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PBMCs). Multivariate Cox analyses indicated that a higher provi-
ral load (more than 4 copies/100 PBMCs) is an independent risk
factor for progression of ATL, even after adjusting for sex, age,
family history of ATL, and other possible risk factors. The result
indicated that HTLV-1 carriers with higher HTLV-1 proviral load
levels belong to the high-risk group of carriers who develop ATL
and in whom any measures to prevent the development of ATL
should be instituted. '

Nevertheless, the association between HTLV-1 proviral load
and disease development remains unclear because a higher provi-
ral load is also an important predictor in patients with HTLV-1-
associated myelopathy/tropical spastic paraparesis (HAM/TSP).
Further viral markers are needed to determine the function of a
higher HTLV-1 proviral load to direct the way to developing ATL
or developing HAM/TSP from HTLV-1 carriers.

CONCLUDING REMARKS

Although many prior studies found important epidemiological
evidence on ATL and risk factors for the development of ATL in
HTLV-1 carriers, limited data are available on the valid annual
incidence of ATL from longitudinal prospective studies. Existing
predisposing factors are still insufficient to explain the character-
istics of ATL oncogenesis. Unknown risk factors may be involved
in the acquisition of malignant characteristics of HTLV-1 infected
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cells. Further well-designed epidemiological studies are needed to
fully understand the oncogenesis of ATL.

Even though the incidence of ATL is relatively low among
HTLV-1 carriers and a novel promising agent, mogamulizumab
(humanized anti-CCR4 monoclonal antibody), is released (Ishida
et al., 2003, 2012), preventing new HTLV-1 infections and the
development of ATL are major public health concerns in HTLV-1
endemic countries in the world. In Japan, there are approxi-
mately one million of HTLV-1 carriers, 1,000 new ATL cases, and
1,000 new deaths from ATL every year. However, only recently
has the Japanese government for the first time begun to imple-
ment a nationwide comprehensive package of measures cover-
ing the prevention of mother-to-child HTLV-1 transmission and
the development of medical researches on HTLV-1 and ATL
(http://www.kantei.go.jp/foreign/kan/actions/201009/13htlv_e.
html). The challenge in the next few years will be to reduce
the number of HTLV-1 carriers, to develop an easy method that
allows identification of high-risk carriers, and to implement earlier
therapeutic interventions for carriers with high-risk markers.
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Human T-cell leukemia virus type 1 (HTLV-1) causes adult T-cell leukemia (ATL) and HTLV-
1-associated myelopathy/tropical spastic paraparesis in small subsets of HTLV-1 carriers.
HTLV-1-specific T-cell responses play critical roles in anti-viral and anti-tumor host defense
during HTLV-1 infections. Some HTLV-1 carriers exhibit selective loss or anergy of HTLV-1-
specific T-cells at an asymptomatic stage. This is also observed in ATL patients and may
therefore be an underlying risk factor of ATL in combination with elevated proviral loads.
HTLV-1-specific T-cells often recognize the viral oncoprotein Tax, indicating expression of
Tax protein in vivo, although levels of HTLV-1 gene expression are known to be very low.
A type-l interferon (IFN) response can be induced by HTLV-1-infected cells and suppresses
HTLV-1 expression in vitro, suggesting a role of type-l IFN response in viral suppression
and pathogenesis in vivo. Both acquired and innate immune responses control the status
of HTLV-1-infected cells and could be the important determinants in the development of
HTLV-1-mediated malignant and inflammatory diseases.

Keywords: adult T-cell leukemia, cytotoxic T lymphocytes, human T-cell leukemia virus type 1, HTLV-1-associated

myelopathy/tropical spastic paraparesis, type-! interferon

INTRODUCTION

Human T-lymphotropic virus type I (HTLV-1) causes adult T-cell
leukemia (ATL) (Hinumaetal., 1981; Uchiyama, 1997) and HTLV-
1-associated myelopathy/tropical spastic paraparesis (HAM/TSP;
Gessain etal,, 1985; Osame etal.,, 1986) in a subset of infected
individuals. While ATL is a malignant lymphoproliferative disease,
HAM/TSP presents as a chronic inflammatory neurodegenerative
disease. It is not known how one virus can cause two vastly differ-
ent diseases. Since no disease-specific difference among HTLV-1
strains have been identified (Daenke etal., 1990; Kinoshita etal,,
1991), the different pathogenic consequences must be attributed
to host factors. Indeed, the two diseases usually occur in different
populations of HTLV-1 carriers. Identification of the determi-
nant factors may allow the prediction of disease risks and also the
development of prophylactic and therapeutic strategies.

One of the factors that are known to differ between ATL
and HAM/TSP patients is the strength of HTLV-1-specific T-cell
responses. T-cell responses are activated in HAM/TSP patients,
but are weak in ATL patients, and are thus considered to be one
of the most important determinants of the disease manifesta-
tion. Many investigators, including us, have been investigating
HTLV-1-specific cytotoxic T lymphocyte (CTL) responses, and
demonstrated the importance of these CTLs on anti-viral and
anti-tumor surveillance in HTLV-1-infected hosts (Jacobson et al.,
1990; Bangham and Osame, 2005; Kannagi etal., 2005). Based on
these studies we concluded that a reduced HTLV-1-specific T-cell
response can be an underlying risk factor for the development
of ATL.

Another difference between HAM/TSP and ATL patients is the
level of HTLV-1 gene expression. Although HTLV-1 mRNA levels

are generally low in vivo, they are slightly higher in HAM/TSP
patients compared with asymptomatic HTLV-1 carriers (ACs;
Yamano etal,, 2002). The mechanism causing low levels of HTLV-
1 gene expression in vivo remains unknown. However, we recently
demonstrated that HTLV-1 expression is suppressed by non-
lymphoid stromal cells through type-Iinterferon (IFN), indicating
that innate immune responses can be another host determinant
for HTLV-1-induced diseases (Kinpara etal., 2009). So far there
have only been a limited number of studies reporting a type-1 IFN
response during HTLV-1 infection.

The status of HTLV-1 expression is critical for host immune
responses and viral pathogenesis. In particular, HTLV-1 Tax is
a multipotent protein that is a main target of T-cell immunity
(Jacobson etal.,, 1990; Kannagi etal., 1991) and can activate NF-
kB, a characteristic transcriptional factor in ATL cells and a strong
inducer of inflammatory cytokines (Yoshida, 2001; Jeang etal.,
2004; Grassmann etal., 2005). The status of Tax expression in
vivo has been controversial but would be an extremely important
factor to measure in order to understand the mechanism of disease
development in HTLV-1 infection. Expression of HTLV-1 basic
leucine zipper factor (HBZ) encoded by the minus-strand HTLV-1
genome is also an important factor for viral pathogenesis as HBZ
elicits indirect effects on tumor development and inflammation
(Satou etal., 2011).

In this review, we aim to understand the conflicting findings
that have been reported in regard to HTLV-1 expression in vivo.
We then describe recent findings that add to the knowledge about
well-characterized host T-cell responses, followed by a description
of the mechanisms that control viral expression. We finally dis-
cuss the relationship between HTLV-1 expression, host immune
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response, and HTLV-1-mediated malignant and inflammatory
diseases.

STATUS OF HTLY-1 EXPRESSION /N ViVo

The understanding of HTLV-1 expression in vivo has caused much
confusion, largely owing to two reasons: (a) HTLV-1 proteins are
not detectable in infected cells in the peripheral blood of HTLV-1
carriers; (b) two types of ATL cases exist, and while HTLV-1 expres-
sion in ATL cells is conserved in some cases, this expression is lost
in other cases (Figure 1).

EXPRESSION OF HTLV-1 PROTEINS /N VIVO

HTLV-1 mRNA but not proteins are detectable in the peripheral
blood mononuclear cells (PBMCs) of HTLV-1-infected individu-
als including ATL patients (Kinoshita etal., 1989). The presence
of HTLV-1 mRNA was also reported in other tissues such as mus-
cle in myositis patients (Tangy etal., 1995; Ouden etal., 2004)
or the spinal cord in HAM/TSP patients (Lehky etal, 1995).
Therefore, HTLV-1 gene expression does occur in vivo at least
at a transcriptional level. Furthermore, based on the findings that
HTLV-1-infected individuals maintain serum antibodies directed
to the HTLV-1 structural Env and Core proteins as well as Tax-
specific T-cells, HTLV-1 expression must be occurring also at a
protein level in vivo. This notion is further supported by the
emergence of Tax-specific CTL responses in ATL patients who
received hematopoietic stem cells from HTLV-1-negative donors

(Hlarashima etal,, 2004, 2005). In these cases, the CTL responses
are presumably triggered by the de novo exposure of donor-
derived T-cells to Tax antigen in the recipients, and resemble
an acute infection. These findings suggest that the sensitivity of
T-cells recognizing HTLV-1 antigen may be much higher than
the detection by serological means such as flow cytometry or
immunoblotting, which are dependent on antibody binding.
The conflicting arguments concerning HTLV-1 expression might
thus continue until more sensitive protein detection methods are
developed.

TWO TYPES OF ATL WITH OR WITHOUT HTLV-1 EXPRESSION

HTLV-1 expression in ATL cells immediately after isolation from
peripheral blood is very low, and becomes significantly induced
only after in vitro cultivation (Hinuma etal., 1982).This phe-
nomenon is observed in about half of the ATL cases, regardless
of the severity of the disease (Kurihara etal., 2005). A similar
induction of viral expression after in vitro culture has also been
observed in PBMCs from HAM/TSP patients and ACs (Hanon
etal.,, 2000). Recent analysis using quantitative RT-PCR meth-
ods confirmed this phenomenon in PBMCs from both ATL and
HAM/TSP patients. The data further showed that levels of Tax/Rex
mRNA were increased as early as 4 h after initiation of culture, and
peaked at 8 h, followed by an increase in Env, Gag/Pol, and other
mRNAs (Rende etal., 2011). This finding is consistent with the
critical roles of Tax and Rex proteins for viral expression through

In vivo

In vitro

[Various tissues]

AC
HAM/TSP

ATL (1/2 cases)

[Peripheral biood]

pX mRNA: Detectable (RT-PCR)
HBZ mRNA: Detectable {RT-PCR}
? Tax protein: Undetectable {Flow)

[Within 8 h]

[Within 24 h]

Isolat]

Tax, Env, Gag proteins:
Detectable
{Flow)

Increase of pX, Env,
Gag, HBZ mRNA
(RT-PCR}

ATL (1/2 cases)

pX mRNA: Undetectable {(RT-PCR)
HBZ mRNA: Detectable {RT-PCR)

Isolati

pX mRNA: Undetectable {RT-PCR)
HBZ mRNA: Detectable (RT-PCR}

FIGURE 1 | Different status of HTLV-1 expression in infected
cells in vivo and in vitro. HTLV-1-infected cells express viral mRNA
in the peripheral blood and can express viral proteins in a short-term

culture in vitro {top). This phenomenon is observed in most
HTLV-1-infected individuals (top), but not in 1/2 cases of ATL
{bottorn).
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transcriptional transactivation, regulation of RNA splicing, and
nuclear export of the mRNAs, which were described in previous
studies (Yoshida, 2001; Younis and Green, 2005). The rapid induc-
tion of viral expression in culture further suggests the presence of a
common mechanism transiently suppressing HTLV-1 expression
in vivo, irrespective of the disease.

In the remaining half of the ATL cases, however, such viral
induction does not occur, even after in vitro culture. This may be
due to genetic and epigenetic changes in the viral genome (Tamiya
etal., 1996; Takeda et al., 2004). The malignant phenotype of ATL
cells in these cases is presumably attributed to other mechanisms
acquired at additional steps of leukemogenesis, independently of
HTLV-1 expression.

EXPRESSION OF HBZ IN INFECTED CELLS

In uncultured PBMCs from HTLV-1-infected individuals, expres-
sion of the HTLV-1 genome is suppressed as noted above, whereas
mRNA of HBZ, the minus-strand HTLV-1-encoded gene, is con-
tinuously expressed, irrespective of the disease (Satou etal., 2006).
Transcription of HBZ in the absence of Tax implies an indis-
pensable role of HBZ in HTLV-1-infected cells. Interestingly,
mice carrying an HBZ transgene under the control of the CD4
promoter often develop lymphoproliferative disease with fre-
quent Foxp3 expression and inflammatory skin lesions (Satou
etal, 2011). These features partly resemble the characteristics
of ATL.

However, expression of HBZ at a protein level is still controver-
sial. In a study analyzing mRNA kinetics during the initial culture
of PBMC from infected individuals, Tax/Rex and other positive-
strand transcripts were promptly exported to the cytoplasm after
transcriptional induction, while HBZ mRNA was mostly retained
in the nucleus (Rende etal.,, 2011). In addition, HBZ-specific CTLs
induced in human leukocyte antigen (HLA)-A2-transgenic mice
Iysed HBZ peptide-pulsed HLA-A2-positive target cells but not
HTLV-1-infected HLA-A2-positive cells (Suemori etal., 2009).
These observations suggest that expression of HBZ at a protein
level in HTLV-1-infected cells might be limited, even though sub-
stantial amounts of HBZ mRNA are expressed. Nevertheless, the
presence of T-cells responding to HBZ peptides have been reported
in HAM/TSP patients at a low frequency, implying a small amount
of HBZ protein synthesis in vivo (Hilburn etal., 2011).

HTLV-1 EXPRESSION IN HAM/TSP PATIENTS

HTLV-1 expression is detectable at the transcriptional, but not
the protein level in uncultured PBMCs, and such basal levels of
mRNA differ among diseases. An early study showed that the pX
mRNA/DNA ratio was lower in ATL patients compared with ACs
or HAM/TSP patients (Furukawa etal., 1995). This might partly
reflect that in 50% of ATL cases the cells lost viral gene expression,
as mentioned above. A recent study using a real-time quantitative
PCR analysis indicated that HTLV-1 mRNA levels are significantly
higher in HAM/TSP patients compared with ACs (Yamano etal.,
2002). This is in agreement with high levels of serum antibodies to
HTLV-1 in HAM/TSP patients (Dekaban etal., 1994). The detec-
tion of HTLV-1-specific antibodies in the cerebrospinal fluid and
the pX mRNA in the spinal cord were also reported in HAM/TSP
patients (Lehky etal., 1995; Gessain, 1996). These observations

indicate that HTLV-1 expression is elevated in HAM/TSP patients
generally, and also in the spinal cord.

Little is known about the difference in the levels of HTLV-1
expression between tissues in humans. In transgenic mice car-
rying the pX gene driven by the HTLV-1 long terminal repeat
(LTR), RNA expression of the transgene is detectable only in
selected organs, including the central nervous system, eyes, salivary
glands, and joints (Iwakura etal.,, 1991). Transgenic mice and
rats with the pX gene often develop arthritis and other collagen-
vascular inflammatory conditions (Iwakura etal,, 1991; Yamazaki
etal., 1997). This is partly explained by Tax-mediated activation
of NF-kB, a key transcription factor for multiple inflammatory
cytokine production. In addition, a certain WKAH strain exhibits
HAM/TSP-like symptoms after HTLV-1 infection. This rat model
of HAM/TSP shows increased Tax mRNA expression in the spinal
cord before the manifestation of the symptoms, suggesting that
viral expression in the spinal cord may be the primary event
(Tomaru etal,, 1996). Reduced IFN-y production in the spinal
cord has been suggested in this particular rat strain (Miyatake
etal., 2006).

DIFFERENT HTLV-1-SPECIFIC T-CELL RESPONSES

BETWEEN DISEASES

ANTI-TUMOR AND ANTI-VIRAL SURVEILLANCE BY

HTLV-1-SPECIFIC T-CELLS

The strength of the host T-cell response against HTLV-1 dif-
fers among diseases. CD8F HTLV-1-specific CTL responses are
activated in HAM/TSP patients but not in ATL patients (Jacob-
son etal,, 1990; Parker etal., 1992; Arnulf etal,, 2004; Takamori
etal,, 2011). These CTLs mainly recognize HTLV-1 Tax and kill
HTLV-1-infected cells in vitro (Jacobson etal., 1990) (Kannagi
etal.,, 1991). The HTLV-1 envelope protein is also a major tar-
get, especially for CD4™ CTLs (Goon etal., 2004). Other viral
antigens, including polymerase (Elovaara etal,, 1993), TOF, ROF
(Pique etal., 2000), and HBZ, (Macnamara etal., 2010) have also
been shown to be targets of CTLs. Elimination of CD8™ cells from
the PBMCs from HAM/TSP patients induces HTLV-1 expression
during subsequent cell culture (Asquith etal., 2005), clearly indi-
cating that CD8%" HTLV-1-specific CTLs contribute to the control
of HTLV-1-infected cells.

A series of experiments using a rat model of HTLV-1-infected
T-cell lymphoma indicated that inhibition of the T-cell response
accelerated tumor development (Hanabuchi etal., 2000), and
further showed that vaccination with a Tax-encoding DNA or pep-
tides corresponding to a major epitope for Tax-specific CTLs lead
to the eradication of such tumors (Qhashi et al., 2000; Hanabuchi
etal., 2001). In a different rat model of HTLV-1 infection, oral
HTLV-1 infection induced HTLV-1-specific T-cell tolerance and
caused an elevation in the proviral load, while re-immunization
of these rats resulted in the recovery of HTLV-1-specific T-
cell responses and caused a reduction in the proviral loads
(Hasegawa et al., 2003; Komori et al., 2006).Similarly, patients car-
rying HTLV-1 developed ATL after liver transplantation, when
immunosuppressants were administered (Kawano etal., 2006;
Suzuki etal.,, 2006).These findings suggest that HTLV-1-specific
T-cells, especially Tax-specific CTLs, play important roles in
anti-tumor and anti-viral surveillance in HTLV-1 infection.
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The pathological significance of HTLV-1-specific T-cells
activated in HAM/TSP patients remains controversial (Jacobson,
1995; Osame, 2002).Activated CTLs produce IFN-y or TNF-q,
which might potentially participate in inflammation in HAM/TSP.
However, activation of Tax-specific CTLs could also merely be
a result of elevated viral expression in these individuals. HLA-
A02-positive individuals in HAM/TSP patients are less frequent
compared with the control population, indicating a protective
role of HLA-A02 against HAM/TSP. Since HLA-A02 can present
a major epitope of HTLV-1 Tax, the strong CTL response induced
is thought to mediate the protective effect of HLA-AQ02 (Jeffery
etal., 1999). The association of the protective HLAs with epitopes
favoring HBZ-specific CTLs has also been suggested (Macnamara
etal, 2010).

SELECTIVE IMPAIRMENT OF HTLV-1-SPECIFIC T-CELLS IN EARLY
STAGES OF ATL, A POTENTIAL RISK FOR ATL

We previously identified some major epitopes recognized by
HTLV-1-specific CTLs presented by HLA-A2, -All, or -A24
through analysis of CTLs collected from ATL patients after
HSCT or collected from HAM/TSP patients (Kannagi et al., 1992;
Harashima etal., 2004, 2005).The identification of these epitopes
allowed us to monitor HTLV-1-specific CTLs and analyze their
functions ex vivo by using antigen/HLA tetrameric complexes. In

our study using Tax-specific tetramers on HLA-A2,-Al1, or -A24-
positive individuals, we detected Tax-specific CTLs in 100% of
HAM/TSP patients, 87% of ACs, and 38% of chronic ATL (cATL)
patients tested (Figure 2; Takamori etal,, 2011).

It is interesting that Tax-specific CTLs were detectable also in
cATL patients, although their frequency among peripheral CD8*
cells is low. However, these CTLs were anergic as they neither
proliferated nor produced IFN-y upon peptide stimulation. In
contrast, Tax-specific CTLs in HAM/TSP patients were highly
active even without stimulation, and their response was further
enhanced by stimulation.

Amongst ACs, Tax-specific CTLs are detectable in the major-
ity but not a small subset of individuals. Although Tax-specific
CTLs detected in ACs are mostly functional, sporadic AC cases
with impaired CTL responses to peptide-stimulation analogous
to ATL patients have been identified. Interestingly, such func-
tional impairment of CTLs seems selective to HTLV-1-specific
responses, as cytomegalovirus (CMV)-specific CTLs remain func-
tional (Figure 2; Takameori etal, 2011). Similar dysfunctions of
Tax-specific but not CMV-specific CTLs are found in smoldering
ATL, an early stage of ATL without dlinically apparent lympho-
proliferation. These findings suggest that the scarcity and/or
dysfunction of Tax-specific CTLs are not merely the result of ATL,
but represent host conditions in a subset of HTLV-1 carriers at

ATL

CTL(-) 62%

Unresponsive

CTL(-) 13%

T-cell anergy selective for HTLV-l-specific response

Responsive

[

HTLV-1 Tax-specific

CMYV pp65-specific

\

FIGURE 2 | Selective loss or anergy of Tax-specific CTLs in a subset of
ACs. Incidences of Tax-specific CTL detection in CD8* PBMC vary among
diseases (top). Tax-specific CTLs detected in HAM/TSP patients and most of
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ACs (dark blue) were functional, while those in cATL patients and a subset of
ACs (light blue) were anergic to antigen stimulation. The CTL anergy was
selective for HTLV-1-specific response {bottom; Takamosi etal, 2011).
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asymptomatic stages. A reduced number and/or dysfunction of
Tax-specific CTLs could thus represent an underlying risk factor
for the development of ATL.

Epidemiological studies indicated that increased numbers of
abnormal lymphocytes or HTLV-1 proviral loads are risk fac-
tors for the development of ATL (Tajima, 1990;Hisada etal,,
1998). However, elevated HTLV-1 proviral loads are also detected
in HAM/TSP patients, and do not discriminate risks for ATL
and HAM/TSP (Nagai etal., 1998).The immunological stud-
ies described above suggested that insufficiency in host T-cell
responses against HTLV-1 might be another risk factor for
ATL. We therefore suggest that the combination of elevated
proviral loads and low HTLV-1-specific T-cell responses may
represent a more selective indicator for the risk of develop-
ing ATL.

MECHANISMS OF T-CELL SUPPRESSION IN HTLV-1 INFECTION

It is known that ATL is often associated with severe immune
suppression (Tashiro etal., 1992), and a small number of stud-
ies reported general immune suppression also in ACs (Imai and
Hinuma, 1983). The mechanism of general immune suppres-
sion in these individuals is not known. ATL cells are positive for
CD4, CD25, CCR4, and frequently express Foxp3, all of which
match the phenotype of regulatory T-cells. If ATL cells function as
Treg cells, this would be a strong reason for the observed general
immune suppression (Karube etal., 2004). There are reports of
increased numbers of Foxp3-expressing Treg cells in the HTLV-
1-negative cell population in HAM/TSP patients (Toulza etal,
2008). Recent studies reported that HBZ is potentially involved
in immune suppression by enhancing TGF-B signaling and
suppressing Th1 cytokine production (Zhao etal,, 2011; Sugata
etal., 2012).

As mentioned above, the insufficient Tax-specific CTL response
observed in the early stages of ATL and in a subpopulation of
ACs was selective for the response to HTLV-1, and did not affect
CMV-targeting CTLs. From this differential effect we deduce
that other HTLV-1-specific suppressive mechanisms are active, in
addition to the general suppression. In general, antigen-specific
T-cell suppression can be induced by immune tolerance and T-cell
exhaustion. In HTLV-1 infection, vertical infection could be a rea-
son for T-cell tolerance. In animal models, oral HTLV-1 infection
induces T-cell tolerance to HTLV-1, resulting in increased levels of
proviral loads (Hasegawa etal., 2003). Since vertical infection of
HTLV-1 is established mainly through breast feeding (Kinoshita
etal, 1987), it may induce both new-born tolerance and oral
tolerance. This might partly explain the epidemiological finding
that vertical HTLV-1 infection is one of the risk factors for ATL
(Tajima, 1990).

Besides immune tolerance, T-cell suppression can also be
caused by T-cell exhaustion, which may be a consequence of

continuous expression of HTLV-1 antigens in vivo. Expression -

of PD-1 in Tax-specific CTLs has been reported (Kozako etal,
2009), although the involvement of this molecule in the suppres-
sion of CTLs in HTLV-1-infected individuals is still controversial
(Takamori etal., 2011). The relevance of other antigens remains
unknown, as for example recent studies revealed that Tax-specific
CTLs in HAM/TSP patients express reduced levels of Tim3, one of

the T-cell exhaustion markers, despite high viral gene expression
in these patients (Abdelbary et al., 2011; Ndhlovu etal., 2011).

IMPACT OF TYPE-I IFNs IN CONTROLLING

HTLV-1 EXPRESSION

INDUCTION OF TYPE-1 IFN RESPONSE BY HTLY-1 INFECTION

Various viruses induce type-1 IFN responses. In HTLV-1 infection,
however, the number of studies investigating a putative HTLV-1-
induced type-I IFN response is limited. One of the reasons is
that efficient HTLV-1 infection is mediated mainly through cell-
cell contact. A recent report indicated that addition of cell-free
HTLV-1 particles propagated using an HTLV-1 molecular clone to
plasmacytoid dendritic cells (pDCs) induced a type-I1IFN response
through Toll-like receptor 7 (TLR7; Colisson etal,, 2016). pDCs
are a major producer of type-1 IFNs, and are reported to be
susceptible to HTLV-1 infection (Hishizawa etal., 2004; Jones
etal., 2008). In ATL patients, the number of pDCs is decreased,
and the remaining pDCs lack the ability to produce IFN-a
(Hishizawa et al., 2004).

At cell—cell contacts between HTLV-1-infected T-cells and stro-
mal cells, we found that HTLV-1 induced a type-I1 IFN response in
the stromal cells, suggesting an involvement of pattern recognition
molecules other than TLR7. However, the precise mechanisms of
HTLV-1-induced type-1 IFN responses remain to be clarified.

SUPPRESSION OF HTLV-1 EXPRESSION BY TYPE-1 IFNs

HTLV-1 mRNA and protein expression in HTLV-1-infected T-
cells are markedly decreased when co-cultured with stromal cells
such as epithelial cells and fibroblasts. This suppression of HTLV-
1 expression is inhibited by blocking the IFN-a/p receptor, and is
therefore thought to be mediated through type-I IFN responses
(Figure 3; Kinpara etal., 2009).

Interestingly, when infected cells were re-isolated from the co-
cultures, viral expression was restored to the original level over
the following 48 h (Figure 3). This phenomenon resembles the
induction of HTLV-1 expression in freshly isolated ATL cells after
culture in vitro. Type-1 IFNs might therefore explain the long-
puzzling observation that HTLV-1 expression is suppressed in vivo.
In support of this notion, viral expression in HTLV-1-infected cells
was significantly suppressed when injected into wild-type mice
but not into IFN regulatory factor-7-knockout mice, which are
deficient in most type-11FN responses (Kinpara et al., 2009).

In general, type-I IFNs suppress viral replication mostly at
post-transcriptional level. Since HTLV-1 transcription is regulated
by transactivation of its own LTR, mainly through cyclic AMP
(cAMP) response element-like repeats by the Tax protein (Fuji-
sawa etal,, 1985; Sodroski etal,, 1985), limitation of this protein
below a certain level will efficiently reduce HTLV-1 expression
to a basal level. Involvement of inducible cAMP early repressor
(ICER) and transducer of regulated CREB protein 2 (TORC2) in
the inhibition of HTLV-1 transactivation has also been suggested
(Newbound et al., 2000; Jiang et al., 2009).

Addition of IFNs alone also elicits suppressive effects in HTLV-1
expression. However, the levels of suppressive effects differ among
studies. In HTLV-1-infected cell lines, it has been reported that
IFN-a2a decreased HTLV-1 assembly and viral release but not
viral protein synthesis (Feng et al., 2003).
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of arsenic trioxide and IFN-a shows more favorable therapeutic
effects in vivo, and also shows proteolysis of Tax in HTLV-1-
infected cells in vitro (El Hajj et al., 2010). IFN-a or f alone appears

HTLV-kinfected cells less effective for the treatment of HAM/TSP, but does show some

HTLV-l-infected cells
co-cultured with
stromal cells (24h)

HTLV-l-infected cells
re-isolated (48 h)

HTLV-1 Gag expression

FIGURE 3 | Reversible suppression of HTLV-1 expression by stromal
cells through type-l IFNs. HTLV-1 protein expression in HTLV-1-infected
T-cells are markedly decreased when co-cultured with stromal cells and
recovers after re-isolation from the co-cultures (¥inpara et al., 2008).

RESISTANCE OF HTLV-1 AGAINST TYPE-1 IFN SIGNALING

As is the case with many other viruses, HTLV-1 has developed
strategies to evade IFN responses. It has been reported that
HTLV-1 infection reduces the phosphorylation of tyrosine kinase
2 (TYK2) and signal transducer and transcriptional activator 2
(STAT?2; Feng and Ratuer, 2008), and that Tax inhibit the induction
of IFN-stimulated genes (ISGs) by competing with CREB binding
protein/p300 (Zhang et al., 2008). Recent reports also suggest that
Tax-mediated up-regulation of suppressor of cytokine signaling 1
(SOCS1) inhibits IFN signaling (Oliere et al., 2010; Charoenthong-
trakul etal., 2011). However, expression levels of Tax protein are
low in vivo,and itis unclear to what extent the evading mechanisms
observed in vitro are effective in vivo.

It has been reported that a combination therapy of AZT and
IFN-q is effective for the treatment of ATL (Hermine etal., 1993),
indicating that HTLV-1-infected cells retain some susceptibility
to IFNs in vivo. Intriguingly, this combination of AZT/IFN-a
does not affect HTLV-1-infected cells in vitro (Bazarbachi etal,,
2000), and the mechanistic effect of this therapy is not known.
The discrepancy in the therapeutic effects in vivo and in vitro is
presumably due to the different status of HTLV-1-infected cells in
the two systems.

AZT/IFN-a is not a radical therapy, and ATL relapses are fre-
quently observed after cessation of the therapy (Hermine etal,,
2002), suggesting that AZT/IFN-a may not be cytocidal but rather
has static effects on infected cells. Another combination therapy

therapeutic effects, especially during the early stages of HAM/TSP
(Izumo et al., 1996; Saito etal., 2004).

iFN RESPONSES IN HTLV-1-INFECTED INDIVIDUALS

A recent study revealed up-regulation of SOCSI in CD4% cells
of HAM/TSP patients, which caused enhanced viral expression
through inhibition of type-I IFN signaling (Oliere etal., 2010).
At the same time, a different study showed that HTLV-1 Tax up-
regulates SOCS1 (Charoenthongtrakul et al., 2011). These findings
indicate that up-regulation of SOCS1 might be a result and/or
cause of enhanced viral expression in HAM/TSP. Another recent
study using gene expression array analysis reported up-regulation
of a subset of ISGs, including STAT1, CDé64, FAS, and CXCL10,
especially in the neutrophil and monocyte fractions from periph-
eral blood of HAM/TSP patients (Tattermusch etal., 2012). This
suggests that type-I IFN responses were induced in these cell pop-
ulations directly or indirectly by HTLV-1, although type-I IFN
production in these cells was not clear. The strong HTLV-1-specific
T-cell response in these patients might also cause such effects
through IFN-y production.

The signature of IFN responses in the peripheral blood of
HAM/TSP patients left an unanswered question what enhances the
basal level of viral expression in these patients. Increased inflam-
matory cytokines in HAM/TSP patients might be candidates to
enhance viral expression, but again these could be a result and/or
cause of enhanced HTLV-1 expression.

THE RELATIONSHIP AMONG VIRAL EXPRESSION, HOST
IMMUNITY, AND VIRAL PATHOGENESIS

It is speculated that the status of viral expression and host immu-
nity may differ among various tissues in vivo. Therefore, it is
difficult to estimate HTLV-1 status in the entire body based on
the information gained only from peripheral blood. Neverthe-
less, the recent findings about innate immunity described above
provide clues as to how the current knowledge around HTLV-1
expression and host immunity can be integrated, especially when
they so closely interact and have both causes and effects on each
other.

Type-1IFNs are likely to be the representative factor to control
HTLV-1 expression, and HTLV-1-specific T-cells survey infected
cells to limit their growth. The suppression of viral expression
might interfere with the efficacy of HTLV-1-specific T-cells by
reducing the levels of target molecules, even in hosts with a
functional HTLV-1-specific T-cell response. The resulting low effi-
ciency of T-cell surveillance would be one of the mechanisms
behind persistent HTLV-1 infection, although it seems that T-
cells would still contribute to the control of HTLV-1-infected cell
growth to some extent.

Despite the negative impact on T-cell surveillance, the sup-
pression of viral expression is important for the host to reduce
viral pathogenesis since Tax has a strong ability to activate NF-« B,
which is critical for the induction of inflammation or cell growth
signaling.
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FIGURE 4 | Hypothetical relationship of the host immune balance to the
status of HTLV-1-infected cells and viral pathogenesis. f viral expression is
well controlled (barrier 1: intact), the viral pathogenesis may not be apparent
until malignant cell clones appear through T-cell surveillance (barrier 2). If the

Elevated viral expression

T-cell defense is insufficient (barrier 2: weak), the emergence of such clones
may occur earlier. If the viral expression is not well controlled (barrier 1:
weak), virus-induced inflammation may become apparent, but it also activates
HTLV-1-specific T-cells that limit further growth of infected cells.

Supposing that the suppression of viral expression is the first
barrier and T-cell surveillance of infected cells is the second barrier
in the host defense, the balance of these barriers would influence
the status of HTLV-1-infected cells in vivo. A conceivable scenario
is as follows (Figure 4).

If viral expression is well controlled, the viral pathogenesis may
not be apparent until malignant cell clones appear through the
process of clonal evolution in the infected cell reservoir. This might
explain the long incubation time for ATL development. In the
absence of effective T-cell responses, the emergence of such clones
may occur earlier, as clonal survival may be more likely.

In contrast, if the suppression of viral expression is insufficient,
either by insufficient IFN response or increased inflammatory
cytokines, viral pathogenesis will become apparent and symptoms
will be exhibited, especially in the tissues where viral proteins
reach functional levels. In this case, however, the elevated levels of
viral expression would also activate HTLV-1-specific T-cells, which
potentially limit further growth of infected cells.

CONCLUSION

The status of HTLV-1-specific T-cell response has been shown
to be a determinant of HTLV-1-mediated diseases because of its
anti-tumor and anti-viral effects. The selective impairment of
HTLV-1-specific T-cell responses in early stages of ATL patients
implies the presence of HTLV-1-specific suppressive mechanisms.
The combination of insufficient HTLV-1-specific T-cell response
and elevated proviral load may allow the identification of a
group with a high risk for the development of ATL. In addi-
tion, vaccines that augment HTLV-1-specific T-cell responses
may prove beneficial in reducing the risk in such a subpopu-
lation.

The status of HTLV-1 expression can be another determinant of
HTLV-1-mediated diseases. Suppression of viral expression con-
tributes to reduced viral pathogenesis, although it may, at the
same time, partially interfere with T-cell surveillance. Host innate
immunity, especially type-I IFN, is a candidate for the regulation
of viral expression.
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Thus, both acquired and innate immunity can be host
determinants that modulate HTLV-1-associated diseases. The
involvement of the two control systems and their partially
conflicting effects on one another may explain why the same
virus can cause different diseases after a long incubation
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The molecular hallmarks of adult T cell leukemia (ATL) comprise outstanding deregulations
of signaling pathways that control the cell cycle, resistance to apoptosis, and proliferation
of leukemic cells, all of which have been identified by early excellent studies. Neverthe-
less, we are now confronted the therapeutic difficulties of ATL that is a most aggressive
T cell leukemia/lymphoma. Using next-generation strategies, emerging molecular charac-
teristics such as specific surface markers and an additional catalog of signals affecting the
fate of leukemic cells have been added to the molecular hallmarks that constitute an orga-
nizing principle for rationalizing the complexities of ATL. Although human T cell leukemia
virus type 1 is undoubtedly involved in ATL leukemogenesis, most leukemic cells do not
express the viral protein Tax. Instead, cellular gene expression changes dominate home-
ostasis disorders of infected cells and characteristics of ATL. In this review, we summarize
the state of the art of ATL molecular pathology, which supports the biological properties of
leukemic cells. In addition, we discuss the recent discovery of two molecular hallmarks of
potential generality; an abnormal microRNA pattern and epigenetic reprogramming, which
strongly involve the imbalance of the molecular network of lymphocytes. Global analyses
of ATL have revealed the functional impact of crosstalk between multifunctional pathways.
Clinical and biological studies on signaling inhibitory agents have also revealed novel onco-
genic drivers that can be targeted in future. ATL cells, by deregulation of such pathways
and their interconnections, may become masters of their own destinies. Recognizing and
understanding of the widespread molecular applicability of these concepts will increasingly
affect the development of novel strategies for treating ATL.

Keywords: HTLV-1, ATL, genome, epigenetics, miRNA, signal transduction

INTRODUCTION: CURRENT STATUS OF ADULT T CELL
LEUKEMIA RESEARCH

Adult T cell leukemia (ATL), which is derived from human T
cell leukemia virus type 1 (HTLV-1)-infected CD4+ T cells, is an
aggressive T cell leukemia/lymphoma with the worst poor prog-
nosis (Yamaguchi and Watanabe, 2002). Endemic expansion of
HTLV-1 infection and related ATL onset have been observed in
Japan (Iwanaga et al., 2010). The diverse clinical features of ATL
have led to its sub-classification into acute, lymphoma, chronic,
and smoldering subtypes. ATL has a poor prognosis with a mean
survival time of 13 months and is refractory to currently available
combination chemotherapy (Yamada et al., 2001). It is therefore
essential to develop a novel treatment strategy, in particular, a
molecular targeting therapy. ATL is incurable because we do not
have complete understanding of its molecular basis, leading to
the lack of molecular targeting. Although HTLV-1 is an apparent
causative agent of ATL, several studies have demonstrated that viral
gene expression is rare, except for the expression of the HTLV-1
antisense gene product HBZ (Gaudray et al,, 2002). Mounting evi-
dence has shown that ATL does not contain the somatic mutant
genes that can explain its aggressiveness. However, it is evident
that ATL cells possess multiple deregulations of genome and gene
regulation, namely the molecular hallmarks of ATL, which should
be targeted (Figure 1). We believe that normal cells acquire a suc-
cession of molecular hallmarks as they progressively evolve into a

neoplastic state and that the multistep process of human patho-
genesis can be rationalized by the need of incipient cancer cells
for acquiring traits that enable them to become leukemogenic and
ultimately malignant. In this review, we first summarize the essence
of each molecular hallmarks of ATL cells. Basic molecular analyses
and next-generation global analyses of ATL samples have revealed
the molecular traits of ATL. We address new developments that
broaden the scope of the conceptualization and describe recent
advances of science to acquisition of the molecular mechanis-
tic underpinnings. Finally, we discuss the possibility and future
direction of treating ATL.

MOLECULAR HALLMARKS CONTROLLED BY TAX AND HBZ

Since 1985, numerous excellent studies have indentified signal-
ing abnormalities in HTLV-1-associated cells, mainly induced by
HTLV-1 Tax. In general, T cell disorders include several deregula-
tions of cellular processes that regulates the cell cycle, cell prolif-
eration, and cell survival. Tax has been shown to disrupt all these
cellular processes. The classical oncogenic function of Tax was first
demonstrated in a study of cell cycle regulation. Tax was found
to inhibit the cyclin-dependent kinase (CDK) inhibitor (CKI)
CDKN2A (p16™NK44) by physical interaction (Suzuki et al., 1996).
Several subsequent studies also revealed the mitogenic activity
of Tax exerted through the stimulation of G1 to S phase tran-
sition (Akagi et al., 1996; Neuveut et al., 1998; Schimitt et al., 1998;

www.frontiersin.org

September 2012 | Volume 3 | Article 334 | 1



Yamagishi and Watanabe

Molecular hallmarks of adult T cell leukernia

HTLV-1 Infected

L_HTLV |

deregula
Cell cycle disorder

L 4

Proliteration, Anti-apoptosis
Immortalization, Inflammation

e

FIGURE 1 | Transition from HTLV-1-infected cell to transformed leukemic
cell. In early and latent clinical phases, the HTLV-1 Tax and HBZ mainly act as
driving forces for the molecular hallmarks of infected cells. After a long-term
latency, leukemic cells have acquired genetic and epigenetic abnormalities,
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which lead to deregulations of gene expression pattern, cell cycling, signaling
activation, and miRNA expression. These molecular changes consequently
induce cellular hallmark capabilities of ATL such as chronic proliferation,
apoptotic resistance, multiple organ invasion, and drug resistance.

Suzuld et al., 1999; Twanaga et al., 2001; Haller et al,, 2002; Liang
et al., 2002). Tax also affects a cohort of cell cycle-related proteins,
including CDKs, CDKN1A, CDKN1B, and CDKN2A, by regulat-
ing their expression or by physical interaction. Tax also participates
in genetic damage (Jeang et al,, 1990; Ressler et al., 1997; Kao and
Marriott, 1999). Because of particular functions of Tax that can
interact with many host factors (Interactome; Boxus et al., 2008;
Simonis et al, 2012), Tax can activate several signaling pathways
and lead to abnormal gene expression (a Tax-dependent molecu-
lar hallmark) and overproduction of several cytokines. Especially,
IL-2 and its receptor are important for T cell activation. IL-2 sig-
nals through its receptor are primarily delivered by two molecular
families, the Janus tyrosine kinases (JAKs) and signal transduc-
ers and activators of transcription (STATs), whose activation leads
to lymphocyte proliferation. Tax can also activate the NF-xB and
NFAT pathways responsible for the predominant expression of IL-
2 and the IL-2 receptor (Ballard et al,, 1988; Ruben et al., 1988;
Hovyos et al,, 1989; McGuire et al., 1993; Good et al., 1996). These
findings implicate the IL-2-IL-2 receptor autocrine loop in ATL;
however, several studies have shown that alterations of the loop
alone are not sufficient to ensure the maintenance and prolifera-
tion of ATL cells because most Tax- or HTLV-1-immortalized T
cells still require exogenous IL-2 and do not express detectable
amounts of either IL-2 mRNA or protein (Akagi and Shimo-
tohne, 1993; Chung et al., 2003; Chen et al., 2010). Similarly, IL-15
and its receptor and IL-13 and its receptor have been associated
with Tax-expressing cells because similar to IL-2, they activate the
STAT pathways (Azimi et al., 1999; Mariner et al,, 2001; Chung
et al., 2003; Wildele et al., 2004). IL-6 is also transduced by Tax
through the NF-«B pathway (Villiger et al., 19915 Muraoka et al,,
1993). Because IL-6 mainly participates in inflammatory signaling,
HTLV-1 infection can induce cytokine-dependent inflammation,
which is frequently observed in ATL as well as HTLV-1-associated
myelopathy/Tropical spastic paraparesis (HAM/TSP; Oh et al,
2011). OX40, a member of the TNEF-receptor superfamily, is

specifically expressed in HTLV-1-infected cells, whose expression
is induced by the Tax-NF-xB pathway. Tax may play a role in
leukemic cell infiltration in addition to cell adhesion in vivo (Imura
et al., 1997). Tax affects not only the abovementioned signaling
pathways but also the TGF-f pathway (Kim et al., 1990; Holisberg
etal., 1994; Arnulf et al., 2002; Lee et al,, 2002). It has been recently
shown that TGF-f signaling is activated by HBZ by binding with
Smad 2/3 (Zhao et al., 2011). TP53 is the master regulator of the
cell cycle that guards against DNA damage by inducing the tran-
scription of several genes. Tax can inhibit TP53 functioning in
multiple ways (Grassmann et al., 2005).

Strong NF-kB activation is the outstanding hallmark provided
by Tax. NF-«B represents a family of inducible transcription
factors that regulate diverse biological processes, including the
growth and survival of both T cells and non-lymphoid cells.
Transcriptional activation of genes such as several cytokines and
apoptosis-resistance factors plays an important role in immu-
nity. Tax acts as an intracellular stimulator of IKK by physical
interaction, leading to persistent activation of NF-kB-mediated
transcription. The Tax/IKK complex formation relies on the phys-
ical interaction between Tax and the IKK regulatory subunit IKKy.
The Tax/IKKy interaction is required for recruiting Tax to the IKK
catalytic subunits and for Tax-mediated IKK activation (Sun and
Yamaoka, 2005). Recent studies have identified cellular proteins
that are important for Tax-mediated NF-kB activation, such as
NRP/Optineurin and TAX1BP1 (Journo et al,, 2009; Shembade
etal., 2011), and the ubiquitin-specific peptidase USP20 (Yasunaga
et al., 2011). Subcellular localization of Tax also predominantly
controls Tax-mediated NF-kB activation (Fryrear et al., 2009).
Given that NF-«B governs the expression of a large array of cellu-
lar genes that control various cellular functions, the phenotypes of
HTLV-1-infected cells are dominated by Tax-mediated abnormal
activation.

Tax also activates several signaling pathways through key tran-
scriptional factors such as CREB, SRE, and AP-1. It does not directly
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bind to promoter or enhancer DNA, however, disruption of these
pathways causes serious gene expression disorders (Grassmann
etal,, 2005).

It should be also noted that HTLV-1 antisense product HBZ
seems to be involved in leukemogenesis; its expression is sustained
in leukemic cells. In vitro and in vivo studies have demonstrated
that the growth-promoting activity of HBZ RNA may play an
important role in oncogenesis by HTLV-I (Satou et al,, 2006).
Furthermore, transgenic expression of HBZ in CD44 T cells
induces T cell lymphomas and systemic inflammation in mice.
HBZ directly induces Foxp3 gene transcription, and the increased
CD4+Foxp3+ Treg cells in HBZ transgenic mice are function-
ally impaired, suggesting that the expression of HBZ in CD4+ T
cells may be a key mechanism of HTLV-1-induced neoplastic and
inflammatory diseases (Satou et al., 2011).

Taking together with these mounting evidences, Tax and HBZ
undoubtedly contribute to leukemogenesis in HTLV-1-infected
T cells. However, as a low rate of incidence, clinical observa-
tion implies that HTLV-1 itself does not have a strong capacity
of leukemogenesis in contrast with other animal leukemia viruses.

CHROMOSOMAL CHANGES AND GENE ALTERATIONS IN ATL
Tax is not expressed in most ATL cases because HTLV-1 provirus is
substantially silenced by proviral defect and/or epigenetic mech-
anism (Tamiya et al., 1996; Koiwa et al,, 2002; Taniguchi et al.,
2005). However, leukemic cells possess very similar traits to Tax-
expressing cells (Figure 1). The paradoxical truth, i.e., memory of
Tax, still remains to be elucidated. Investigation of established ATL
cell lines and primary ATL samples has led to the identification of
the molecular hallmarks of leukemic cells, which may partially
explain their malignant characteristics.

From 1980s, chromosomal analyses of clinical cases were
reported. Therefore, we know that ATL is characterized by various
abnormal chromosomes. Kamada et al. (1992) reported that 96%
of ATL cases had an abnormal chromosome pattern, suggesting
that a genomic catastrophe underlies the clinical and molecular
characteristics of ATL, which is consistent with all other cancers.
In 2000s, global analysis has been available and whole genomic
analysis could be challenged. Comparative genomic hybridization
(CGH) revealed the genomic distinctions between the clinical sub-
types; patients with aggressive ATL (acute and lymphoma) have
a higher number of chromosomal imbalances, losses, and gains
than those with indolent ATL (chronic and smoldering). Thus,
genomic abnormalities are prognostic factors (Tsukasaki et al,
2001a). High-resolution analyses based on microarrays unveiled
the genomic properties of ATL (Oshire et al., 2066) and shed
light on the genomic characteristics that affect the gene expression
pattern (Figure 2).

In cancer cells, genetic mutations and deletions are generally
observed in genes important for cell cycle regulation, cell survival,
and cell proliferation. In ATL, the accumulation of genetic dele-
tions in the gene encoding the cell cycle regulator CDKN2A have
been reported (Hatta et al., 1995; Uchida et al,, 1996). South-
ern blotting analyses of samples from large cohort studies (114
patients) also demonstrated that the CDKN2 family (p15 and p16)
is lost in more frequently observed in the acute type (33.8%) than
in the chronic type of ATL (5.4%; Yamada et al., 1997). Patients

Classical Molecular Halimarks
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NF-xB
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mTOR/Akt
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RhoA A\ 4
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FIGURE 2 | Acquired molecular hallmarks of ATL. From the beginning of
ATL discovery, indicated molecular hallmarks have been suggested.
Hierarchical regulation of the gene expression has been expected.
Abnormal expressions of these cytokines and receptors as well as various
proteins that act as anti-apoptotic factors or proliferation agents are
responsible for the malignant phenotypes as hallmark capabilities.

with these genetic deletions showed reduced survival compared
with those without deletions. CDKNZ2A transcription is also reg-
ulated in an epigenetic manner. Abnormal DNA methylation has
been during ATL progression (Nosaka et al., 2000).

Alterations of other cell cycle-regulating genes are unusual.
Mutations of CDKNIB (p27X%?1) is rare in non-Hodgkin’s lym-
phomaand ATL (Morosetti etal., 1995). Mutations of Rb gene have
also been observed in a few ATL patients (Hatta et al., 1997). Exten-
sive analyses have revealed that 26-40% of ATL cases have a p53
gene mutation, which is much less than that observed in other can-
cers (Nagai et al., 1991; Cesarman et al., 1992; Sakashita etal., 1992;
Nishimura et al., 1995). Gene expression analysis of ATL samples
showed that CDKN1A (p219P!) is commonly down regulated in
ATL (Watanabe et al,, 2010). In contrast, Tax activates p21cipl
expression in HTLV-1-infected cells, which may be an important
mechanism for stopping the host at the G1/S boundary and repair-
ing damaged DNA before entering the S phase entry (Cereseto
et al., 1996; de La Fuente et al., 2000). Although p219%! transcrip-
tion may be activated by the Tax—CREB pathway in infected cells,
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it seems to be epigenetically silenced in several cancers, including
ATL. Thus, these gene alterations and related expression patterns
are important molecular hallmarks of ATL as well as other can-
cers. Of note, no ATL cell has been shown to have both mutations,
suggesting that either p16 or p53 mutation may be sufficient to
promote the more aggressive phenotype of leukemic cells (Tawara
et al,, 2006). In addition, as many ATL patients carry a wild-type
P53, TP53 activation by antagonists such as Nutlin-3a may be a
promising strategy for ATL therapy (Hasegawa et al., 2009). The
ability to resist apoptotic cell death is conferred by Fas gene muta-
tion (Tamiya et al,, 1998; Maeda et al,, 1999). Indeed, Fas-negative
ATL cells are resistant to adriamycin-induced apoptosis in vitro,
which is consistent with the finding that ATL in this case is resistant
to chemotherapy.

Single nucleotide polymorphism (SNP) is another possible
cause for developing ATL. TNF-a polymorphism may be asso-
ciated with increased susceptibility to development of ATL in
HTLV-1 carriers (Tsukasaki et al., 2001b). An immunological study
also suggested that the HLA haplotype is related to ATL progres-
sion (Yashiki et al., 2001). Currently, whole SNP can be detected
by next-generation sequencing and other array-based techniques.
Global understanding of SNPs in ATL patients may provide us
with the genetic basis of the familial clustering of ATL.

By utilizing global survey techniques for analyzing the gene
copy number, several research groups have detected specific gene
copy number patterns in ATL. CGH methods first demonstrated
gains at 14932 and 2p16-22 in ATL cell lines (Arivama et al,
1999). Fluorescence in situ hybridization (FISH) analysis with
several yeast artificial chromosome (YAC), BAC, and PAC clones
also mapped the breakpoints in ATL cell lines with 6q aberrations
(Tagawa et al., 2002). Clinical subtype-specific genomic alterations
in aggressive ATL were also identified by array-based CGH (Oshiro
etal.,2006). The lymphoma type of ATL had significantly more fre-
quent gains at 1q, 2p, 4q, 7p, and 7q and losses at 10p, 13q, 16q, and
18p, whereas the acute type showed a gain of 3/3p. CARMA1 is also
apossible target gene for 7p22 amplification in the lymphoma type
but not in the acute type of ATL. In contrast, BCL11B is expressed
in the acute type of ATL, regardless of 14q32 gain/amplification;
however, there is no or low expression of the gene in the lym-
phoma type of ATL. Taken together, these findings suggest that the
acute and lymphoma types of ATL are genomically distinct. The
physiological molecular hallmarks of ATL have been identified by
integrating the gene copy number and gene expression analyses
findings, and these are described below.

GLOBAL GENE EXPRESSION ANALYSES OF ATL
Genetic alterations and other modulations enhance specific gene
expression signatures. Classically, based on a comparison between
normal T cells and ATL cell lines as well as primary leukemic
cells, ATL has been shown to have a distinct gene expression pat-
tern that may reflect its clinical pathogenesis. In addition, global
expression analyses, mainly based on microarray, have identified
emerging molecular hallmarks that can possibly be targeted in ATL
therapies.

First, Harhaj et al. (1999) performed gene array analysis of
HTLV-1-immortalized cells and reported up- and downregulated
genes. Ruckes et al. (2001) performed suppressive subtractive

hybridization that enabled the isolation of novel sequences derived
from unknown genes. They identified a number of genes linked
to Tax transformation and ATL leukemogenesis. Systematic com-
parison of gene expression between cultured cells from patients
with acute ATL and that of stimulated peripheral T lymphocytes
revealed 346 cDNA clones, which included the genes encoding
IL-2 receptor a chain and p21©P!. They also included a dual-
specific protein phosphatase (PAC1), an interferon-inducible fac-
tor (ISG15), a basic helix-loop-helix transcription factor (DEC-1),
and the secreted anti-apoptotic chemokine I-309. Pise-Masison
et al. (2002} also reported the results of analyses performed using
an Affymetrix Hu6800 GeneChip. They identified 763 genes with
differentially regulated expression in HTLV-1 cell lines.

Tsukasaki et al. (2004) directly analyzed the gene expression
patterns of fresh ATL samples (three acute types and one chronic
type) using high-density oligonucleotide DNA arrays. A total of
203 genes that included ribosomal proteins, proteasome subunits,
translation factors, immunophilins, heat shock proteins, and genes
important for DNA replication were found to be upregulated in
ATL cases, and 91 genes were downregulated. Sasaki et al. (2005)
also determined the expression profiles of more than 12,000 genes
in eight cases of the acute type of ATL using microarray analysis,
and they found that 192 genes were upregulated more than twofold
compared with healthy CD4+ and CD4+4-/CD45RO+ T cells. In
particular, the expression of tumor suppressor in lung cancer 1
(TSLC1), caveolin 1, and prostaglandin D2 synthase was increased
by more than 30-fold. Interestingly, comparison of gene expression
between established cell lines with or without HTLV-1 infection
led to the identification of the specific HTLV-1-related cell surface
marker CD70, which is also expressed in freshly isolated leukemic
cells (Baba et al., 2008).

Integrated analyses of the genome and its expression revealed
more detailed data for the acquisition of molecular and physiologi-
cal information. Choi etal. (2007} isolated CD4+ T cells from ATL
patients and profiled their gene expression using DNA microarrays
containing >44,000 probe sets. Changes in the chromosomal copy
number were examined for 24 cell specimens using microarrays
harboring approximately 50,000 probe sets. Coordinated analysis
revealed a novel molecular target, the HGF-MET pathway. Liga-
tion of MET by increased plasma HGF levels may confer a growth
advantage on ATL cells through the phosphatidylinositol 3-kinase
(PI3K) and Ras pathways.

We performed further global integrated analyses of sam-
ples from ATL patients using mRNA expression array (n=>52),
microRNA (miRNA) microarray (n = 40), and DNA copy number
analysis using SNP-based array (n = 168; Yamagishi et al., 2012).
Each analysis revealed many novel molecular characteristics of
ATL (data available in the Gene Expression Omnibus database).
Analysis of this massive dataset derived from primary ATL samples
led to the conclusion that genetic and epigenetic imbalances are
involved in ATL leukemogenesis through miRNA and the signaling
pathways responsible for leukemic cell survival, proliferation, and
invasiveness. Taken together, these findings clearly indicate that
disrupted gene expression is a molecular hallmark of ATL. Diverse
abnormalities have been found in each of these comprehensive
studies; however, several gene alterations and other critical events
have been commonly implicated as determinants of the gene
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expression pattern. Abnormal expression of different cytokines,
their receptors, and various proteins that act as anti-apoptotic
factors or proliferation agents is responsible for malignant phe-
notypes as hallmark capabilities (Figure 2). From the spreading
intelligence, we have to acquire the genuine molecular targets
harboring in the bare bones of ATL.

SIGNALING NETWORKS IN ATL: MAIN DRIVING FORCES

The cellular complexity of signaling networks confers robustness
to specific gene expression and biological functions. This is sup-
ported by the fact that the inhibition of a signaling pathway can
strictly suppress abnormal gene expression. The functional char-
acteristics of ATL cells, such as chronic proliferation, abnormal
survival, and penetrating multiple organs, is supported by aberrant
gene expression, as described above.

Activation of NF-kB signaling is the most outstanding hall-
mark of both HTLV-1-infected cells and leukemic cells. Abnormal
activation and deficient negative control of the NF-kB pathway
strongly contributes to prolonged survival, proliferation, and inva-
siveness, all of which are observed in ATL cells. Ruben et al. (1988)
found that Tax can activate IL-2 receptor gene expression in a
NF-kB-dependent manner. Following this, several studies clearly
demonstrated that Tax can activate NF-«B activity through a mul-
tistep (Sun and Yamaoka, 2005). Strong and persistent activation of
NF-kB signaling was then demonstrated in leukemic cell lines that
did not express Tax (Mori et al., 1999). In transformed ATL cells,
both the canonical and non-canonical NF-kB pathways are persis-
tently activated because NF-kB inducing kinase (NIK) is aberrantly
expressed in ATL (Saitoh et al., 2008). NIK plays a central role in

non-canonical NF-kB signaling by IKKa phosphorylation (Tha
and Richmond, 2010). Very recently, we found a novel linkage
between NF-kB activation and miRNA deregulation. Comprehen-
sive gene expression analysis and in vitro experiments revealed
that miRNA-31 (miR-31) can regulate NIK expression through
the 3’ untranslated region (UTR). In ATL cells, miR-31 expression
is genetically and epigenetically silenced, which in turn induces
constitutive NF-«kB activation through NIK expression (Figure 3;
Yamagishi et al., 2012). Because current evidence clearly indicates
that miR-31 dominates NF-«B activity in T cells, manipulating cel-
lular miR-31 levels may be a novel molecular approach to reduce
NF-«kB activity and induce apoptosis.

Numerous efforts have demonstrated that NF-xB inhibitory
agents may be suitable for treating ATL. Inhibitors such as borte-
zomib (Satou et al,, 2004), Bay 11-7082 (Mori et al, 2002),
DHMEQ (Watanabe et al., 2005), ACHP (Sanda et al., 2006), and
IMD0354 (Uota et al,, 2012) have the ability to kill leukemic cells.
Fludarabine, a purine analog that has significant activity in B cell
malignancies, also inhibits the NF-«B activity in ATL (Nishicka
et al., 2007). Tax degradation by arsenic trioxide and IFN-a treat-
ments is also useful for inhibiting NF-kB in HTLV-1-infected cells
(El-Sabban et al., 2000). In the near future, gene manipulation
for example by siRNA targeting NIK may be a promising strat-
egy for inhibiting NF-kB activity with strict specificity (Yamagishi
et al,, 2012). Because NF-kB prevention showed good results in a
xenograft model of cell lines with or without Tax (Dewan et al,,
2003; Watanabe et al,, 2005; Chsugi et al., 2007a), molecular target-
ing therapy based on the NF-kB pathway is a promising new ATL
treatment. Of note, NF-« B inhibition by DHMEQ can also remove

LTpR

CD40

BR3

Target gene expression

FIGURE 3 | NF-«B signaling pathway in ATL. Compared to normal T
cell, HTLV-1-infected cell shows intense activity of NF-«B pathway
through the Tax interactome. In contrast, leukemic cell sustains
strong NF«B activity without Tax by acquisition of miR-31-dependent

Apoptotic resistance
Cytokine production
Invasiveness

NIK expression. Activation of the non-canonical pathway ultimately
joins canonical pathway, resulting in transactivation of numerous
target genes important for cell survival, cytokine production, and
invasiveness.
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virus-carrying cells from carrier peripheral blood mononuclear
cell (PBMC) samples (Watanabe et al., 2005).

Why is NF-«B important for ATL cell survival? One of the target
genes is BCL-XL, which is expressed when NF-kB is stimulated. In
HTLV-1-infected cell lines, BCL-XL is expressed through the Tax-
NE-«kB pathway. Interestingly, fresh ATL samples show BCL-XL
overexpression (Nicot et al., 2000). Given that BCL-XL is a prin-
cipal anti-apoptotic protein as a BCL-2 family member, persistent
BCL-XL expression is one of the molecular capability of apop-
totic resistance, which may contribute to clinical chemoresistance.
Indeed, inhibition of the NF-«B pathway by NIK depletion leads
to impaired BCL-XL levels and apoptotic cell death in ATL (Yam-
agishi et al., 2012). In addition, a recent study has implicated that
both BFL1 (BCL2A1) and BCL-XL are responsible for ATL cell
survival. BFL1 expression is regulated by Tax and HBZ through
the NF-kB and AP-1 pathways, respectively (Macaire et al., 2012).

The JAK-STAT pathway, which is universal and essential to
cytokine receptor signaling, is also one of the best understood
signal transduction cascades in several cell types, including ATL
cells. The JAK-STAT pathway mediates signaling by cytokines,
which control cell survival, proliferation, and differentiation. Con-
stitutive JAK activation leads to persistent activation of STAT
transcription factors, and several cancers exhibit constitutive STAT
activation in the absence of JAK- or STAT-activating mutations.
JAK—STAT activation in HTLV-1-infected cells was first reported
in 1995 (Migone et al., 1995). Takemoto et al. {1997} demonstrated
that STAT-3 and STATS are activated in freshly isolated ATL cells.
However, functional redundancy was also reported. Blockade of
the JAK3-STAT5 pathway by AG490 failed to inhibit the prolifera-
tion of HTLV-1-transformed T cell lines, despite activation of the
pathway (Kirken et al,, 2000). Recently, a JAK2-STATS inhibitor,
AZ960, was shown to have an anti-proliferative effect on HTLV-
l-infected and ATL cell lines (Yang et al., 2010). However, which
gene is transactivated by STAT remains unknown. The biolog-
ical relevance of the JAK-STAT pathway in ATL remains to be
elucidated.

EMERGING SIGNALING PATHWAYS AND INHIBITORY
AGENTS

In addition to the abovementioned pathways, several signaling
pathways, including the AP-1, NFAT, and CREB pathways, may be
involved in the functional characteristics of ATL (Hall and Fujii,
2005). These are activated by Tax. Leukemic cells may have certain
activities in each of these pathways.

The RhoA family also participates in Tax-mediated immortal-
ization. A recent study employing a proteomic approach to identify
Tax-binding proteins in a HTLV-1-infected T cell line identified
direct interactions between Tax and several small GTPases, includ-
ing RhoA, Racl, and Cdc42, all of which are involved in a wide vari-
ety of cellular processes, including cytoskeleton organization and
transcriptional activation (Wu et al.,, 2004). Recently, our global
gene expression analysis as well as miRNA study strongly suggested
that RhoA is overexpressed in ATL cells. A decreased miR-31 level
may contribute to RhoA expression and migration activity (Yam-
agishi etal., 2012). The gene expression signature determined from
patient samples could identify the additional signaling pathways
involved in leukemogenesis (authors’ unpublished data).

Recently, several studies have demonstrated that ATL shows
emerging signaling activation, which is well established as onco-
genic signaling in other types of cancer. Typically, the Notch
pathway, which is the signaling pathway implicated in T cell
acute lymphoblastic leukemia (T-ALL), is also activated in ATL
(Pancewicz et al., 2010). More than 30% of ATL cases show acti-
vating mutations in NOTCH], leading to reduced CDC4/Fbw7-
mediated degradation and stabilization of the intracellular cleaved
form of Notchl (ICN1). Inhibition of Notch signaling by a y-
secretase inhibitor reduced tumor cell proliferation and tumor
formation in ATL-engrafted mice. It is therefore suggested that
activated Notch may be important for ATL pathogenesis.

TGF-B signaling is also reportedly important. Increased TGF-f
production was observed in freshly isolated ATL cells, and this was
at least partially mediated by AP-1 (Niitsu et al., 1988; Kim et al.,
1990). Nevertheless TGF-B could inhibit the growth of normal T
lymphocytes, HTLV-1-infected cells were resistant to this inhibi-
tion (Hélsberg et al,, 1994). In ATL cells, transcription factor 8
(TCF8) is frequently disrupted by several mechanisms, primarily
by epigenetic dysregulation. TCF8 mutant mice frequently develop
invasive CD4+ T cell lymphomas in vivo. Downregulation of TCF8
expression in ATL cells in vitro is associated with resistance to TGF-
B1, suggesting that escape from TGF-B1-mediated growth inhibi-
tion is important in the pathogenesis of ATL (Hidaka et al., 2008).
The same research group also reported that ZEB1 downregulation
and Smad7 overexpression contribute to resistance to TGF-§1-
mediated growth suppression in ATL (Nakahata et al., 2010). ZEB1
plays a critical role in regulating the epithelial-mesenchymal tran-
sition (EMT) in several solid cancers. The general function of ZEB1
in lymphocytes, particularly in association with leukemogenesis
and TGF- signaling, is a very intriguing issue.

If a chemical drug that can inhibit cellular signaling can induce
apoptosis specifically, it is probable that leukemic cell survival is
supported by the targeted signaling. Recent studies of inhibitors
have indicated that mTOR signaling may be involved in ATL.
mTOR is a serine/threonine-specific protein kinase that is located
downstream of the PI3K/Akt pathway. Deregulation of mTOR
signaling is implicated in a range of cancers due to its roles in
cell survival and proliferation, protein synthesis and breakdown,
membrane trafficking, and protein kinase C signaling (Zoncu et al,,
2011). Ikezoe et al. {2007} used several inhibitors to show that the
PI3K/Akt/mTOR pathway is activated in ATL cell lines as well
as fresh ATL cells. In addition, a resent study reported that the
mTOR complex 1 (mTORC1) inhibitor everolimus has a dramatic
inhibitory effect on the growth of HTLV-1-positive and HTLV-1-
negative malignant T cells, whereas normal resting or activated
T cells are resistant to it (Darwiche et al,, 2011). Furthermore, in
addition to HTLV-1-infected cells in which Tax activates the Akt
pathway (Liuetal.,2001), transformed leukemic cells in which Tax
is not expressed may have some Akt activity. The most important
point is how these pathways are constitutively activated in ATL.
The functional importance of this pathway and its therapeutic
potential will be addressed in the near future.

In the context of inhibitory agents, a higher response rate
following azidothymidine/interferon a (AZT/IFNa) treatment of
ATL patients has been reported in several human trials (Gill et al.,
1995; Bazarbachi et al,, 2010). AZT treatment of ATL patients
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