vs. 16/110, 15%; p<0.001) [30]. Notably, Western patients were
about eight to ten times more likely than Asian patients to have rheumatoid arthritis (73/272,
27% vs. 4/106, 4%; p<0.001) and recurrent infections (81/272, 30% vs. 3/107, 3%; p<0.001) [30].
They concluded that different disease mechanisms might be involved in T-LGLL in different
populations.
Table 3 summarizes the laboratory and clinical findings of T-LGLL in Taiwan, Hong Kong
and the West. Our very recent study of 17 Taiwanese patients with T-LGLL showed a higher
mean hemoglobin level (10.5 vs. 8.1 g/dL) and a lower rate of anemia (8/17, 47% vs. 17/22,
77%; p=0.028) as compared to the Chinese patients in Hong Kong; while the frequency of
anemia in our patients was similar to that (113/227, 49.8%) of the Western patients (p= 0.988)
[10]. Because anemia was not a major problem in our patients and thus bone marrow aspira‐
tion/biopsy was performed only in 8 patients. Even so, our cohort of patients showed a low‐
er rate of PRCA as compared to the Hong Kong series (2/8, 25% vs. 17/22, 68%; p=0.035).
Interestingly, in our small series of patients, the frequency of PRCA was higher than that
(6/143, 4.2%) of the Western patients (p= 0.010). There were no other statistically significant
laboratory and clinical parameters between Taiwanese vs. Hong Kong Chinese or Taiwa‐
nese vs. Western T-LGLL patients. More studies from East Asian patients are warranted to
see if there is a genuine ethnic difference in patients with T-LGLL, particularly in terms of
the frequency of anemia and PRCA.
Apart from arising as de novo neoplasms, T-LGLL may arise after hematopoietic stem cell
or solid organ transplantation [31-38]. Notably, most of the reported cases of T-LGLL af‐
ter hematopoietic stem cell transplantation are from East Asia. Prof. Kwong’s group from
Hong Kong recently reported the largest series of 7 such patients who did not have cyto‐
penia, autoimmune phenomenon or organ infiltration, features typical of de novo T-LGLL
[39]. Excluding 1 patient died from cerebral relapse of the original lymphoma, the re‐
maining 6 patients had remained asymptomatic with stable LGL counts for long periods
not requiring any specific treatment. T-LGLL occurring after hematopoietic stem cell
transplantation seems to be distinct from de novo T-LGLL and may have a different
pathogenesis and clinical course.
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Taiwan (n=17)

HK (n=22)

West* (n=272) P (Taiwan vs.

P (Taiwan vs.

HK)

West)

0.668

0.050

Sex
Male

12

14

125
146

Female

5

8

Age (mean ± SE of the mean, years)

62.1 ± 4.1

52.3 ± 3.2

Mean ± SE of the mean (g/dL)

10.5 ± 0.7

8.1 ± 0.7

Low(<10 g/dL)

8

17

Mean ± SE of the mean (x109/L)

2.7 ± 0.5

3.4 ± 1.0

Low (<1.5x10 /L)

8

8

Mean ± SE of the mean (x109/L)

4.5 ± 1.2

4.8 ± 0.7

High (>2x10 /L)

11

14

Mean ± SE of the mean (x109/L)

223 ± 31

204 ± 28

Low (<150x109/L)

7

5

0.121

Hemoglobin
0.019
113

0.028

0.988

Neutrophil count

9

0.479
146

0.523

0.218

LGL count

9

0.523
133

0.980

0.110

Platelet count
0.989
47

0.337

0.075

0.659

0.169

0.335

0.199

0.035

0.010

0.203

0.100

0.418

0.608

Hepatomegaly
Present

3

5

35

Absent

7

17

211

Present

2

8

99

Absent

8

14

147

Present

2

15

6

Absent

6

7

137

Present

1

0

73

Absent

13

22

199

Splenomegaly

Pure red cell aplasia

Rheumatoid arthritis

Autoimmune phenomena
Present

0

1

5

Absent

14

21

267

Data from the Western series is based on the report by Prof. Kwong et al [30].
Abbreviation: HK, Hong Kong; SE, standard error.
The statistical analyses of data were performed by student t test or chi square test where appropriate (SPSS, Chicago,
IL, USA.)
Table 3. Comparison of T-LGLL in Hong Kong, China, Taiwan and West
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In patients with solid organ transplantation clonal T-LGL proliferation seems to be not un‐
common. Sabnani et al. found that 71% (10/14) cardiac and 44% (4/9) renal transplant pa‐
tients had clonal expansion of T-LGL cells but without evidence of either allograft rejection
or a viral syndrome. Constitutional symptoms were present in 30% of these patients. Ane‐
mia was seen in 75% of renal transplant and 10% of cardiac transplant patients, but none of
these patients had significant neutropenia. They believe that this monoclonality is not a true
form of post-transplant lymphoproliferative disorder. Constant antigenic stimulus such as a
cytomegalovirus reactivation may be the underlying etiology of clonal T-LGL expansion
and may contribute to cytopenias and fatigue seen in transplant patients [38].

5. Aggressive NK-cell Leukemia (ANKL)
ANKL is a systemic proliferation of NK-cells, almost always associated with Epstein-Bar vi‐
rus (EBV) and an aggressive clinical course [40]. This catastrophic disease is observed almost
exclusively in Asian patients who are usually very ill on presentation, with pyrexia, jaun‐
dice, pancytopenia, skin infiltration, lymphadenopathy and hepatosplenomegaly [40,41].
The most commonly involved sites are peripheral blood, bone marrow, liver and spleen.
The leukemic cells may show a wide range of appearance from normal-looking LGL as seen
in reactive NK lymphocytosis (Fig. 1E) to atypical (e.g. irregular nuclear foldings, very large
size) or immature (e.g. open chromatin, distinct nucleoli) morphological features (Fig. 1F)
even in an individual case [42]. The number of neoplastic cells in the peripheral blood and
bone marrow can be limited or numerous, from less than 5% to greater than 80% of lympho‐
cytes [42]. Furthermore, there are cases with overlapping features with ENKTL [43,44]. Ac‐
cordingly, ANKL has also been called aggressive NK-cell lymphoma/leukemia; however,
patients with ANKL are younger and the incidence of skin involvement is significantly low‐
er than ENKTL. It is currently unclear whether ANKL is the leukemic counterpart of
ENKTL [40].
Phenotypically, the leukemic cells of ANKL in a Japanese series of 22 cases were character‐
ized by the expression of CD2, cytoplasmic CD3, CD56 and HLA-DR with frequent expres‐
sion of CD7 (14/19 cases, 74%), CD8 and CD16. They did not express surface CD3, CD4, CD5
or CD25 [45]. Interestingly, in a Korean series of 20 cases, CD7 antigen loss was detected in
10 patients (50%) [46]. The Korean investigators claimed that, in conjunction with the cyto‐
genetic findings, this characteristic immunophenotypic finding could serve as a reliable
marker for the timely diagnosis in 75% of ANKL [46]. However, there were no statistically
significant difference in the clinical or laboratory parameters between the CD7+ and the
CD7- ANKL patients. To our knowledge, there are only 2 reports of ANKL from Taiwan,
and the leukemic cells in 6 of 7 (86%) cases expressed CD7 [47,48]. No statistically significant
difference on CD7 expression was identified between ANKL cases in Taiwan, Japan or Ko‐
rea (Fishers' exact test).
The great majority of ANKL is associated with EBV-- 85% (11/13) in a Japanese series,
88% (14/16) in a Korean series and 71% (5/7) compiled from the two reports from Tai‐
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wan [45,47-49]. The EBV infection in ANKL is an episomal form, indicating a clonal inte‐
gration into leukemic cells. Prof. Ko et al. compared the clinicopathological
characteristics of EBV-negative ANKL patients with those of EBV-positive ANKL pa‐
tients in Korea and reviewed the literature for reports on EBV-negative ANKL cases.
They found that EBV-negative and EBV-positive ANKL patients had similar clinical and
pathological characteristics, but EBV-negative patients had a longer survival than EBVpositive patients (11.5 vs. 1.5 months, respectively). EBV-negative patients achieved com‐
plete remission, but tumors often relapsed after a short interval, indicating a less
aggressive clinical course than EBV-positive ANKL [49].

6. Mature T- and NK/T-cell lymphoma with peripheral blood
involvement
The most common T-cell lymphoma with peripheral blood involvement is ATLL and is dis‐
cussed in the previous chapters. The other T-cell lymphoma with peripheral blood involve‐
ment is Sézary syndrome, which is characterized by the triad of erythroderma, generalized
lymphadenopathy and the presence of clonally related T-cells with cerebriform nuclei (Séz‐
ary cells) in skin, lymph nodes and peripheral blood [50]. Very rarely, PTCL-NOS and
ENKTL may progress to bone marrow and peripheral blood involvement, usually in the ter‐
minal stage of disease [7,9].

7. Conclusion
In this chapter, we review and analyze various types of T- and NK/T-cell leukemias in the
East Asia. Several of these rare neoplasms have not been reported in some East Asian coun‐
tries yet. Interestingly, there are certain features in some entities, such as T-LGLL, that are
distinct from the Western population. More epidemiological, clinicopathological and genetic
studies on these rare neoplasms are warranted.
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1. Introduction
Human T cell leukemia virus type-1 (HTLV-1) is the only retrovirus known to be the etiologic
agent of a human cancer, adult T-cell leukemia/lymphoma (ATLL), a highly aggressive cancer
of mature T cells. Epidemiological reports suggest that 10 to 20 million people throughout the
world are infected with HTLV-1, which is endemic in parts of sub-Saharan Africa, the
Caribbean, Japan, and South America [1]. HTLV-1 encodes a regulatory protein, Tax, which is
essential for virus replication and plays a significant role in the oncogenic potential of HTLV-1.
This chapter will summarize the effects of Tax on cellular processes including transcription,
cell cycle checkpoints, and DNA repair, and will discuss how these activities may contribute
to its transforming potential.

2. HTLV-1 epidemiology and pathogenesis
HTLV-1 is a type C, complex, enveloped retrovirus belonging to the family Retroviridae
and the genus deltaretrovirus. This genus includes three additional HTLV members
(HTLV-2, -3, and -4), and two non-human members, bovine leukemia virus (BLV), and
simian T cell leukemia virus (STLV). HTLV-1 was originally isolated from a patient diag‐
nosed with cutaneous T cell lymphoma, and was subsequently shown to be the causa‐
tive agent of ATLL [2-4]. HTLV-1 is also recognized as the etiologic agent of a
neurodegenerative disease, tropical spastic paraparesis/HTLV-1 associated myelopathy
(TSP/HAM), that affects the central nervous system [5,6]. The route of HTLV-1 transmis‐
sion influences its pathogenesis. Sexual transmission, which occurs most efficiently from
males to females, IV drug use, and blood transfusions are typically associated with the
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Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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development of TSP/HAM, whereas the most common route of transmission, mother to
child, is preferentially associated with the development of ATLL [7-12].
ATLL, a rapidly progressing cancer of mature CD4+ T cells, has been classified into four clinical
subtypes:, smoldering, chronic, lymphoma, and acute [13]. Leukemic cells from ATLL patients
have a phenotype of CD2+, CD3+, CD4+, CD8-, and HLA-DR+, express high levels of interleukin
2 (IL-2) and its receptor (IL-2R), and frequently have lobulated nuclei, causing them to be
referred to as flower cells. Interestingly, these cells are only moderately responsive to IL-2, and
HTLV-1 infected T cells proliferate continuously in the absence of exogenous IL-2, a charac‐
teristic associated with late stage T-cell transformation [14]. Other members of the deltaretro‐
virus family have also been linked to proliferative diseases. For instance, sheep infected with
BLV develop B-cell leukemia/lymphoma, and the simian counterpart of HTLV-1, STLV-1,
induces an ATLL like disease in African green monkeys [15,16]. In contrast, HTLV-2 has not
been definitively linked to human cancer and the disease potentials of the newly discovered
HTLV-3 and -4 viruses remain unknown [17,18].
2.1. HTLV-1 genome
The HTLV-1 proviral genome is approximately 9 kb in length including flanking long ter‐
minal repeats (LTR) composed of U3, R, and U5 regions. HTLV-1 encodes structural (gag,
env) and enzymatic (pro, pol) genes typical of all retroviruses. In addition, a highly con‐
served pX region located near the 3’ LTR, encodes four open reading frames (ORFs) that
produce regulatory proteins [19,20]. ORF I encodes p12, which undergoes proteolytic cleav‐
age to generate p8. Alternative splicing of ORF II produces the p13 and p30 proteins. Anal‐
ysis of full-length infectious molecular clones of HTLV-1 containing mutations in p12, p13,
and/or p30 in a rabbit infection model demonstrated an important role for these viral acces‐
sory proteins in establishing and maintaining viral persistence [21-26]. ORFs III and IV pro‐
duce doubly spliced mRNA encoding Rex and the viral oncoprotein Tax, respectively.
These proteins differentially regulate transcription, which is essential for viral replication
[26-29]. Rex is a 27 kDa protein that regulates post-transcriptional viral gene expression by
transporting unspliced mRNA from the nucleus to the cytoplasm and increases viral RNA
stability, potentially influencing latent and productive phases of the virus life cycle [26,29].
Tax is a potent transcriptional regulator of viral and cellular gene expression and modu‐
lates cellular protein function. Unlike Tax, HBZ is transcribed from the antisense strand of
the proviral genome and appears to be constitutively expressed in HTLV-1-infected and
ATLL cells [30]. HBZ promotes the proliferation of human T cells and may play an impor‐
tant role in maintaining malignant transformation of HTLV-1 infected T cells [31]. The
mechanisms of Tax-mediated cellular transformation will be discussed below.
2.2. Transformation by HTLV-1
Multiple studies have demonstrated that Tax is sufficient for cellular transformation and is
important for HTLV-1 mediated tumorigenesis [32-38]. Acute transforming retroviruses
rapidly induce tumors by expressing a viral oncogene [39]. In contrast, chronic transforming
retroviruses induce tumors at a much slower rate by aberrantly regulating genes upstream or
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downstream of the proviral insertion site [40]. Neither of these models explains HTLV-1
mediated transformation since no cellular homologue of Tax has been identified and HTLV-1
integration is random. The oncogenic potential of Tax has been extensively characterized in
rodent fibroblast cell culture systems, transgenic mouse models, and immortalization and
transformation studies in primary human T cells.
One of the first studies to show that Tax could independently transform human T cells used a
transformation–defective but replication competent herpes saimiri vector encoding Tax to infect
primary cord blood lymphocytes [32]. The transformed T cells were CD4+/CD8- and expressed
high levels of IL-2R, resulting in clonally expanded cell populations similar to ATLL cells.
Deletion of the Tax gene in this vector eliminated its transforming potential [32]. In addition,
a replication defective HTLV-1 provirus isolated from leukemic cells of an ATLL patient
expressed Tax and promoted loss of contact inhibition and anchorage-independent growth in
rodent fibroblasts [37]. Mutation of the Tax gene in this proviral vector reduced tumor
formation in nude mice, suggesting that Tax is required for the transforming potential of
HTLV-1. Loss of Tax expression in HTLV-1-transformed Rat-1 cells resulted in an inability to
form tumors and restoring Tax expression restored the tumorigenic potential of these cells,
indicating that Tax is required to establish transformation [38]. In combination with ras, Tax
is sufficient to transform primary rat embryo fibroblast cells in culture and to induce tumors
in nude mice. Tax alone can transform Rat-2 cells and induce tumors in athymic mice [41].
These studies demonstrated that HTLV-1 is a transforming retrovirus with a broad transform‐
ing potential not limited to primary T cells, and that Tax is necessary and sufficient to transform
cells in vitro and induce tumor formation in vivo.

3. Characterization of Tax-induced tumors in transgenic mouse models
To determine whether Tax plays a role in HTLV-1 induced leukemia/lymphoma, first gener‐
ation transgenic mouse models expressing Tax under the control of the HTLV-1 LTR were
developed, resulting in broad expression of Tax in tissues including thymus, lung, and brain
[35]. Interestingly, these mice developed neurofibromas and mesenchymal tumors with visual
tumors on the ears, feet, and tail, instead of T cell derived lymphoid tumors, indicating that
Tax expression driven by the HTLV-1 promoter leads to neurotropic associated tumor
development in this model [35]. To generate a mouse model that more closely recapitulates
ATLL, second generation transgenic mice expressed Tax under control of the human granzyme
B (GzmB) promoter, which limits transgene expression to CD4+ and CD8+ T lymphocytes (T),
natural killer (NK), and lymphokine-activated killer cells [42]. These GzmB-Tax mice devel‐
oped T-cell lymphomas that expressed high levels of nuclear factor kappa B (NF-κB) [42].
Antisense inhibition of NF-κB expression resulted in tumor regression suggesting that Taxdependent tumor formation and regression correlate with NF-κB expression [43]. Although
GzmB-Tax mice presented with hepatosplenomegaly similar to ATLL patients, they developed
large granulocytic leukemia (LGL) indicative of infiltrating neutrophils, basophils, and
eosinophils [42]. LGL tumor cells exhibited antibody-dependent cellular cytotoxicity, a
primary function of NK-cells, and did not express T-lymphocyte markers, thus these tumors
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were derived from malignant NK cells [42,44]. Although GzmB-Tax mice did not develop Tcell leukemia/lymphoma, this model demonstrated that limiting Tax expression to the
lymphoid compartment could drive lymphomagenesis.
Third generation transgenic mice expressed Tax under the control of the Lck promoter,
which restricts expression to developing thymocytes [45]. At 10 months of age, Lck-Tax
transgenic mice developed swollen and enlarged spleens, livers, and lymph nodes, recapit‐
ulating clinical features observed in patients with ATLL, and presented with large mesen‐
teric tumors [45]. These mice displayed skin ulcerations involving infiltration of leukemic
cells in to the dermis, and lymphoma cells from these tumors had a “flower-like” morphol‐
ogy consistent with ATLL cells [45]. Engraftment of these tumor cells into SCID mice led to
the development of an aggressive and rapidly progressing leukemia resulting in death
within 28 days, similar to the aggressive nature of ATLL [45]. Although Lck-Tax mice reca‐
pitulate the clinical features of ATLL, isolated tumor cells were CD25+, CD44+, CD69+, but
CD4-/CD8- double negative, indicating that the lymphomas were derived from malignant
transformation of immature T cells [45]. In this model restriction of Tax expression to the T
cell compartment produced transgenic mice having clinical features of ATLL however, the
absence of CD4+ lymphomas and continued expression of Tax in the tumor cells does not
precisely model ATLL in these mice.
HTLV-1 humanized SCID mice (HTLV-1-Hu-SCID) were generated by reconstituting hema‐
topoiesis in non-obese SCID mice using human CD34+ hematopoietic progenitor stem cells
(HPSCs) infected with HTLV-1 [46]. Within 12-20 weeks of reconstitution, the Hu-SCID mice
developed CD4+ T cell lymphomas with clinical and histopathological features similar to ATLL
and Lck-Tax transgenic mice [45,46]. Isolated tumor cells expressed HTLV-1 Gag, CD25, CD4,
and CD8 proteins, demonstrating that the tumor cells originated from malignant transforma‐
tion of mature T cells [46]. Additionally, Hu-SCID mice generated using HPSCs infected with
a lentiviral vector expressing Tax (Tax-Hu-SCID) developed monoclonal CD4+ tumors
suggesting that reconstituting mice with a human hematopoietic system drives Tax-mediated
lymphomagenesis of mature T cells [46]. The HTLV-1 infected Hu-SCID mouse model
provides a promising tool with which to assess the development and progression of HTLV-1induced CD4+ T cell lymphomas.

4. Molecular mechanisms of Tax mediated transformation
4.1. Regulation of CREB and NFκB pathways by Tax
Since multiple studies have shown that Tax is sufficient for cellular transformation and is
important for HTLV-1 mediated lymphomagenesis [32-38] much effort has been invested into
understanding the molecular mechanisms that drive Tax-mediated transformation and
tumorigenesis. Microarray analysis of HTLV-1 infected and Tax transfected cells demonstrated
genome-wide changes in cellular gene expression patterns including changes in the expression
of genes that control proliferation, cell cycle checkpoints, apoptosis, and transcription,
suggesting potential pathways through which Tax might function to modulate normal cellular
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responses [47,48]. Extensive mutational analysis of Tax revealed the presence of a nuclear
localization signal, nuclear export signal, and activation domains specific for the NF-κB and
cAMP-responsive element binding protein (CREB) pathways [49-51]. Tax does not bind DNA
but, interacts with cellular proteins to modulate at least three major transcription factor
pathways NF-κB, CREB, and serum response factor (SRF) pathways, of which the CREB and
NF-κB pathways have been most extensively studied [52-62] and shown to be essential for Taxmediated transformation.
Modulation of the CREB pathway by Tax is important for transcriptional activation of the
HTLV-1 promoter (LTR). The HTLV-1 LTR contains three non-palindromic 21-bp repeats
called Tax responsive elements (TRE). Each TRE contains a core CRE sequence flanked by
GC-rich sequences, which are required for Tax-mediated transactivation. Under normal
physiological conditions, CREB activation is initiated by growth factor stimulated phos‐
phorylation of the kinase inducible domain (KID) of CREB followed by CREB dimerization
and recruitment of the CREB binding protein (CBP) through its KID interaction KIX do‐
main [63,64]. The CBP-CREB complex then binds to palindromic CREs to activate transcrip‐
tion of CREB-dependent genes. In Tax expressing cells, Tax interacts with CREB to enhance
CREB dimerization and selectively increase the binding affinity of CREB for the viral TRE,
which is mediated by the flanking GC rich regions [65-67]. Tax also interacts with the KIX
domain of CBP and its homologue p300 to enhance their recruitment to the Tax-CREB-TRE
ternary complex, thereby stabilizing the complex and activating viral gene expression in
the absence of CREB phosphorylation [67-71]. Thus, Tax can bypass cAMP signaling medi‐
ated activation of CREB and induce preferential binding of CREB to the viral LTR rather
than to cellular CREs. These results emphasize the importance of the CREB pathway for vi‐
ral gene expression [54,66,70,70,71,71]
Tax regulation of cellular gene expression through the NF-κB pathway results in cell prolif‐
eration, resistance to apoptosis, and maintenance of malignant transformation. In a resting cell,
NF-κB is sequestered in the cytoplasm in an inactive complex with inhibitor of kappa B (IκB),
which prevents activation of NF-κB -dependent genes [72]. External growth factor stimulation
initiates a signaling cascade that induces phosphorylation of IκB by IκB kinase (IKK), resulting
in ubiquitination, and subsequent degradation of IκB, which then releases NF-κB to translocate
to the nucleus and activate NF-κB-dependent gene expression. Tax disrupts NF-κB regulation
by several mechanisms. First, cytoplasmic Tax increases phosphorylation and subsequent
degradation of IκBα by forming a ternary complex containing NF-κB essential modulator
(NEMO), IKKγ, Tax, and PP2A that blocks deactivation of IKK [73-76]. Constitutively active
IKK results in persistent IκB degradation and translocation of NF-κB to the nucleus. Second,
nuclear Tax interacts with NF-κB on promoters resulting in constitutive activation of NF-κB
dependent genes [77,78]. Persistent degradation of IκB and constitutive activation of NF-κB
dependent genes leads to persistent activation of the NF-κB pathway in HTLV-1 infected, and
Tax-expressing cells [79]. Upregulation of NF-κB-dependent genes including, but not limited
to key T cell activators (IL-2, high affinity IL-2R alpha subunit, and IL-15) is required for
immortalization and survival of HTLV-1 transformed cells, setting the stage for neoplastic
conversion of a normal T cell [53,60,80]
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4.2. CREB and NF-κB pathways in Tax-mediated transformation
A Tax mutant (M47) that is defective for activation of CREB-dependent genes did not induce
loss of contact inhibition or anchorage independent growth in Rat 2 cells and failed to induce
tumors in nude mice [36], suggesting that activation of the CREB pathway is required to
establish Tax-induced tumors. In the same study, a Tax mutant (M22) that is defective for NFκB activation did transform Rat 2 cells in vitro and induce tumors in athymic mice similar to
wild-type Tax, indicating that NF-κB activation is not required to initiate Tax-mediated
tumorigenesis [36]. In a different study, a herpesvirus saimiri vector carrying the Tax S258A
mutant that is defective for NF-κB activity, retained the ability to immortalize PBMCs, which
is a prerequisite for transformation [81]. However, a Tax mutant (M319) that fails to activate
CREB dependent genes comparable to Tax M47 induced anchorage independent growth in
Rat-1 cells and tumor formation in nude mice, suggesting that CREB activation is not required
for transformation [82]. Differences between the effect of CREB mutants in this study and the
previous study may be due to differences in the specific cell lines and Tax mutants used in the
studies. However, since NF-κB mutants retained transforming ability in both studies, and since
ablation of NF-κB expression in established Tax tumors led to tumor regression, there is strong
evidence that NF-κB is required for tumor maintenance, but not for tumor induction [43].
Analysis of the roles of the CREB and NF-κB pathways in Tax mediated transformation reveal
complex effects on tumor initiation, and maintenance. Taken together, the effects of Tax on,
NF-κB, IκB, CREB, and CBP/p300 appear to commit a normal cell to a highly proliferative state,
setting the stage for the development of ATLL (Figure 1).

5. Effect of Tax on genome stability
5.1. Disruption of DNA repair pathways by Tax
DNA repair and cell cycle progression are tightly linked and involve multiple overlapping
pathways that ensure error-free inheritance of genetic material. If a cell incurs extensive DNA
damage that cannot be repaired, it will undergo apoptosis or enter a state of replicative
senescence. Tax disrupts DNA repair by modulating the functions of key DNA repair enzymes
and disrupting the DNA damage response (DDR), resulting in an increased mutation fre‐
quency in Tax-expressing cells [83,84]. Cellular DNA damage is repaired by four functionally
overlapping pathways that respond to different types of DNA alterations; mismatch repair
(MMR) base excision repair (BER), nucleotide excision repair (NER), and double strand break
repair (DSBR) [85]. The suppression or disruption of BER, NER or DSBR by Tax appears to
contribute to its cellular transformation activity.
BER is initiated by a glycosylase that recognizes helical distortions and flips out the base
promoting recruitment of a major repair enzyme, DNA polymerase beta (pol β) [86,87]. Tax
has been shown to repress pol β transcription [88,89]. The decreased availability of pol β would
reduce the efficient repair of DNA lesions that arise from reactive oxygen species and depu‐
rination events consistent with increased mutagenesis of the host genome.
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The NER pathway preserves genome stability by scanning for and repairing UV- and chemi‐
cally-induced bulky adducts [85]. Proliferating cell nuclear antigen (PCNA) is a trimeric sliding
clamp that assists in DNA synthesis during DNA replication and repair, by increasing the
processivity of DNA polymerase delta (pol δ) to fill in the gap after lesion excision [85,90,91].
In the presence of DNA lesions, elevated levels of p21Cip1/waf1 interact with PCNA to block DNA
replication without blocking PCNA-dependent DNA repair [92]. Tax activates PCNA gene
expression [93], which may allow Tax-expressing cells to overwhelm the p21Cip1/waf1-induced
replication block and continue DNA replication in the presence of damage, resulting in
misincorporation of DNA nucleotides [94,95]. Thus, Tax appears to suppress NER and
promote genome instability by increasing the cellular mutation rate.
Unlike NER and BER, less is known about effects of Tax on the DSBR pathway. Double strand
DNA breaks (DSBs) are sensed by ataxia telangiectasia mutated (ATM) kinase, which phos‐
phorylates downstream DNA damage checkpoint regulators such as H2AX, Chk2, p53, Nbs1
and MDC1 that function together to arrest the cell cycle and repair DNA [96]. ATM signaling
also promotes the recruitment of Ku70 and Ku80 hetereodimers to free DNA ends to facilitate
DNA end joining. Tax has been shown to repress Ku80 gene expression, which may impact
the cell’s ability to recognize and repair free DNA ends [97,98]. In addition, the phosphoryla‐
tion of ATM targets (H2AX, Chk2 and Nsb1) and ATM autophosphorylation is reduced in
Tax-expressing cells, which attenuates the DDR, causing these cells to be released from the Sphase checkpoint while DSBs remain [99-101]. Cells that undergo mitosis in the presence of
DSBs frequently form micronuclei (MN), which are markers of genome instability and
interestingly, Tax-expressing cells exhibit significantly more micronuclei than control cells
[101]. Since, the response to DNA damage and the initiation of DNA repair are tightly linked,
the effect of Tax on early cellular processes such as ATM-mediated DNA damage signaling,
translates to defects in later processes including cell cycle checkpoints and DNA repair,
creating an environment that promotes cellular transformation as shown in Figure 1.
5.2. Impact of Tax on cell cycle regulation
Under normal conditions, eukaryotic cells undergo growth and division resulting in the
passage of genetic information, which is essential for survival. Eukaryotic cell division is
controlled by four distinct phases: cell growth (G1, and G2), DNA synthesis (S), and mitosis
(M). Critical cell cycle checkpoints (G1/S, G2/M, and M) can be activated to block cell cycle
progression and ensure accurate DNA replication and chromosome distribution. Specific
complexes containing cyclins, cyclin-dependent kinases (CDK), CDK inhibitors (CKIs), and
tumor suppressor proteins work together to maintain genome integrity and prevent uncon‐
trolled proliferation.
Prior to entering G1, mitogenic stimulation increases the levels of type D (D1, D2, and
D3) and E (E1, E2) cyclins. During early G1 of a normal cell, active D-CDK4/6 complexes
phosphorylate the tumor suppressor retinoblastoma (Rb), allowing release of transcrip‐
tion factor E2F and subsequent activation of S phase genes [102]. At this stage, cells are
committed to entering S phase where the E-CDK2 complex phosphorylates substrates
needed for S phase. Tax expression accelerates progression through G1 by activating the
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transcription of genes encoding D cyclins, which directly interact with D-CDK4/6 to en‐
hance Rb phosphorylation [103-105]. Following its release and translocation to the nu‐
cleus, E2F interacts with Tax to transcribe E2F-dependent S phase genes [103]. These
transcriptional effects, and modulation of CDK complexes propel Tax-expressing cells
through G1 and force early entry into S phase [104-106].
During the transition from G1 to S, cells pass through a checkpoint regulated by p53.
The tumor suppressor p53 protects cells from transformation by activating the expres‐
sion of cell cycle control proteins [107] that mediate cell cycle arrest or apoptosis in re‐
sponse to various cellular stresses, including DNA damage. In the presence of DNA
damage, p53 arrests the cell cycle by activating the CKI p21waf1/cip1, which binds and in‐
activates CDK2. Therefore, overexpression of p21waf1/cip1 induces cell cycle arrest and
prevents progression into S-phase until DNA is repaired. p21waf1/cip1 also binds to and
stabilizes the cyclin D-CDK4/6 complex, leading to increased kinase activity and cell
cycle progression, which is consistent with p21waf1/cip1 overexpression in Tax-transfected
and HTLV-1 transformed cells [108,109]. In addition, Tax-expressing cells display a
shortened G1 phase followed by early S-phase entry, suggesting that the G1/S check‐
point is deregulated to avoid p21waf1/cip1 induced cell cycle arrest [110]. Tax mediated
overexpression of p21waf1/cip1 may contribute to transformation by accelerating the pro‐
gression of cells through G1 and disrupting the DNA damage-induced G1/S checkpoint
[108,111,112].
Further disruption of the G1/S checkpoint occurs by Tax-mediated inactivation of p53. Tax and
p53 have been shown to directly compete for binding to the coactivator CBP/p300, thus p53dependent transcription could be compromised in Tax-expressing cells [113-115]. Tax has also
been shown to suppress p53 function by inducing hyperphosphorylation of p53 at Ser15 and
Ser392, preventing p53 from interacting with the basal transcription machinery [116,117]. In
supporting studies, Tax mutants defective in NF-κB activation failed to suppress p53-mediated
transcription [117,118]. Thus, the transcriptional activity of Tax affects p53 regulation of cell
cycle checkpoints, DDR and DNA repair, thereby altering the cell’s response to internal and
external stress stimuli.
Although p53 and p21waf1/cip1 prevent unchecked proliferation and genome stability, addi‐
tional CKIs prevent replication of damaged DNA by inhibiting cyclin-CDK interactions
[119,120]. Tax regulates the function of cyclin-CDK complexes by disrupting the inhibito‐
ry activities of CDK4 (INK4) inhibitors p15INK4b (p15), p16INK4a (p16), p18INK4c (p18), and
p19INK4d (p19), which share overlapping functions to regulate G1 entry and progression.
Before entering G1 external anti-growth factors such as transforming growth beta (TGF-β)
can stimulate cell cycle exit by inducing the binding of p15 to D-CDK4/6 complexes,
thereby promoting the degradation of D cyclins [121]. Because a decrease in active DCDK4/6 complexes prevents cell cycle progression, cellular mechanisms to promote cy‐
clin D overexpression could antagonize p15-mediated arrest. Specifically, the
overexpression of D-cyclins and p21waf1/cip1 in Tax expressing cells correlates with in‐
creased cell proliferation, consistent with cell cycle progression in the presence of ge‐
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nome instability. Tax also binds to p16 and suppresses its inhibitory function by
allowing cyclin D1 to form active complexes with CDK4/6. Inhibition of p15 and p16 by
Tax increases the pool of active D-CDK4/6 complexes resulting in continuous Rb phos‐
phorylation and leading to S phase entry [122,123]. Lastly, Tax represses transcription of
p18INK4c, and p19INK4d, again linking Tax-mediated transcription with cell cycle deregula‐
tion [112,122-125]. Cumulative effects of Tax on the G1 and the G1/S checkpoints contrib‐
ute to Tax mediated transformation by continuously promoting cell growth and
proliferation in the absence of growth factors.
During S phase, cyclin A-CDK2 begins to accumulate after the G1/S transition, and is required
both to complete S phase and to enter and exit from M phase. HTLV-1 infected cells express
low levels of cyclin A because Tax represses cyclin A transcription in a CREB-ATF-dependent
manner [126]. Reduced cyclin A levels also promote early egress from mitosis and disrupt the
G2/M checkpoint, producing the types of chromosomal abnormalities observed in ATLL and
HTLV-1 transformed cells [127-135].
When cells sense DNA-damage prior to mitosis the G2/M DNA-damage checkpoint is ac‐
tivated through two DNA damage sensors ATM and ATR, which phosphorylate down‐
stream effectors such as p53, and checkpoint kinases 1 and 2 (Chk1 and Chk2). These
downstream effectors phosphorylate downstream substrates to induce cell cycle arrest.
Following DNA damage, phosphorylation of Cdc25A by Chk1 targets it for proteasomal
degradation, thereby inhibiting activation of the Cdk1/2 complex, which is required to
progress through the S and G2/M checkpoints. Chk1 also phosphorylates p53 and
CDC25A/C to induce G1 and G2/M arrest, respectively. In response to gamma irradiation,
Tax interacts with Chk1 and inhibits its kinase activity, thereby disrupting the G1 and G2/
M checkpoints and allowing cells to proceed to mitosis in the presence of DNA damage
[136]. Interestingly, Tax prevents the release of Chk2 from chromatin after activation by
ATM/ATR, thereby preventing phosphorylation of downstream effectors like p53 [137].
Tax disruption of cell cycle regulation and abrogation of the DNA damage response con‐
tributes to the proliferation of cells containing DNA damage.
After transiting the G2/M checkpoint, the cell encounters one last critical checkpoint
known as the mitotic spindle checkpoint (MSC). The MSC regulates cell cycle transition
from metaphase to anaphase, and its disruption is associated with altered chromosome
structures and numbers [138]. HTLV-1 infected/transformed cells and ATLL cells display
chromosomal abnormalities including deletions, insertions, rearrangements and transloca‐
tions, suggesting that Tax disrupts the MSC [127-135,139,140]. The direct interaction of
Tax with MAD-1 and APC interferes with proper chromosome alignment along the met‐
aphase plate resulting in the potential loss or gain of genetic material and early exit from
mitosis [141,142]. The intimate linkage between the DDR and DNA repair expands the
effects of Tax on normal cell proliferation by targeting cell modulators, such as p53, that
function in multiple cellular processes.
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Figure 1. Effects of Tax contribute to cellular transformation: Tax dysregulates cellular gene expression by interact‐
ing with cellular proteins and modifying their functions. In the presence of DNA damage (red bolt) Tax interacts with
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1. Introduction
1.1. Roles of glycans on diverse aspects of biological activities
Regardless of species, all the living organisms have poly-saccharides called glycans in their
cellular surfaces or even inside the cells. The biological roles of carbohydrates are particularly
important in the assembly of complex multicellular organs, which requires interactions
between cells and the surrounding matrix. All cells and numerous macromolecules in nature
carry an array of covalently attached sugars (monosaccharides) or sugar chains (oligosacchar‐
ides). Because many glycans are on the outer surface of cells or secreted macromolecules, they
are acting to modulate or mediate a wide variety of events in cell to cell, cell with matrix, and
cell with proteins or lipids critical to the development and function of complex forms of
multicellular organisms (Rademacheret al., 1988; Sharon and Lis, 1993; Varki, 1993).
Glycans also function as mediators in the interactions between different organisms, for
example, between hosts and infectious agents or symbionts. In addition, simple, rapidly
turning over, protein-bound glycans are abundant within the nucleus and cytoplasm, where
they act as regulatory switches. Therefore, as a complete paradigm of biology, glycans should
be included quite often in covalent combination with other macromolecules such as glyco‐
proteins and glycolipids, so called glycoconjugates (Gagneux and Varki, 1999).
Figure 1 provides a listing of known glycan-protein or glycan-lipid linkages in nature. The
common classes of glycans found in or on eukaryotic cells are primarily defined according to
the nature of the linkage to the targets. A glycoprotein is a glycoconjugate in which a protein
carries one or more glycans covalently attached to a polypeptide backbone, usually via N or
O linkages. An N-glycan (N or asparagine-linked oligosaccharide) is a sugar chain covalently
attached to an asparagine residue of a polypeptide chain at the consensus peptide sequence:
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Asn-X-Ser/Thr. A mucin is a large glycoprotein that carries many O-glycans that are clustered.
A proteoglycan is a glycoconjugate that has one or more glycosaminoglycan (GAG) chains
attached to a “core protein” through a typical core region ending in a xylose residue that is
linked to the hydroxyl group of a serine residue. The distinction between a proteoglycan and
a glycoprotein is otherwise arbitrary, because some proteoglycan polypeptides carry both
glycosaminoglycan chains and different O- and N-glycans. A glycophosphatidylinositol
anchor is a glycan bridge between phosphatidylinositol and a phosphoethanolamine that is in
amide linkage to the carboxyl terminus of a protein. This structure typically constitutes the
only anchor to the lipid bilayer membrane for such proteins. A glycosphingolipid (often called
a glycolipid) consists of a glycan usually attached via glucose or galactose to the terminal
primary hydroxyl group of the lipid moiety ceramide, which is composed of a long chain base
(sphingosine) and a fatty acid. Glycolipids can be neutral or anionic. A ganglioside is an anionic
glycolipid containing one or more residues of sialic acid. It should be noted that these represent
only the most common classes of glycans reported in eukaryotic cells. There are several other
less common types found on one or the other side of the cell membrane in animal cells (Varki,
1997; Fuster and Esko, 2005).

From Essentials of Glycobiology second edition (2007)
Figure 1. Glycans on surface or inside the cells
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As can be imagined from their ubiquitous and complex nature, the biological roles of glycans
are quite diverse spanning the spectrum from those that are subtle to those that are crucial for
the development, growth, function, or survival of an organism. The diverse functions attrib‐
uted to glycans can be divided into two general categories: (i) structural and modulatory
functions (involving the glycans themselves or their modulation of the molecules to which
they are attached) and (ii) specific recognition of glycans by glycan-binding proteins, called
lectin. Expression of certain sets of glycans in intact organisms are found exquisitely specific
temporal and spatial patterns those glycans in relation to cellular activation, embryonic
development, organogenesis, and differentiation. Certain relatively specific changes in
expression of glycans are also often found in the course of transformation and progression to
malignancy, as well as other pathological situations such as inflammation. These spatially and
temporally controlled patterns of glycan expression imply the involvement of glycans in many
normal and pathological processes, the precise mechanisms of which are not well understood
(Theocharis, 2010; Hynes and Naba, 2012).

2. Glycans as the markers of cancer
Tumor cells undergo alteration of intracellular signalings to promote cell cycle progression
and rapid growth, adhere to a variety of other cell types and cell matrices, and invade tissues.
Embryonic development and cellular activation in vertebrates are typically accompanied by
changes in cellular glycosylation profiles. It is therefore rational that glycosylation changes are
also a typical feature of malignant transformation and tumor progression. The earliest evidence
came from observing that plant lectins showed enhanced binding to and agglutination of
tumor cells. Next, it was found that in vitro transformation was frequently accompanied by a
general increase in the size of metabolically labeled glycopeptides produced by trypsinization
of surface molecules from cancer cells (Hakomori and Kannagi, 1983). With the advent of
monoclonal antibody technology in the late 1970s, investigators found many “tumor-specific”
antibodies which were directed against glycan epitopes, especially those borne on glycosphin‐
golipids (Feizi, 1985). In most cases, further studies showed that these epitopes were also
expressed in embryonic tissues and, in a few cell types, in the normal adult (Fukuda, 1996).
Significant correlations between certain types of altered glycosylation and the prognosis of
tumor-bearing animals or patients increased interest in these changes. In several instances, in
vitro cellular assays and in vivo animal studies have further supported the view that these
changes are critical to aspects of tumor cell behavior (Kannagi et al., 2004).

3. HTLV-1 causes complicated forms of diseases to human
Human T-lymphotropic virus type 1 (HTLV-1) is the first and unique oncogenic retrovirus
that infects 20 million more people worldwide (Hinuma et al., 1992; Proietti et al., 2005;
Gonçalves et al., 2010; Sonoda et al., 2011). Among these infected individuals, 2 to 5% develop
aggressive and mostly fetal adult T cell leukemia/lymphoma: ATL (Yoshida, 2010; Iwanaga et
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al., 2010), and a further 1 to 2% develop a variety of chronic inflammatory syndromes, known
as HTLV-1–associated myelopathy/tropical spastic paraparesis: HAM/TSP (Osame et al.,
1986) and HTLV-1–associated uveitis: HU (Mochizuki et al., 1992). HTLV-1 has also linked,
even with less definitive epidemiologic proof, dermatitis (La Grenade et al., 1990; Amano et
al., 2011), polymyositis (Inose et al., 1992), synovitis (Nishioka et al., 1989; Sowa, 1992),
thyroiditis (Kawai et al., 1991) and bronchio-alveolar pneumonitis (Kimura et al., 1989). While
the pathophysiologies of patients with HAM/TSP and HU have relatively been well controlled,
the efficacy of present treatment procedures to ATL are quite insufficient and leading ATL as
one of the worst blood cell malignancies to cure (Olière et al., 2011; Tsukasaki, 2012). Re‐
searchers hence are trying to develop any diagnostic tools enabling to identify the high risk
carriers (who may develop ATL) in the early phase of infection.
HTLV-1 seropositivity is corresponding to the modes of transmission: from mother to child,
predominantly through breast feeding as the initiation for common course of ATL develop‐
ment (Hino et al., 1985); via sexual intercourse and via parenteral transmission by transfusion
of infected cellular blood products or sharing of needles and syringes as the courses for HAM/
TSP or HU onset (Manns et al., 1991, Proyetti 2005). HTLV-1 infection mostly happens to CD4
T-lymphocytes (Gallo et al., 1982), and multiple viral proteins are produced from the provirus.
Among those viral proteins, HTLV-1 trans-activator protein Tax, which promotes the early
events of oncogenic process including its own long-terminal-repeat (LTR) transcription
(Fujisawa et al., 1985), activates several major cellular transcription factor pathways, such as
nuclear factor (NF)-kappaB (Ruben et al., 1988; Yamaoka et al., 1998), cAMP response element
binding protein (CREB)/AP-1 transcription factor (ATF, Andrisani et al., 1990; Xu et al., 1990;
Himes, 1993), and serum response factor (SRF, Fujii et al., 1991), all of which eventually mediate
viral immortalization. Tax targeted genes include interleukin (IL)-2 and the IL-2alpha receptor
(Tac or CD25), which initiate and sustain an autocrine pathway of T-cell activation (Ruben et
al., 1988). On the late stage of ATL development, infected cell undergoes extensive genetic
alterations and some of these populations induce aberrant micro-RNA expression (Yeung et
al., 2008) resulting in overexpression of NIK, a strongest NF-kappaB inducing MAP3 kinase,
and cells eventually become independent from Tax-mediated NF-kappaB signaling (Yama‐
gishi et al., 2012). Finally, another HTLV-1 encoded oncogenic trans-activator, HTLV-1-basiczipper protein (HBZ), induces Foxp3, a transcription factor necessary for maintenance of the
regulatory T-cell phenotype, to develop immune-suppressive environment which is favorable
to establish malignant phenotype of ATL (Gaudray et al., 2002; Satou et al., 2008).
ATL cells display several characteristic ‘ATL-specific’ cell surface markers such as CD25, OX40,
and TSLC1 (Teshigawara et al., 1985; Baum et al., 1994; Sasaki et al., 2005). Japanese HTLV-1
cohort study group, however, have reported that the most reliable molecular based definitive
risk factors for the development of ATL among asymptomatic HTLV-1 carriers are baseline
proviral load higher than 4 copies/100 peripheral blood mononuclear cells. Although advanced
age, family history of ATL, and first opportunity for HTLV-1 testing during treatment for other
diseases have also determined as the independent risk factors for ATL prognosis (Iwanaga et
al., 2010), we still do not know how many cellular factors and to what extent in HTLV-1 infected
subjects contribute to ATL pathogenesis nor which biomarkers distinctly determine the wide
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ranges of ATL pathological conditions (i.e., smoldering, chronic or acute leukemia or lym‐
phoma).

4. Linkage between efficacy and subtypes of ATL symptoms
Shimoyama (1991) first proposed the diagnostic criteria to classify four clinical subtypes of
ATL: (1) Smoldering type, 5% or more abnormal lymphocytes of T-cell nature in PBL, no
hypercalcaemia (corrected calcium level less than 2.74 mmol/l), lactate dehydrogenase (LDH)
value of up to 1.5 x the normal upper limit, no lymphadenopathy, no involvement of liver,
spleen, central nervous system (CNS), bone and gastrointestinal tract, and neither ascites nor
pleural effusion. Skin and pulmonary lesion(s) may be present. (2) Chronic type, absolute
lymphocytosis (4 x 109/l or more) with T-lymphocytosis more than 3.5 x 109/l, LDH value up
to twice the normal upper limit, no hypercalcaemia, no involvement of CNS, bone and
gastrointestinal tract, and neither ascites nor pleural effusion. Lymphadenopathy and in‐
volvement of liver, spleen, skin, and lung may be present, and 5% or more abnormal Tlymphocytes are seen in PBL in most cases. (3) Lymphoma type, no lymphocytosis, 1% or less
abnormal T-lymphocytes, and histologically-proven lymphadenopathy with or without
extranodal lesions. (4) Acute type, remaining ATL patients who have usually leukemic
manifestation and tumor lesions, but are not classified as any of the three other types. Smol‐
dering and chronic subtypes are indolent but once these group become acute subtype, the
mean survival period even with the best protocol of chemotherapy, mLSG15, is only 13 months
and overall two year survival ratio is only 25% (Tsukasaki, 2012).
To improve the poor prognosis of ATL, new chemical combinations or new biological
treatment, including antibody targeting, immune activation by vaccination or bone marrow
transplantation have developed (Tsukasaki et al., 2009; Nasr et al., 2011; Nakano and Wata‐
nabe, 2012).
Bazarbachi and his colleagues reported that treatment in combination of anti-virus drug
zidovudine (AZT) and interferon-alpha (IFN-α) have dramatically improved the five year
survival rate of ATL patients up to 46% (Bazarbachi et al., 2010). AZT/ IFN-α protocol is the
most promising for ATL treatment at present but it is not omnipotent for the following reason.
This study was applied for all four different ATL subtypes and achieved 77% five-year survival
rate for smoldering/chronic and 28% for acute subtype respectively. For lymphoma subtype
however this protocol had no effects with 7-month median and no further survival beyond 18
month after treatment. This result clearly indicated that the novel fine and reliable subtypespecific diagnostics for asymptomatic but high-risk carriers are urgently required.

5. Glycans as the potential biomarkers for ATL subtypes
It’s been thirty seven years since Van Beek reported the relationship between the malignancy
and glycoprotein distribution on the surface of leukemic cells (Van Beek et al., 1975). Then

93

94

T-Cell Leukemia - Characteristics, Treatment and Prevention

Dnistrian claimed the plasma lipid-bound sialic acid as a diagnostic marker for hematologic
tumors as well as other carcinomas (Dnistrian and Schwartz, 1981). Ohmori and his colleagues
first reported that a distinct type of sialyl Lewis X antigen is selectively expressed on helper
memory T cells and also on ATL cells which are defined by the monoclonal antibody 2F3
(Ohmori et al., 1993) and Sanada et al. reported that ATL patient’s levels of serum hyaluronic
acid moved in parallel with the clinical activity of their disease (Sanada et al., 1999). These
reports clearly indicate that glycans should play very important roles on a tumorigenic
development of hematologic malignancy. However the complicated nature of carbohydrates
have hindered the development of diagnostic tools providing a statistically reliable values
which eventually define the linkage between glycans and tumor malignancies. To do so, this
device should quantitate the amount of multiple forms of glycans at one time and perform
multivariate analysis.

6. Lectin microarray as the profiler of ATL cell pathogenic development
There are basically three major processes in glycomics research: (1) glycan synthesis, (2) glycan
structural analysis and (3) glycan functional analysis. Glycan structural analysis is considered
the first priority as it elucidates the biological functions of the glycans. It is not that simple as
DNA or peptide sequencing is resolving most of questions because glycans are not linear-chain
molecules but having varieties of branching molecular structures.
Our strategy in glycomics takes a different approach from that used in genomics. We have
adopted the use of lectins as so-called “biological decipherers” of glycan structures, capitaliz‐
ing on their binding specificity to glycan structures. Further, a microarray strategy allows us
to utilize a number of lectins with different specificity thereby enabling ‘glycome’ analyses of
small sample amounts with high sensitivity and high throughput (Kuno A et al., 2005).
Mass spectroscopy (MS) is one possible alternative approach used in glycomic structural
analysis. MS potentially is a very powerful tool; however it is not versatile enough to be
used since MS is not suitable for differentiation of isomers, analysis of O-glycans, and not
applicable for crude samples. MS basically requires fairly large samples sizes (>100 μg of
proteins) due to its low resolution. Additionally, pre-treatment of the samples on glycan
structural analysis by MS is time consuming and bothersome (Pre-treatments requires the
isolation of glycoproteins, cleaving of the glycans from the core proteins, and those
labeling). From those practical views, the lectin microarray methodology is potentially very
powerful for glycomic analysis: (1) quick and easy to use: structural profiling can be
performed directly on fluorescence-labeled glycoproteins; no need of glycan cleavage from
proteins, (2) highly sensitive: 1 - 100 ng order of glycoproteins is good enough, and (3)
high-throughput: benefit of microarray format. To note however, the inference perform‐
ance of the lectin microarray may not be sufficient as that of MS.
One of the most noteworthy features of basic glycomics research is the weak interaction of
glycans and lectins (by more than two orders of magnitude) compared with that of antibodies
and antigens as well as nucleotide’s hydrogen bonds. This fact inevitably created a need for a
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new technology which is capable of detecting very weak glycan-lectin interactions directly
from a liquid phase without any washing process that is indispensable in DNA microarrays
or in ELISA assays to remove non-specific bindings and extra amounts of labeled molecules
floating in the liquid phase.
The GlycoStationTM and LecChipTM (lectin microarray containing 45 different lectins immobi‐
lized on a slide glass, GP Biosciences, Japan) employs novel ‘evanescent-field fluorescence
excitation (EFFEX)’ technologies were thus developed to obtain specific and highly sensitive
glycan-lectin interactions without washing (Fig. 2A). In this scanner, the excitation light bundle
incidents into a slide glass from the edge at an appropriate incident angle to form total internal
reflection at the interfaces between slide glass and sample solution. A configuration adopted
in this scanner will be the simplest and easiest one which is able to generate the evanescentfiled as large as slide glass size (US Patent 6,787,364,2004). Under such conditions, an evanes‐
cent-field is formed on the surface of the lower refractive index side. The strength of
evanescent-field decreases exponentially as the distance increases from the slide surface. The
evanescent-field depth defined by the distance that the field strength drops to 1/e ranges from
100 nm to 200nm (it depends on the wavelength of excitation light adopted). Because of this
nature, floating glycans in a liquid phase only shows very low excitation in the evanescent
field, but glycans interacting with lectins can be excited effectively (Fig. 2B) and very weak
molecular interactions between glycans and lectins are monitored efficiently from the liquid
phase samples without any washing (Fig. 2C). GlycoStation can be used for screening and
understanding how partial glycan structures on cell surfaces change depending on the
condition of the cells (i.e., cancer, disease, cell differentiation stage and so on); and to elucidate
the roles glycans play and to understand the correlation between glycoforms and cell condi‐
tions. We therefore applied this system for evaluation of ATL cell pathogenic developments.

7. Lectin microarray reveals ATL cell specific lectin binding profiles
Conventional diagnosis on leukemia/lymphoma basically takes the following three methods,
(1) microscopic observation of tumor cell morphologies with staining by Giemsa, HE/MPO,
(2) quantitation of cellular surface marker molecules (glycoproteins usually) with fluorescence
activated cell sorter (FACS), and (3) karyotypic or molecular genetic diagnosis on chromosome
DNA. All these techniques require expertise and sometimes, especially through microscopic
observations, diagnosis varies because of their less quantitative nature.
In the case of ATL diagnosis, as mentioned above, four different subtypes are classified by PBL
counts and antibodies against HTLV-1 glycoproteins, biochemical values (calcium and LDH),
and morphological observations of HTLV-1 infected lymphocytes. Cellular surface markers
such as CD4, CD25 and provirus load are also measured for detailed analysis. Even with these
criteria, however, early diagnosis for these subtype classification is not applicable.
Therefore, we may explore to see how accurately lectin microarray identifies the subtypes
of ATL with multiple lectin-glycan interaction (LGI) values by Lectin array/ Glycostation.
As a preliminary experiment, we evaluated the LGI values of the following six different of
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LecChipTM ver.1.0
GlycoStationTM Reader 1200
B
Fluorescence
Excitation light

C

Fluorescence signals on the slide
Figure 2. Principles and devices of LecChip lectin microarray

cell, (1) two subjects of CD3+, CD4+ Helper T-cells (PBL-M, PBL-I) from healthy volun‐
teers, (2) two subjects of HTLV-1 transformed cells (C8166, ED), and (3) two subjects of
CD25+ ATL patient’s peripheral blood cells (ATL4, ATL9). While PBL showed uniformly
distributed relatively small cells, all ATL cells are large (twice as PBL-M or -I). ATL cells
show aggregation clusters (glycans might be involved in these morphogenesis) and the
extents of aggregation in these four subjects are, from high to low, in order of C8166, ATL4,
ATL9 and ED (no aggregation, Fig. 3A). Then, we evaluated NF-κB activation level of these
six subjects by western blot (WB) analysis (Fig. 3B). To evaluate how NF-κB is activated,
cellular lysates from six subjects were fractionated into cytoplasmic (Cyt) and nuclear (Nuc)
fractions. PBLs from healthy carriers, of course, don’t express Tax (lane 1 to 4), C8166
expresses Tax in highest level (lane 8, 9), ATL4 and AT9 express less amount (lane 5 to 8)
and ED doesn’t (lane 11, 12). In accordance with Tax expression, the amount of I-κBα was
decreased in C8166 most and in ATL4 next. Two PBLs show the same levels of I-κBα and
in the case of ATL9 and ED, I-κBα was accumulated in cytoplasm with very high amount.
p65, a main species of NF-κB then accumulated in nucleus in C8166 most and, surprising‐
ly, ATL9 and ED also showed its accumulation with almost equivalent amount of ATL4.
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Figure 3. Cell aggregation characteristics and Tax-NF-κB activation properties of ATL cells

From these observations, we concluded the characterizations of these cells as follows; (1) C8166
and ATL4 are to be characterized as Tax-high and heavy cell aggregation types, (2) ATL9 is
Tax-low and moderate cell aggregation type, and (3) ED is no-Tax and dispersed type. One
can imagine that the former type is sticky and accumulate easily to peripheral lymph nodes
and the latter is circulating in the blood vessels as leukemic cells.
Taking cytological characteristics mentioned above into consideration, we evaluated mem‐
brane glycoprotein fractions extracted from the six subjects by LecChipTM / GlycoStationTM.
Two PBLs showed very similar glycan profiles, but the other ATL samples showed various
glycan profiles. Concretely speaking, the expression levels of glycans interacting with nine
different lectins (AAL, MAL, PHA(E), DSA, ACG, LEL, Jacalin, ACA, WGA) were higher in
C8166 comparing with PBL, and inversely seven different lectins (SNA, SSA, TJA-I, NPA,
GNA, HHL Calsepa) showed lower interaction to those of C8166. In the case of ATL4, eight
out of nine lectins (except for WGA) listed in C8166 showed higher interactions, and the same
set of seven lectins showed lower profiles. One thing we have to emphasize here for ATL4 is
that SNA, SSA, TJA-I which have binding specificity to α 2,3-NeuAc showed significantly
lower expression comparing with others. In the case of ATL9, the six lectin interactions
(RCA120, PHA(E), DSA, BPL, PWM, Jacalin) were higher, and five lectins (NPA, GNA, HHL,
TxLC-I, EEL) were lower. Finally, in the case of ED, seven lectins (AAL, PHA(E), DSA, LEL,
Jacalin, WGA) interact higher, and other seven lectins (SNA, SSA, TJA-I, NPA, GNA, HHL,
EEL) got lower.
Using those digitized lectin intensities, we performed clustering analysis of these six subjects
by NIA Array Analysis (http://lgsun.grc.nia.nih.gov/ANOVA/). Fig. 4 shows the clustering
results. It is easily appreciated that (1) two PBLs behave very similar manners, (2) C8166 and

97

98

T-Cell Leukemia - Characteristics, Treatment and Prevention

ATL4 form the same cluster, (3) ED, non-Tax and dispersed, distinctive from other three cell
lines, showed larger distance from others, and (4) ATL9, low-Tax and moderate cell aggrega‐
tion, positioned between ED and C8166, ATL4.

Figure 4. Hierarchical clustering of the six subject’s glycan profiles

These results indicated that lectin microarray analysis detected the subtle differences of glycan
profiles which synchronized with Tax-expression, NF-κB activation and cellular aggregation
behaviors and this novel method would provide a diagnostic criteria for ATL’s pathological
development.
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1. Introduction
1.1. Prevention of HTLV-1 and adult T cell leukemia/lymphoma (ATLL)
Human T-cell lymphotropic virus type 1 was first discovered as a human retrovirus that causes
the T cell hematological malignancy, called adult T cell leukemia/lymphoma[1, 2]. The virus
is transmitted through contact with bodily fluids containing HTLV-1 infected cells mostly from
mother to child transmission through breastfeeding or blood transfusion. ATLL occur after
prolonged incubation periods. Strategies for the prevention of ATLL should be divided into
two steps. The first step is the prevention of HTLV-1 transmission. This has been established
in some HTLV-1 endemic areas by screening for HTLV-1 among blood donors and refraining
from breastfeeding among pregnant women who are HTLV-1 carriers. The second step is the
prevention of ATLL development among HTLV-1 carriers. This has not been established at
all. Approximately 90% of HTLV-1 carriers remain as healthy as uninfected individuals
through their lifetime and the risk factors for developing ATLL remain to be defined. In
addition, preventative intervention like vaccination may cause other unfavorable immuno‐
logical consequences, thus well-examined strategies need to be further developed.

2. Epidemiology of HTLV-1 infection
1.

Worldwide

Nearly 20 million people worldwide are estimated to be infected with HTLV-1[3]. Among
them, only less than 10% develop HTLV-1 related disorders including adult T-cell leukemia/
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lymphoma throughout their lives. A number of studies regarding the geographical and
ethnoepidemiological distribution of the virus have been achieved in last 3 decades [4, 5], and
revealed that southwestern Japan, tropical Africa, the Caribbean islands, and Central and
South America are the endemic areas in the world. In Europe and North America, the
prevalence is limited to the population emigrated from endemic areas.
2.

Japan

The result of recent survey revealed that the estimated number of HTLV-1 carriers was at least
1.08 million in Japan[6]. This is 10% lower than that reported in 1988. The estimated prevalence
rates were 0.66% in men and 1.02% in women.
3.

Mode of transmission

The route of infection has been shown to be related to the development of HTLV-1-associated
diseases. ATLL has been mainly associated with breastfeeding and HTLV-1-associated
myelopathy/tropical spastic paraparesis has been associated with blood transfusion[7]. ATLL
cases of post-transfusion have been scarcely reported[8]. Three major routes of viral transmis‐
sion have been established: [1] mother-to-child transmission, mainly via breast-feeding[9, 10];
sexual transmission, predominantly male to female[11, 12]; and [3] cellular blood compo‐

Figure 1. Prevention of HTLV-1 and ATLL
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nents[13]. The efficiency of the mother-to-child transmission route is estimated to be around
20%[14]. Mother-to-child transmission during pregnancy or peripartum period has been
reported to be less than 5%[15].

3. Epidemiology of adult T cell leukemia/lymphoma
Only a small proportion of HTLV-1 carrier develops ATLL after long latency period. Despite wide
geographical distribution, the data regarding the incidence and prevalence of ATLL are scarce
except for Japan. In addition the reported data might be underestimated for lymphoma type which
resemble to other T cell lymphoma because of the difficulty of definite diagnosis in less devel‐
oped countries. Among Japanese population, the incidence of ATLL among carriers is estimat‐
ed to be 4.5-7.3% in men and 2.6-3.5% in women [16-18]. ATLL is reported to develop among
individuals predominantly in their ﬁfth decade in Japan [19], in the Jamaican and Brazilian series,
patients tend to present the disease in the fourth decade, which suggest other immunological
background or local factors may play a role in the disease development[20, 21].

4. Mechanisms of HTLV-1 transmission
HTLV-1 can infect a wide variety of human cell types in vitro [22, 23], thus its receptor is
thought to be a ubiquitously expressed molecule. GLUT1, heparin sulfate proteoglycan(HSPG)
and neuropilin-1 are the three molecules that are reported as key players for the interaction
between the viral envelop and the cell membrane, and for the entry into the cells [24-26]. It has
been proposed that HTLV-1 particles first contact HSPG, then neuropilin-1 recruits HTLV-1/
HSPG complex to present them to GLUT1. HSPG/neuropilin-1/GLUT1 complex makes the
viral envelop competent for membrane fusion and entry into the cell.
Cell-free HTLV-1 virions are poorly infectious in vitro for most of cell types including their
primary target cells, CD4 T cells. The main transmission pattern of HTLV-1 is cell-to-cell
contact, however, only myeloid and plasmacytoid dendritic cells can be infected by cell-free
HTLV-1[27]. This route may be important in the setting of mother-to-child transmission
through breast-feeding. Dendritic cells may play an important role during initial acquisition
of infection, milk-to-mucosal transmission of the virus.
Three major mechanisms of cell-to-cell transmission of HTLV-1 have been proposed: [1]
HTLV-1-infected lymphocytes polarized their microtubules and viral components upon
contact with other T cells, forming so-called virological synapses[28]; [2] HTLV-1-infected cells
produce and transiently store viral particles in extracellular adhesive structures rich in
extracellular matrix components, including collagen and agrin, and cellular linker proteins,
such as tetherin and galectin-3, which resemble bacterial biofilms. Extracellular viral assem‐
blies rapidly adhere to other cells upon cell contact, allowing virus spread and infection of
target cells[29]; and [3] HTLV-1–pX region encoded p8 protein increases T-cell conjugation
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through lymphocyte function-associated antigen-1 clustering. In addition, p8 induces cellular
conduits among T cells and increases viral transmission[30].

5. Prevention of transmission of HTLV-1
The prognosis for ATLL is one of the worst among hematological malignancies with best available
therapy, and no preventative vaccine against HTLV-1 is yet available. Thus the prevention of
transmission of HTLV-1 is the most realistic way to prevent the progression of ATLL.
5.1. Prevention of vertical transmission
Retrospective and prospective epidemiological studies revealed the mother-to-child trans‐
mission rate was around 20%[14]. Prevention of mother-to-child transmission has the most
significant impact on the occurrence of HTLV-1 infection and associated diseases. Avoidance
of breastfeeding is of the essence as it is the major form of vertical transmission of this virus.
A prefecture-wide intervention study in Nagasaki Prefecture in Southern Japan to refrain from
breast-feeding by carrier mothers revealed a marked reduction of HTLV-1 mother-to-child
transmission from 20.3% to 2.5%. Thus, prenatal screening for HTLV-1 should be employed
in endemic areas, combined with relevant counseling of carrier mothers regarding transmis‐
sion of HTLV-1 through breastfeeding. Although children breast-fed for less than 6 months
has significantly lower incidence of HTLV-1 infection than those breast-fed for more than 6
months, their chances of infection are significantly higher than those of bottle-fed children.
Thus exclusive bottle-feeding is recommended[31].
Even with exclusive bottle-feeding, 2.5% of infants born to carrier mothers were infected with
HTLV-1. As intrauterine transmission of HTLV-1 should be rare, transplacental transmission
during delivery is most likely as is the case for other viruses, i.e. HBV and HCV.
Even though the dramatic impact of bottle feeding on mother-to-child transmission of HTLV-1,
public health policies should consider the risk of malnutrition, especially in developing
countries where the malnutrition is the primary causes of infant deaths. An alternative feeding
formula should be recommended for children at risk of acquiring HTLV-1 infection through
mother’s milk. The practice of cross-feeding should also be avoided.
5.2. Prevention of horizontal transmission
HTLV-1 can also be spread through contact with bodily fluids such as whole blood or whole blood
products. The development of ATLL related to transfusion is exceptional. Thus, the purpose of
prevention of horizontal transmission is mainly to reduce HTLV-1 carrier population.
5.3. Transfusion and sexual transmission
HTLV-1 screening program to prevent transfusion-related transmission of HTLV-1 has been
developed since 1986 and many countries in endemic areas started to employ systematic screening
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of all blood donors [7, 32]. Screening of blood donor candidates has been shown to be an effec‐
tive strategy in preventing HTLV-1 transmission. For HTLV-1 non-endemic areas, reports
showed that the risk of HTLV-1 infection might be enhanced in some selected donor popula‐
tions, especially in immigrants from endemic area, recommending the employment of policies
for selective donor recruitment. For developing countries, the high cost of imported screening test
kit is not negligible, thus, more cost effective strategies for blood donor screening need to be
developed. In most African countries, transfusion still represents a risk of HTLV-1 transmission.
Most of sexual transmission of HTLV-1 is from men to women. Recommendations to prevent
sexually transmitted infections should be emphasized, including condom use and avoiding
multiple and unknown sexual partners. Nonetheless, access to correct information about
HTLV-1 infection and appropriate counseling is very important as blood donor candidates
and sexually active people are usually asymptomatic and in reproductive age.

6. Pathogenesis of adult T cell leukemia/lymphoma
The pathogenesis of ATLL is not completely understood. Extensive studies have revealed that
HTLV-1 transacting transcriptional activator (Tax) plays a critical role in the transformation
of virus infected cells. Tax is thought to be a potent oncoprotein, as it solely immortalizes
human primary T cells and Tax transgenic mice develop spontaneous tumors. Tax enhances
viral replication through transactivation of the viral promoter, the 5’LTR, and its multifaceted
functions including activation of NF-kB pathway, cell cycle progression, induction of aneu‐
ploidy, induction of DNA damage and impairment of DNA repair. Thus, Tax is thought to
play a key role in the pathogenesis of ATLL[33].
HTLV-1 bZIP factor (HBZ) is encoded in the minus strand of the HTLV-1 provirus, and is
ubiquitously expressed in all ATLL cells [34]. HBZ protein was originally reported to suppress
Tax-mediated viral transcription, however, HBZ RNA possesses cell proliferation function.
Importantly, HBZ transgenic mice developed CD4/Foxp3 positive T-cell lymphoma, which
resembles the phenotype of human ATLL. These findings suggest that HBZ is a critical factor
in leukemogenesis. Possible hypothesis of the interplay between Tax and HBZ is that Tax is
needed to initiate transformation of HTLV-1 infected cells while HBZ is required to maintain
the transformed phenotype in ATLL[33].

7. Determinants for ATLL progression inHTLV-1 carriers
The determinants for ATLL progression in HTLV-1 carriers have been investigated in many
epidemiological and clinical studies. ATLL is named after its adult onset time of the disease, thus
age is the most well-known factor. The recent survey from Japan reported that the age at diagno‐
sis was around 65 years [35]. However the average age at diagnosis of ATLL in Jamaica was midforties[36], thus other host factors and environmental characteristics may also affect the disease
onset. The age at time of HTLV-1 infection is also a critical factor for ATLL development as ATLL
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scarcely develops in HTLV-1 carriers by horizontal infection. Early studies suggested that patients
with ATLL had more family history of ATLL than that in the general population, thus several host
genetic background factors have been investigated including HLA haplotype. The frequency of
HLA-A26, HLA-B4002, HLA-B4006 and HLA-B4801 alleles were significantly higher in ATLL
patients than in HTLV-1 asymptomatic carriers in Japan [37]. Several laboratory markers were
investigated for ATLL development. A series of Miyazaki cohort study reported that HTLV-I
carriers with a higher anti-HTLV-I titer and a lower anti-Tax reactivity may be at greatest risk of
ATLL [38]. The Miyazaki study also reported that the levels of HTLV-1 proviral load was higher
in HTLV-1 carrier who developed ATLL than in asymptomatic HTLV-1 carriers. A nationwide
prospective study for HTLV-1 carrier was initiated to investigate the determinant of ATLL
development. 14 subjects out of 1218 asymptomatic carrier developed ATLL and all of the 14
subjects had higher baseline proviral load. None developed ATLL among those with a baseline
proviral load less than 4 copies/100 peripheral blood mononuclear cells [39].

8. Prognosis of adult T cell leukemia/lymphoma
1.

Acute type and lymphoma type

The prognosis of acute type and lymphoma type of ATLL remain poor with chemotherapy or
allogeneic hematopoietic stem cell transplantation. With currently best available chemother‐
apy [40], the rate of complete response was 40%. Overall survival at 3 years was 24%. The
median survival time is 13 months.
2.

Chronic type and smoldering type (indolent type ATLL)

A previous study, in which Japanese patients with ATLL were followed for a maximum
duration of 7 years, reported that the 4-year survival rates for chronic, and smoldering type
were 26.9%, and 62.8% respectively, with the median survival time (MST) of 24.3 months, and
not yet reached, respectively[41].Therefore, the chronic and smoldering subtypes of ATLL are
considered indolent and are usually managed with watchful waiting until disease progression
to acute crisis, similar to the management of chronic lymphoid leukemia or smoldering
myeloma. However, recent report with long term follow-up of indolent ATLL (chronic and
smoldering type) revealed that the median survival time was 4.1 years and the estimated 5-,
10-, 15-year survival rates were 47.2%, 25.4% and 14.1%, respectively[42]. The prognosis of
indolent ATLL in this study was poorer than expected. These findings suggest that even
patients with indolent ATLL should be carefully observed in clinical practice.

9. Current treatment option
9.1. Conventional chemotherapy
The results of a phase III randomized control trial suggest that the vincristine, cyclophospha‐
mide, doxorubicin, and prednisone (VCAP); doxorubicin, ranimustine, and prednisone
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(AMP); and vindesine, etoposide, carboplatin, and prednisone (VECP) regimen is not superior
to biweekly cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) in newly
diagnosed acute, lymphoma, or unfavorable chronic types of ATLL in terms of overall
survival(OS), which is primary endpoint of this study, or progression free survival
[40].However, the rate of complete response (CR) was higher in the VCAP-AMP-VECP arm
than the biweekly CHOP arm [40% v 25%, respectively; P= 0.020). OS at 3 years was 24% in the
VCAP-AMP-VECP arm and 13% in the CHOP arm (P= 0.085). Nonetheless, the median
survival time of 13 months still compares unfavorably to other hematologic malignancies.
9.2. Allogeneic hematopoietic stem cell transplantation (alloHSCT)
alloHSCT has been explored as promising alternative therapeutic modality that can provide
long-term remission in a proportion of patients with ATLL[43-45]. In a recent large nationwide
retrospective analysis, investigators compared outcomes of 386 patients with ATL who
underwent allogeneic HSCT. After a median follow-up of 41 months, 3-year overall survival
for entire cohort was 33% [45]. Retrospective analysis based on 294 ATLL patients who received
alloHSCT revealed that the development of mild-to-moderate acute GVHD confers a lower
risk of disease progression and a beneficial influence on survival [46], which is the indicative
of the presence of a graft-versus-ATLL effect. Another large retrospective analysis of alloHSCT
for ATLL (n=586) in Japan revealed that no significant difference in OS between myeloablative
conditioning (MAC) and reduced intensity conditioning (RIC) regimen was observed. There
was a trend indicating that RIC contributed to better OS in older patients[47]. The number of
ATLL patients eligible for allogeneic transplantation is quite limited because of older age at
presentation and the low rate of CR. Selection criteria of alloHSCT for patients with ATLL
remain to be determined.
9.3. Interferon-α (IFN-α) and zidovudine (AZT)
The results of a recent worldwide meta-analysis on the use of AZT/IFN for 254 ATLL patients,
the treatment of ATLL patients with AZT and IFN resulted in better response and prolonged
overall survival[48]. Two hundred seven patients received first-line AZT/IFN therapy. In these
patients, five-year overall survival rates were 46% for 75 patients who received first-line
antiviral therapy (P = 0.004). In acute ATLL, achievement of complete remission with antiviral
therapy resulted in 82% 5-year survival. These results suggest that treatment of ATLL using
AZT/IFN results in high response and CR rates except for lymphoma type of ATLL, resulting
in prolonged survival in a significant proportion of patients. Although this is a retrospective
analysis, the results seem to be promising, and further studies comparing AZT/IFN-α and
conventional chemotherapy or alloHSCT are warranted.

10. Prevention of ATLL
The prevention of ATLL mostly relies on the prevention of HTLV-1 transmission as previously
described. Another way is the prevention of ATLL development among HTLV-1 carriers. Even
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though long-term opportunity to intervene the HTLV-1 carrier status, this has not been
achieved at all at any stages. This is partly because only approximately 10% of HTLV-1 carriers
develop HTLV-1 related disease in their lifetime. Risk-benefit balance including acceptable
side effect during intervention are needed to be carefully assessed.

11. Future direction of prevention of ATLL development
11.1. Immunological impairment of HTLV-1 specific T cells
Vertical transmission, high proviral loads, and suppression of HTLV-1-specific T-cell immune
responses are reported to be associated with risk factors for ATLL development. It has been
reported that Tax specific cytotoxic T lymphocytes (CTLs) detected in chronic and smoldering
ATLL and subset of asymptomatic carriers are anergic to antigen stimulation [49]. Such
functional impairment of CTLs seems specific to HTLV-1 as cytomegalovirus-specific CTLs
remain intact.
In animal models, oral inoculation of HTLV-1 virions induces T cell tolerance against
HTLV-1[50]. As breast feeding is the main route of vertical transmission in HTLV-1 infection,
this may induce neonatal T cell tolerance against HTLV-1.
In addition to immunological tolerance, T cell exhaustion may be another mechanism of
antigen-specific T cell suppression. We have reported PD-1 expression on Tax-specific CTLs
may indicate Tax-specific T cell exhaustion [51].

12. Vaccine
Vaccination of HTLV-1 against uninfected individuals is not sophisticated strategy for
prevention of ATLL as most of ATLL develop after long incubation period among vertically
transmitted HTLV-1 carriers within 6 months of their lives and vertical transmissions are
almost completely prevented by refraining breastfeeding. Thus, the purpose of vaccination is
to augment HTLV-1-specific T-cell response to reduce the risk of development of ATLL in such
above mentioned subpopulation.
i.

HTLV-1 Tax-targeted vaccines in a rat model of HTLV-1-induced lymphomas
showed promising antitumor effects [52]. In addition, the HTLV-1-immunized
monkeys developed a strong cellular immune response with HTLV-1 specificpeptides and a significant reduction in the proviral load was observed in these
immunized monkeys after challenge [53]. Therefore, these results provide a rationale
for clinical use of such a vaccine for preventing ATLL. However, there are several
obstacles to overcome for clinical use. One major obstacle is that HTLV-1 specific
synthetic peptides are poorly immunogenic to elicit efficient induction of antigenspecific CTLs. We have explored the efficient induction of HTLV-1-specific T cell
responses by oligomannose-coated liposomes (OMLs) encapsulating the HLA-
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A*0201-restricted HTLV-1 Tax-epitope (OML/Tax)[54]. Immunization of HLAA*0201 transgenic mice with OML/Tax resulted in the efficient induction of HTLV-1specific IFN-γ producing T cells. Dendritic cells (DCs) exposed to OML/Tax showed
increased expression of DC maturation markers. In addition, HTLV-1-Tax-specific
CD8+ T cells were efficiently induced by OML/Tax derived from HTLV-1 carriers.
OML/Tax increased the number of HTLV-1-specific CD8+ T cells by average 170-fold,
while treatment without antigen showed an increase of 9-fold. Furthermore, these
HTLV-1-specific CD8+ cells efficiently lysed HTLV-1 epitope peptide-pulsed T2-A2
cells. These results suggest that OML/Tax induces antigen-specific cellular immune
responses without the need for adjuvants and may be an effective vaccine carrier to
augment HTLV-1-specific T-cell response to reduce the risk of development of ATLL.
ii.

Nonetheless, for the clinical use of HTLV-1 vaccine, extraction of high risk group for
ATLL needs to be clearly defined to avoid unwanted immunological consequence
including other HTLV-1 associated inflammatory diseases.

13. Conclusion
So far, the prevention of ATLL totally relies on the prevention of vertical HTLV-1 transmission
by refraining breastfeeding from HTLV-1 carrier mother. Prenatal screening of HTLV-1 should
be implemented in the endemic area with careful counseling. In addition, screening of blood
donor candidates has been shown to be effective in preventing HTLV-1 transmission. Recom‐
mendations to prevent sexual-transmission should be emphasized, including condom use and
adopting safe sexual behavior. The development of an effective and safe vaccine should be
emphasized.
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Leukaemia Virus Type 1-Infected T-Cells
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1. Introduction
HTLV-1 (human T-cell leukemia virus type 1) is a human retrovirus and the causative agent
of ATL (adult T-cell leukemia), which is an aggressive and fatal T cell malignancy character‐
ized by dysregulated proliferation of CD4-positive T cells [1-3]. HTLV-1 causes ATL in 3-5%
of infected individuals after a long latent period of 40-60 years [4]. The prognosis of patients
with aggressive ATL remains poor with a median survival time of less than 1 year despite
advances in both chemotherapy and supportive care [5, 6]. Infiltration of leukemic cells into
various organs, such as lymph nodes, liver, spleen, lung, skin and intestinal tract, is a fre‐
quent manifestation of ATL. This type of cell infiltration often poses serious clinical prob‐
lems for ATL patients, affecting the disease profile and prognosis. Because tumor cell
survival and growth are maintained by nutrients, especially glucose and oxygen supplied
by blood vessels, angiogenesis is considered to be essential for tumor malignancy [7].
Currently, the molecular mechanism of malignant transformation by HTLV-1 remains unde‐
fined. However, Tax, the 40-kDa transactivator protein encoded by HTLV-1, plays a crucial
role in T cell transformation and leukemogenesis. Tax triggers viral transcription as well as
induction of cellular genes involved in cell proliferation and anti-apoptotic signaling. In ad‐
dition to activation of transcription, Tax transforms the infected cells by some mechanisms
due to protein-protein interaction between Tax and other proteins [8, 9]. Moreover, one key
feature of ATL is aneuploidy and chromosomal instability. Tax also contributes transforma‐
tion of the cells by inducing aneuploidy and inactivating chromosomal instability check‐
point [10]. Indeed, it immortalizes primary human T cells derived from peripheral blood or
cord blood [11, 12] and induces tumors and leukemia in transgenic mice [13, 14].
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NF-κB (nuclear factor κB) is a major survival signaling pathway activated by HTLV-1. This
pathway is constitutively active in HTLV-1-transformed T-cells and primary ATL cells [15,
16].Tax can activate NF-κB pathway by associating with various signaling molecules in this
pathway. For example, Tax binds IKKγ (also known as NEMO) and triggers the phosphoryla‐
tion of IKKα and IKKβ, which form a complex with IKKγ [15]. Subsequently the IKK complex
phosphorylates IκBα, leading to its proteasome-mediated degradation, which frees IκBα-se‐
questered cytoplasmic NF-κB to migrate into the nucleus where it activates the transcription of
NF-κB-responsive genes [15]. Tax can also stimulate an alternative NF-κB pathway through
the IKKα-dependent processing of the NF-κB p100 precursor protein to its active p52 form [17].
The NF-κB signaling pathways are activated in ATL cells that do not express Tax, although the
mechanism of activation remains unknown [16]. One of the potential mechanisms by which
ATL cells could develop resistance to apoptosis is through the activation of NF-κB. From this
point of view, NF-κB has become an attractive target for therapeutic intervention.
AMPK (AMP-activated protein kinases) are a class of serine/threonine kinases that are activat‐
ed by increased intracellular concentrations of AMP. ARK5 is a fifth member of the AMPK cat‐
alytic subunit family [18-20], and involved in tumor invasion and metastasis [21], and also
known to induce cell survival during nutrient starvation or death receptor activation [22, 23].
ARK5 promoter contains two putative MARE (Maf-recognition element) sequences [24]. The
maf proto-oncogene is identified within the genome of the avian musculoaponeurotic fibrosar‐
coma virus, AS42 [25]. The products of the Maf family share a conserved bZip motif that medi‐
ates dimer formation and DNA binding to the MARE [26]. Transcription of ARK5 gene is
regulated by the large Maf-family proteins including c-Maf and MafB. ARK5 is induced when a
c-Maf or MafB expression vector is introduced into non-ARK5-expressing colon cancer cells
[24]. Deregulated expression of ARK5 is also associated with Maf-transforming activity in hu‐
man angioimmunoblastic T-cell lymphoma and in Maf-driven T-cell lymphoma in transgenic
mice [27]. In multiple myeloma cells, over expression of ARK5 correlates with the expression of
c-Maf and MafB and exhibits increased invasiveness [24]. ARK5 mRNA expression in colon
cancer is stage-associated and liver metastatic foci of colon cancer express very high levels of
ARK5 mRNA [28, 29]. In this study, we focused on ARK5 and analyzed its expression and role
on the growth of HTLV-1-infected T-cells.

2. Materials and methods
2.1. Reagents
Bay 11-7082 and LY294002 were purchased from Calbiochem. D-(+)-glucose was purchased
from Nakalaitesque.
2.2. Cell lines
The HTLV-1-uninfected T-cell leukemia cell lines MOLT-4 and CCRF-CEM, the HTLV-1-in‐
fected T-cell lines MT-2 [30], MT-4 [31],C5/MJ [32], SLB-1 [33], HUT-102 [1], MT-1 [34] and
TL-OmI [35]were maintained in RPMI 1640 medium supplemented with 10% heat-inactivat‐
ed fetal bovine serum, 50 units/ml penicillin, and 50 μg/ml streptomycin (Sigma-Aldrich) at
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37˚C in 5% CO2. MT-2, MT-4, C5/MJ and SLB-1 are HTLV-1-transformed T-cell lines which
were established by an in vitro coculture protocol. MT-1 and TL-OmI are leukemic T-cell
lines derived from patients with ATL. HUT-102 was established from a patient with ATL,
but its clonal origin is unclear. TY8-3 is an IL-2-dependent cell line established from a thy‐
moma specimen of a myasthenia gravis patient. TY8-3/MT-2 cells were established from
TY8-3 cells by coculture with mitomycin C-treated HTLV-1-infected MT-2 cells in the pres‐
ence of IL-2 [36]. JPX-9 and JPX/M (kindly provided by Dr. M. Nakamura, Tokyo Medical
and Dental University, Tokyo, Japan) are subclones of Jurkat cells that express Tax wild type
and Tax mutant protein defective in its some abilities including activation of NF-κB, respec‐
tively, under the control of the metallothionein promoter [37]. Expression of Tax was in‐
duced by addition of CdCl2 to a final concentration of 20 μM.
2.3. RT (reverse transcriptase)-PCR
Total cellular RNA was extracted from cells using Trizol reagent as described by the supplier
(Invitrogen). First-strand cDNA was synthesized in a 10-μl reaction volume using RNA-PCR
kit (TAKARA BIO) with random primers. Thereafter, cDNA was amplified for ARK5 and cMaf. The oligonucleotide primers used were as follows: for ARK5; sense, 5’- GAGTCCACTC‐
TATGCATC-3’ and antisense, 5’- ATGTCCTCAATAGTGGCC-3’; for c-Maf; sense, 5’TGCACTTCGACGACCGCTTCT C-3’ and antisense, 5’- CGCTGCTCGAGCCGTTTTCTC-3’.
Product sizes were 256-bp for ARK5 and 327-bp for c-Maf. The amplification programs were
follows: denaturing at 94˚C for 2 min, an annealing step at 55˚C for 30 s and an extension step
at 72˚C for 30 s. Amplification cycles were 35 cycles for ARK5 and c-Maf, 25 cycles for β-actin.
The PCR products were fractionated on 2% agarose gels and visualized by ethidium bromide
staining.
2.4. Real-time RT-PCR
Total RNA was extracted from cells with Trizol reagent. Total RNA was reverse transcribed
to obtain single-strand cDNA with High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). PCR was carried out in a total volume of 25 μl of reaction mixture containing 1
μl of diluted cDNA, 12.5 μl of Brilliant SYBR® Green QPCR Master Mix (Stratagene), and
100 nM of each primer with a Mx3000P® Real-Time PCR System (Stratagene). For precise
quantitative determination of the transcripts, we assessed the expression levels of GAPDH
as an internal control. PCR conditions were set according to the instructions supplied by the
manufacturer. The real-time PCR assay of each sample was conducted in triplicate, and the
mean value was used as the mRNA level. The PCR primer pairs used in this study for ARK5
and c-Maf are listed above and those for Tax and GAPDH were as follow: for Tax; sense, 5’CCCACTTCCCAGGGTTTGGACAGA-3’ and antisense, 5’- CTGTAGAGCTGAGCCGA‐
TAACGCG-3’; for GAPDH; sense, 5’-GAGTCAACGGATTTGGTCGT-3’ and antisense, 5’GACAAGCTTCCCGTTCTCAG-3’.
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2.5. Western blot analysis
Western blot analysis was performed as described previously [38]. In brief, cells were lysed
in sodium dodecyl sulfate (SDS) sample buffer containing 62.5 mM Tris-HCl (pH 6.8), 2%
(wt/vol) SDS, 10% glycerol, 6% 2-mercaptoethanol and 0.01% bromophenol blue. The lysates
were resolved by electrophoresis on polyacrylamide gels and then electroblotted onto poly‐
vinylidene difluoride membranes (Millipore). The membranes were incubated overnight
with the appropriate primary antibody, as indicated, at 4°C. After washing, the blots were
exposed to the appropriate secondary antibody conjugated with horseradish peroxidase for
1 h at room temperature. The reaction products were visualized using enhanced chemilumi‐
nescence reagent (GE Healthcare) according to the instructions provided by the manufactur‐
er. We used primary antibodies against Tax (Lt-4) [39], phosphorylated IκBα (Ser32/36),
phosphorylated AKT(Ser473), AKT, NF-κB (p65) (Cell Signaling Technology), IκBα, (Santa
Cruz Biotechnology) and actin (Lab Vision). Horseradish-peroxidase-conjugated secondary
antibodies were purchased from GE Healthcare.
2.6. Plasmids
The reporter assay construct for ARK5 promoter was described previously [24]. In brief,
based on the results of a Genomic BLAST Search, primers with the NheI (upstream primer)
or XhoI (downstream primer) site were synthesized, and PCR was then performed with the
primers for genomic DNA extracted from PANC-1 cells. The PCR fragment digested with
NheI and XhoI was ligated into pGL2-basic.A series of expression vectors for Tax (Tax WT)
and mutants thereof (Tax M22 and Tax 703) were described previously [40, 41]. IκBα ΔN
and IκBβ ΔN are deletion mutants of IκBα and IκBβ lacking the N-terminal 36 amino acids
and 23 amino acids, respectively. IKKβ K44A and NEMOΔC are the dominant negative mu‐
tants of IKKβ and NEMO, respectively [42, 43]. The expression vector for mouse c-Maf was
described previously [44]. NF-κB (p65) expression plasmid was described previously [45].
2.7. Transfection and luciferase assay
Transfections were performed in CCRF-CEM cells by electroporation with Microporator
MP-100® (Digital Bio Technology) according to the instructions supplied by the manufactur‐
er for optimization and use. In all cases, the reference plasmid phRL-TK, which contains the
Renilla luciferase gene under the control of the Herpes simplex virus thymidine kinase pro‐
moter, was cotransfected to correct for transfection efficiency. Then cells were collected by
centrifugation and lysed in reporter lysis buffer (Promega). Luciferase assays were per‐
formed by using the Dual-Luciferase Reporter System (Promega), in which relative lucifer‐
ase activities were calculated by normalizing transfection efficiency according to the Renilla
luciferase activities.
2.8. siRNA (small interfering RNA)
To knockdown ARK5 and c-Maf expression, predesigned double-stranded siRNAs (siGE‐
NOME SMART pool Human ARK5 and Human MAF;Dharmacon) were used. The siCON‐
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TROL non-targeting siRNA pool (Dharmacon) was used as a negative control. siRNAs were
transfected into MT-2 cells by electroporation with MicroporatorMP-100®.
2.9. EMSA (electrophoretic mobility-shift assay)
Nuclear extracts were prepared from cells and DNA-binding activity was analyzed by EM‐
SA, as described previously [16]. Briefly, 5 μg of nuclear extracts were pre-incubated in a
binding buffer containing 1 μg poly-deoxy-inosinic-deoxy-cytidylic acid (Amersham Bio‐
sciences), followed by addition of [α-32P]-labeled oligonucleotide probe. These mixtures
were incubated for 15 min at room temperature. The DNA-protein complexes were separat‐
ed on 4% polyacrylamide gels and visualized by autoradiography. The probes or competi‐
tors used were prepared by annealing the following sense and antisense synthetic
oligonucleotides: NF-κB binding sites ARK5 κB A and ARK5 κB B derived from the ARK5
gene promoter 5’- gatcCTCTTGGGGTTCTCCTGGAC-3’ and 5’-gatcAGGTGGGG‐
GAAGCCCTGGCT-3’, respectively. Mutants ARK5 κB A and ARK5 κB B are 5’gatcCTCTTGGCCACGAGCTGGAC-3’and
5’-gatcAGGTGGGCCTCCAGCTGGCT-3’,
respectively. To identify NF-κB proteins in the DNA-protein complex identified by EMSA,
we used antibodies specific for various NF-κB family proteins, including p50, p65, c-Rel,
RelB and p52 (Santa Cruz Biotechnology), to elicit a supershift DNA-protein complex forma‐
tion. These antibodies were incubated with the nuclear extracts for 45 min at room tempera‐
ture before incubation with radiolabeled probes.
2.10. Cell proliferation assay
The cells transfected with siRNA were incubated for 12 h, then seeded into 24-well plates at
1×105 viable cells per well, and incubated in glucose-containing or non-containing medium
for the indicated time periods. The number of viable cells was determined every 24 h by
counting trypan blue-excluding cells in a hemocytometer.
2.11. Statistical analysis
Data were expressed as mean ± SD. Differences between groups were analyzed by the un‐
paired Student’s t-test. A p value less than 0.05 denoted the presence of a statistically signifi‐
cant difference.

3. Results
3.1. ARK5 and c-Maf are highly expressed in HTLV-1-infected T-cell lines
Expression of ARK5 and c-Maf mRNA was examined in 6 HTLV-1-infected (MT-2, MT-4,
C5/MJ, SLB-1, HUT-102, MT-1 and TL-OmI) and 2 HTLV-1-uninfected (MOLT-4 and CCRFCEM) T-cell lines. ARK5 mRNAs were detectable in all HTLV-1-infected T-cell lines, but not
in uninfected T-cell lines (Figure 1A, left panel). c-Maf expression was relatively higher in
HTLV-1-infected T-cell lines than in HTLV-1-uninfected T-cell lines (Figure 1A, right panel).
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The high expression of MafB was detected only in HTLV-1-infected MT-2 cells, but no dif‐
ferences in expression were noted between other infected and uninfected T-cell lines (results
not shown). Although Tax protein was not detectable in ATL-derived T-cell lines (Figure
1C), Tax mRNA was expressed in all HTLV-1-infected T-cell lines by real time RT-PCR,
which is more sensitive method than Western blot (Figure 1B). These results suggest a close
association between HTLV-1 infection and induction of ARK5 and c-Maf mRNA expression.

Figure 1. Overexpression of ARK5 and c-Maf in HTLV-1-infected T-cell lines. The expressions of ARK5, c-Maf (A) and
Tax (B) mRNAs were analyzed in HTLV-1-infected (HTLV-1; +) and uninfected (HTLV-1; -) T-cell lines by real time RTPCR. Results are shown as fold change of mRNA expression relative to that of TL-OmI (ARK5 and Tax) or CCRF-CEM (cMaf). Real time RT-PCR data were obtained using the ΔΔCt method, with normalization to the reference GAPDH
mRNA. Data are mean ± SD of triplicate experiments. Numbers on MT-2, MT-4, and SLB-1 represent the actual values.
(C) Western blotting was used to determine the expression of Tax protein. Actin was a loading control.
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3.2. HTLV-1 Tax induces ARK5 and c-Maf expression in T cells
To examine the direct association between ARK5 or c-Maf mRNAs induction and HTLV-1
infection, we used HTLV-1-infected TY8-3/MT-2 cells, which were established from TY8-3
cells by cocultivation with HTLV-1-infected MT-2 cells [36]. Although MafB expression level
was slightly increased in TY8-3/MT-2 cells (results not shown), the expression of ARK5 and
c-Maf mRNAs was clearly higher in TY8-3/MT-2 cells than parental TY8-3 cells (Figure 2A).
Because Tax induces various cellular genes, we next examined whether this includes the ex‐
pression of ARK5 and c-Maf mRNAs in T cells. We used JPX-9 cells, which stably carry Tax
expression plasmid, in which Tax expression is induced by the addition of CdCl2 [37]. The
expression of ARK5, c-Maf, and Tax mRNAs was analyzed by real time RT-PCR (Figure 2B).
The addition of CdCl2 to the culture medium of JPX-9 cells induced the expression of Tax
within 2 h, which persisted until 72 h after treatment. A concomitant increase of ARK5
mRNA within 10 h of treatment with CdCl2 was observed in JPX-9 cells. Rapid expression of
c-Maf mRNA was also observed within 2 h, and peaked after 10 h of treatment with CdCl2.
The induction of ARK5 or c-Maf could not be attributed to CdCl2 treatment, since ARK5 or
c-Maf expression was not induced in JPX/M cells, which express Tax mutant protein, after
treatment with CdCl2 (results not shown). These results indicate that Tax can increase the
expression of ARK5 and c-Maf in T cells.

Figure 2. HTLV-1 Tax induces the expression of ARK5 and c-Maf mRNAs. (A) Infection of HTLV-1 induced ARK5 and cMaf mRNA expression. The expression levels of ARK5 and c-Maf mRNAs in TY8-3 cells and HTLV-1-infected TY8-3 cells
established by coculture with MT-2 cells were analyzed by RT-PCR. MT-2 was a positive control. Representative results
of three experiments with similar results. (B) Tax expression was induced by adding CdCl2 (20 μM) in JPX-9 cells. Cells
were harvested at the indicated time points. ARK5, c-Maf, and Tax mRNA expression levels were analyzed by real time
RT-PCR. Results are shown as fold change of mRNA expression relative to that at 0 h (c-Maf), 2 h (Tax), and 10 h
(ARK5). Real time RT-PCR data were obtained using the ΔΔCt method, with normalization to the reference GAPDH
mRNA. Data are mean ± SD of triplicate experiments.
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3.3. c-Maf does not alter ARK5 expression in T cells
ARK5 gene promoter contains two putative MARE sequences [24]. c-Maf and MafB induce
the gene transcription through interaction with MARE on the promoter region of target gene
[26, 46]. ARK5 is induced when a c-Maf expression vector is introduced into non-ARK5-ex‐
pressing colon cancer cells [24]. Our findings of a strong correlation between ARK5 and cMaf expression in HTLV-1-infected T-cell lines and Tax inducible JPX-9 cells suggest that
ARK5 could be regulated by c-Maf which is induced by Tax in these cells. However, transi‐
ent transfection of c-Maf expression plasmid into ARK5-negative CCRF-CEM cells did not
induce ARK5 mRNA expression (Figure 3A). Furthermore, c-Maf did not induce transcrip‐
tional activation of ARK5 gene promoter reporter plasmid (Figure 3B) and knockdown of cMaf expression in MT-2 cells by siRNA did not affect the expression level of ARK5 mRNA
(Figure 3C). These results suggest that c-Maf does not contribute to induction of ARK5 tran‐
scription in T lymphocytes.
3.4. Tax activates ARK5 transcriptional activity through NF-κB pathway
Next, we investigated whether Tax could directly enhance the activity of ARK5 promoter.
CCRF-CEM cells were transiently transfected with a reporter gene construct containing the
ARK5 promoter together with Tax. Tax enhanced the transcriptional activity of this reporter
(Figure 4A). We analyzed the nucleotide database and found two putative NF-κB sites on the
promoter of ARK5 gene. Tax stimulates transcription through distinct transcription factors,
such as NF-κB and CREB (cyclic AMP response element-binding protein). Therefore, we tested
two mutant forms of Tax; Tax M22 and Tax 703 [40, 41], to investigate whether Tax-mediated
activation of NF-κB signaling pathway was required for induction of the ARK5 promoter acti‐
vation in T cells. Tax M22 activates CREB but does not affect NF-κB, while Tax 703 activates NFκB but does not affect CREB [41]. In the present experiments, Tax 703, but not Tax M22,
activated the ARK5 promoter reporter (Figure 4A). Blocking NF-κB signaling pathway using
various dominant negative forms of these signaling molecules reduced Tax-induced activation
of ARK5 promoter (Figure 4B). The nuclear extracts from HTLV-1-infected T-cell lines showed
high NF-κB DNA-binding activity by EMSA using both NF-κB binding sites; denoted as ARK5
κB A and B sites, in the ARK5 promoter as probes. In contrast, no significant DNA-binding ac‐
tivity was detected in extracts of HTLV-1-uninfected T-cell lines (Figure 4C). Competition and
supershift assays showed that the observed DNA-protein complexes were specific for either
ARK5 κB A or B site and included NF-κB components; p50, p65 or c-Rel proteins (Figure 4D).
Transient transfection of NF-κB p65 expression plasmid in CCRF-CEM cells showed that over‐
expression of NF-κB p65 induced promoter activity of ARK5 gene (Figure 4E) and expression of
ARK5 mRNA (Figure 4F). These results suggest that NF-κB activation directly contributes to
induction of the ARK5 gene expression by Tax.
3.5. NF-κB inhibitor suppresses ARK5 expression in an HTLV-1-infected T-cell line
NF-κB is constitutively activated not only in HTLV-1 transformed T-cell lines but also in
ATL-derived T-cell lines and primary ATL cells [16]. We analyzed the effects of an NF-κB
inhibitor Bay11-7082, an inhibitor of phosphorylation of IκBα, on the expression of ARK5 in
an HTLV-1-infected T-cell line. The expression of ARK5 mRNA in MT-2 cells was reduced
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by treatment with Bay11-7082 (Figure 5A, left panels). Inhibition of phosphorylation of IκBα
and stabilization of IκBα protein were confirmed by Western blotting (Figure 5A, upper
right panels). LY249002, a PI3K (phosphatidyl inositol3-kinase)/AKT inhibitor, did not affect
the expression of ARK5 (Figure 5A, left panels). Using Western blotting, we also confirmed
inhibition of phosphorylation of AKT by LY294002 (Figure 5A, lower right panels). Inhibi‐
tion of NF-κB DNA-binding activity by Bay11-7082 was also detected by EMSA using oligo‐
nucleotide probes of ARK5 κB A and B sites (Figure 5B). These results support out findings
in Figure 4 that indicate the contribution of NF-κB signaling to induction of ARK5 gene ex‐
pression in HTLV-1-infected T-cells.

Figure 3. Maf does not affect ARK5 expression in T-cells. (A) c-Maf does not induce ARK5 mRNA expression in HTLV-1negative T cells. ARK5 mRNA expression in CCRF-CEM cells 48 h after transfection with increasing amounts of c-Maf
expression plasmids (0, 0.1, 0.5 and 1 μg) were analyzed by real time RT-PCR (left panel). Transfected c-Maf mRNA
expression was confirmed by real time RT-PCR (right panel). (B) c-Maf does not induce ARK5 promoter activity. CCRFCEM cells were transfected with increasing amount of c-Maf expression plasmid together with ARK5promoter report‐
er plasmid. Cells were harvested 48 h after transfection and luciferase activity was analyzed. Data are mean ± SD of
triplicate experiments. (C) Knockdown of c-Maf did not reduce ARK5 expression in HTLV-1-infected T cells. MT-2 cells
were transfected with either ARK5, c-Maf or control siRNA (100nM). The expressions of c-Maf and ARK5 mRNAs were
analyzed by RT-PCR. β-actin was a loading control. Representative results of triplicate experiments with similar results.
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Figure 4. Tax activates ARK5 promoter activity via NF-κB signaling pathway. (A) CCRF-CEM cells were transfected with
increasing amounts (0, 0.1, 0.5or 1 μg) of Tax wild type (WT) or mutant (M22 and 703: deficient in NF-κB and CREB
signaling activation, respectively) expression plasmids together with ARK5 gene promoter reporter plasmid. Cells were
collected 48 hr after transfection and luciferase activity was analyzed. Data are mean ± SD of triplicate experiments.
The activity was expressed relative to that of cells transfected with reporter plasmid alone, which was defined as 1. (B)
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CCRF-CEM cells were transfected with various dominant negative forms of NF-κB signaling proteins (0.1 μg) and Tax
expression plasmid (1 μg) together with ARK5 reporter plasmid. Cells were harvested 48 h after transfection and luci‐
ferase activity was analyzed. Data are mean ± SD of triplicate experiments. The activity was expressed relative to that
of cells transfected with reporter plasmid alone, which was defined as 1. (C) DNA-binding of NF-κB proteins to ARK5
gene promoter in HTLV-1-infected T-cell lines. DNA-binding of NF-κB proteins to ARK5 promoter was analyzed by EM‐
SA using the ARK5 κB A (top) andARK5 κB B (bottom) oligonucleotide probes containing the NF-κB-binding sites from
ARK5 gene. (D) NF-κB subunit specificity was determined using nuclear extracts from MT-2 cells and antibodies to NFκB components p50, p65, c-Rel, RelB and p52, resulting in super shift. Cold competition using 1, 10 or 100-fold excess
of unlabeled probes (wild type probe; WT) or 100-fold excess mutated probe(mutant probe; Mut) demonstrated the
specificity of the protein-DNA-binding complex. Arrows indicate specific complexes of NF-κB with ARK5 κB A or ARK5
κB B oligonucleotides, and arrowheads indicate super shift of the bands by antibodies against p50, p65, or c-Rel. (E)
NF-κB p65 activates ARK5 promoter activity. CCRF-CEM cells were transfected with increasing amounts (0, 0.1, 0.5 or 1
μg) of NF-κB p65 expression plasmid together with ARK5 promoter reporter plasmid. Cells were harvested 48 h after
transfection and luciferase activity was analyzed. Data are mean ± SD of triplicate experiments. The activity was ex‐
pressed relative to that of cells transfected with reporter plasmid alone, which was defined as 1. The expression of NFκB p65 was confirmed by Western blotting (lower panel). (F) The expression of ARK5 mRNA induced by NF-κB p65 was
analyzed by real time RT-PCR.

3.6. ARK5 maintains tolerance to glucose starvation in HTLV-1-infected T-cells
Finally, we investigated the role of ARK5 on the growth of HTLV-1-infected T-cells. Knock‐
down of ARK5 expression in MT-2 (Figure 6A, upper panels) and HUT-102 (Figure 6A, lower
panels) cells did not affect growth of cells in the complete medium, which contained 2000
mg/mL glucose (Figure 6A, left panels). In contrast, knockdown of ARK5 expression reduced
the cell growth in the glucose-free medium (Figure 6A, right panels). The knockdown efficien‐
cy was analyzed by real-time RT-PCR and almost equal knockdown efficiency was detected
between with and without glucose conditions in both cell lines (Figure 6B). These results sug‐
gest that ARK5 maintains tolerance to glucose starvation in HTLV-1-infected T-cells.

Figure 5. NF-κB inhibitor suppresses ARK5 expression in an HTLV-1-infected T-cell line. (A) MT-2 cells were treated
with IκBα phosphorylation inhibitor Bay11-7082 (10 μM) or PI3K inhibitor LY249002 (20 μM) for 24 h. ARK5 expres‐
sion was analyzed by real time RT-PCR (left panel). Inhibition of phosphorylation and stabilization of IκBα protein by
treatment with Bay11-7082 and inhibition of phosphorylation of AKT by treatment with LY249002 were confirmed by
Western blotting (right panels). (B) NF-κB inhibitor reduces DNA-binding of NF-κB protein to ARK5 gene promoter in
an HTLV-1-infected T-cell line. MT-2 cells were treated with increasing amounts of Bay 11-7082 (0, 1, 5 or 10 μM) for
the indicated time periods. DNA-binding of NF-κB proteins to ARK5 promoter was analyzed by EMSA using the ARK5
κB A (top) andARK5 κB B(bottom) oligonucleotide probes containing the NF-κB-binding sites from ARK5 gene.
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4. Discussion
Some tumor cells have a strong tolerance to nutrient starvation; tolerance to glucose starva‐
tion can be induced by hypoxia. AKT and AMPK appear to be involved closely in the mech‐
anism of tolerance [47-49]. ATL cells often invade the lung, liver, bone, intestine and nerves.
Invading leukemia cells might be under nutrient-starvation condition. Therefore, we investi‐
gated the roles of ARK5, which is a member of the AMPK family and downstream target of
AKT in leukemogenesis by HTLV-1. The results of this study showed high expression of
ARK5 and c-Maf in HTLV-1-infected T-cells and that such expression was induced by
HTLV-1 Tax (Figure 1 and 2). The promoter region of ARK5 gene has MARE site where cMaf binds and activates transcription [24]. Unexpectedly, c-Maf induced neither transcrip‐
tional activity of ARK5 promoter nor expression of ARK5 mRNA in T lymphocytes (Figure
3), suggesting that transactivation of ARK5 promoter through MARE by c-Maf is cell typedependent. What is the important transcription factor that inducesARK5 gene expression?
We analyzed the nucleotide database and found two putative NF-κB sites on the promoter
of ARK5 gene. Tax induced the transcriptional activity of ARK5 gene promoter through acti‐
vation of NF-κB signaling pathway (Figure 4). This is the first report showing the involve‐
ment of NF-κB in the transcription of ARK5 gene.
NF-κB signaling pathway is not only activated by Tax but also constitutively activated in
primary ATL cells which express little amount of Tax [16]. Therefore, NF-κB inhibitors are
promising therapeutic agents for ATL. At present, several trials are being conducted using
the Bay11-7082 [50] and the proteasome inhibitor PS-341 [51] for treatment of ATL. Recently,
a new NF-κB inhibitor, dehydroxy-methyle poxy-quinomicin, has been found to inhibit NFκB signaling pathway induced by Tax as well as the constitutive NF-κB activation in pri‐
mary ATL cells, without affecting normal peripheral blood mononuclear cells [52, 53]. In the
present study, we demonstrated that Bay11-7082 reduced ARK5 expression in an HTLV-1infected T-cell line (Figure 5), suggesting that NF-κB inhibitors may modulate ATL cells in‐
vasion into multiple organs.
Another important finding in this study is that ARK5 is necessary for the growth of
HTLV-1-infected T-cells during glucose starvation (Figure 6). Previously, we and others
have demonstrated activation of PI3K/AKT signaling in HTLV-1-infected T-cells and Tax-ex‐
pressing cells [54]. These findings are important because PI3K/AKT signaling is required for
malignant growth of HTLV-1-infected T-cells [55, 56]. However, there are numerous other
downstream targets of PI3K/AKT [57]. ARK5, one of the downstream targets of PI3K/AKT
signaling, contains the consensus sequence of the AKT phosphorylation at amino acids
595-600, and is directly activated by AKT [21, 23]. We propose that Tax has dual roles as an
accelerator to induce glucose tolerance in HTLV-1-infected T-cells (Figure 7); 1) induction of
ARK5 expression through NF-κB activation (present study), and 2) activation of PI3K/AKT
signaling pathway [55, 56].
The molecular mechanisms of induction of tolerance to glucose starvation by ARK5 in
HTLV-1-infected T-cells are not elucidated in this study. Previous studies showed that dur‐
ing glucose starvation, survival of human hepatoma HepG2 cells is induced by ARK5 and
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activation of ARK5 by AKT is necessary for this effect [22, 23]. Glucose tolerance induced by
ARK5 in HTLV-1-infected T-cells may also require phosphorylation and activation of ARK5
by AKT. However, we did not analyze the phosphorylation levels or activity of ARK5 in
HTLV-1-infected T-cell lines, because a suitable antibody that can recognize phosphorylated
ARK5 is not available commercially at present time. ARK5 also negatively regulates death
receptors, such as Fas ligand-, TNF-and TRAIL-mediated cell death [22, 58]. When Fas is ac‐
tivated by the ligation of Fas ligand, intracellular interaction of the Fas-death domain, FADD
and caspase-8 (death-inducing signaling complex (DISC) recruitment) is initiated for the ac‐
tivation of executioner caspase [59], and c-FLIP is the inhibitor of DISC recruitment. ARK5
directly inactivates caspase-6 through the phosphorylation at Ser257, resulting in c-FLIP pres‐
ervation, which in turn suppresses DISC formation [58]. Although cell death during glucose
starvation is independent of death receptor, DISC recruitment is needed to induce cell death
[22]. In this way, ARK5 may prevent cell death during glucose starvation.

Figure 6. ARK5 maintains tolerance to glucose starvation in HTLV-1-infected T-cell lines. (A) MT-2 cells were transfect‐
ed with either ARK5 siRNA (solid bars) or control siRNA (open bars) at final concentration of 100 nM. Cells were incu‐
bated in glucose containing (+; 2000 mg/L) or glucose-free (-) RPMI for the indicated time points. The effect of siRNA
on cell growth was examined by counting the number of viable cells in triplicate by trypanblue dye-exclusion method.
Data are mean ± SD of triplicate experiments (*p<0.05). (B) Efficacy of knockdown by ARK5 siRNA in either glucosecontaining or glucose-free medium was determined by detecting the expression of ARK5 mRNA by real-time RT-PCR.
Results are shown as fold change of mRNA expression relative to that in control siRNA transfected cells. Real-time RTPCR data were obtained using the ΔΔCt method, with normalization to the reference GAPDH mRNA. Data are mean ±
SD of triplicate experiments.
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Figure 7. Schematic representation of the effects of Tax on ARK5 expression and AKT activation. Tax induces ARK5
expression by activating NF-κB signaling pathway. AKT is phosphorylated and activated through Tax-induced activa‐
tion of PI3K. c-Maf is also induced by Tax, but it does not induce ARK5 expression. Activated AKT could phosphorylate
and activate ARK5, resulting in tolerance to glucose starvation.

The results showed that c-Maf is highly expressed in HTLV-1-infected T-cells and induced
by Tax in T cells (Figure 1 and 2). A previous study showed that c-Maf is expressed in ATL
cells in lymph nodes of patients [27]. c-Maf transgenic mice develop T-cell lymphoma and
ARK5 is upregulated in c-Maf transgenic thymocytes and T lymphoma cells [27]. In contrast,
we found that c-Maf did not activate ARK5 promoter transcription in T-cells. However, cMaf encodes a Th2-specific transcription factor that activates the expression of IL-4 and
IL-10 in T cells [60]. In this regard, a subpopulation of ATL cells produces Th2-associated
cytokines [61]. Taken together, it is of interest to identify other downstream target genes re‐
sponsible for the actions of c-Maf that might contribute to malignant transformation of T
cells. For example, some of the target genes of c-Maf, such as those that encode cyclin D2
and integrin β7, have deregulated expression in c-Maf transgenic mice [27]. It might be in‐
teresting to investigate the role of c-Maf in the regulation of expression of these genes in
ATL cells.

5. Conclusion
We demonstrated overexpression of ARK5 in HTLV-1-infected T-cells and that Tax induced
ARK5 expression by activating the NF-κB signaling pathway. The results also indicated that
ARK5 enhanced the growth of HTLV-1-infected T-cells during glucose starvation. The
PI3K/AKT pathway, because of its central roles in cell survival, is a target for induction of
cell death in HTLV-1-infected T-cells. Thus, ARK5, a downstream target of this pathway, be‐
comes an attractive target in treatment of ATL with invasion of leukemia cells into multiple
tissues.
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T-cell leukemia is relatively rare malignancy of thymocytes. There are around 20
entities and variants of this disease. Each of them has different characteristics,
including pathogenesis, epidemiology, diagnosis, therapeutic approaches, and
prognosis. Although T-cell leukemia is relatively rare malignancy, many types of
T-cell leukemias still have a very poor prognosis due to rapid progression. Therefore,
the development of novel therapeutic and preventive strategies is necessary to
improve prognosis. The purpose of this book is to provide a comprehensive overview
of the disease from the basics of pathogenesis, epidemiology, morphology, and
immunological features. This book also highlights the most recent achievements from
basic and clinical researches including molecular mechanisms and novel therapies of
T-cell leukemia.
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