Chapter 9

Human T-Cell Leukemia Virus Type 1
Infection and Adult T-Cell Leukemia

Chi-Ping Chan, Kin-Hang Kok, and Dong-Yan Jin

Abstract Human T-cell leukemia virus type 1 (HTLV-1) is the first retrovirus
discovered to cause adult T-cell leukemia (ATL), a highly aggressive blood cancer.
HTLV-1 research in the past 35 years has been most revealing in the mechanisms of
viral oncogenesis. HTLV-1 establishes a lifelong persistent infection in CD4* T
lymphocytes. The infection outcome is governed by host immunity. ATL develops
in 2-5% of infected individuals 30-50 years after initial exposure. HTLV-1 encodes
two oncoproteins Tax and HBZ, which are required for initiation of cellular trans-
formation and maintenance of cell proliferation, respectively. HTLV-1 oncogenesis
is driven by a clonal selection and expansion process during which both host and
viral factors cooperate to impair genome stability, immune surveillance, and other
mechanisms of tumor suppression. A better understanding of HTLV-1 biology and
leukemogenesis will reveal new strategies and modalities for ATL prevention and
treatment.

Keywords Human T-cell leukemia virus type 1 ¢ Adult T-cell leukemia * Tax
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9.1 Introduction

Human T-cell leukemia virus type 1 (HTLV-1) was discovered in 1980 as the first
human retrovirus and the etiological agent of adult T-cell leukemia (ATL) [1, 2].
Since then HTLV-1 research has laid the foundation of viral oncology and human
retrovirology [3]. Animal oncogenic retroviruses such as Rous sarcoma virus are
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Fig. 9.1 HTLV-1 genome organization. The structural genes gag, pro, pol, and env as well as the
regulatory genes tax, rex, p21, p12, p13, p30, and HBZ are shown

replication defective, and they carry viral oncogenes that are originally derived from
cellular proto-oncogenes of their host. Unlike these animal retroviruses, HTLV-1 is
replication-competent and does not carry any cellular oncogenes. The viral oncop-
roteins encoded by HTLV-1 are unique, have no cellular counterparts, and are not
homologous to any cellular proteins. HTLV-1 has been under intense investigations
since HTLV-1 infection causes significant morbidity and mortality in endemic areas.
In addition, it also serves as an excellent model for the study of viral oncogenesis.
HTLV-1 research has contributed substantially to our understanding of oncogenic
viruses and oncogenesis in general.

HTLV-1 is a complex deltaretrovirus that harbors additional regulatory genes in
addition to gag, pol, pro, and env genes flanked by long terminal repeats (LTR) as
found in simple retroviruses (Fig. 9.1). The gag gene encodes the major component
of the viral capsid. The pol and pro region provides the reverse transcriptase, prote-
ase, and integrase. Interestingly, gag and pol are produced by ribosome frameshift
from a single transcript. The env gene codes for a glycoprotein that mediates viral
entry. The pX region between env and the 3'-LTR encodes Tax, Rex, as well as other
accessory proteins p12, p13, p21, and p30 derived from alternatively spliced tran-
scripts. Tax is a viral transactivator that potently activates transcription from the
LTR. Rex mediates nuclear export of viral RNA. The additional accessory proteins
are dispensable for viral replication and transformation in vitro but are required for
viral propagation and persistence in vivo. In particular, p30 counteracts Toll-like
receptor signaling and cooperates with c-Myc to promote cellular transformation [4,
5]. p12 and its cleavage product p8 mediate T-cell activation, immune evasion, and
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cell-to-cell transmission [6, 7]. Distinct to other retroviruses, HTLV-1 also expresses
an antisense transcript encoding the helix-basic loop zipper protein HBZ [8, 9]. Tax
and HBZ are two viral oncoproteins that cooperate to drive HTLV-1 leukemogene-
sis. A full discussion of this will be provided below in part 4 of this review.

HTLV-1 has a relative known as HTLV-2. Although they are similar in genome
organization and tissue tropism, there is one important difference in pathogenesis:
human infection with HTLV-2 is not associated with any malignancy. HTLV-2 and
its proteins are therefore commonly used as controls in the study of HTLV-1 onco-
genesis. More recently, two new HTLV viruses named HTLV-3 and HTLV-4 have
been isolated from Cameroonian hunters of nonhuman primates [10, 11]. Primate
counterparts of all four HTLVs have also been identified, and these four pairs of
viruses, together with bovine leukemia virus (BLV) and another orphan primate
retrovirus, constitute the genus of deltaretroviruses [11, 12]. Whereas infection with
HTLV-1 and BLYV is associated with leukemia, but HTLV-2 infection is not, it
remains to be seen whether HTLV-3 and HTLV-4 are also leukemogenic.

ATL is a heterogeneous disease with four clinical subtypes: acute, lymphoma,
chronic, and smoldering. Acute, lymphoma, and unfavorable chronic subtypes are
known as aggressive ATL with large tumor burden, blood and lymph node involve-
ment, and hypercalcemia. Favorable chronic and smoldering subtypes are indolent
ATL characterized by rash and minimal blood involvement [13]. Smoldering ATL is
considered to be an early phase of the disease, which progresses subsequently to
acute ATL. Prognosis of aggressive ATL is very poor, with an average survival rate
of only a few months.

The mechanisms of HTLV-1 oncogenesis have recently been reviewed [3, 13—
16]. In this chapter, we will revisit the topic with an emphasis on new thoughts and
findings. We will start with an overview of epidemiology, followed by a brief sum-
mary of experimental models in HTLV-1 research. The interplay of the two HTLV-1
oncoproteins and the mechanisms of HTLV-1 oncogenesis will then be discussed in
detail. Finally, we will highlight the treatment options and the new approaches to
anti-HTLV-1 therapy.

9.2 Epidemiology

Based on sequence and epidemiological analysis, the primate counterparts of
HTLVs are well established in their natural hosts. Several lines of evidence includ-
ing phylogenetic clustering and geographical coincidence support zoonotic trans-
mission of these primate viruses to humans, plausibly through petting and
butchering. The process by which HTLVs establish as a human pathogen through
adaptive mutations is similar to that demonstrated for human immunodeficiency
viruses. The detection of HTLV-3 and HTLV-4 in African hunters of primates has
lent further support to this notion [10, 11]. HTLV-1 and HTLV-2 have obviously
acquired the ability to transmit from human to human readily. The identification of
HTLV-3 and HTLV-4 has provided a golden opportunity to study their
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human-to-human transmissibility, pathogenicity, and degree of adaptation.
Interestingly, each HTLV has its own primate counterpart. Phylogenetic analysis
supports at least four independent introductions of virus into human population.
Each of this involves a different species of primate virus.

It is estimated that about 20 million people are infected with HTLV-1 worldwide.
About one million of them are in Japan, and the adjusted overall prevalence nation-
wide is approximately 1% [17]. However, the distribution of HTLV-1 carriers within
the country is uneven and highly focal. As such, carrier rate in Japanese women in
the age of >50 in endemic areas can be as high as 40%, but these areas are sur-
rounded by areas of low to middle prevalence. HTLV-1 is also highly prevalent in
African people resided in the Caribbean islands and tropical Africa; Mongoloid
people in South America, Central America, and the Middle East; as well as
Melanesian people in northern Oceania [18]. Particularly, some Aboriginal
Australians have been found to have the highest prevalence (>50%) of HTLV-1.
Interestingly, the study of HTLV-1 prevalence in different populations might even
provide useful anthropological information concerning their origin, migration
routes, and genetic history.

The prevalence of HTLV-1 in healthy blood donors in China is very low, ranging
from 0.01 to 0.08% [19, 20]. The rate could be 0.5% or higher in some professional
blood donors and drug addicts. Only some of the Chinese individuals who are sero-
positive for HTLV-1 have been found to have close contact with Japanese people
[21]. Interestingly, prevalence rates of HTLV-1 in healthy blood donors in two cities
named Ningde and Putian in the coastal Fujian Province are 0.40% and 0.14%,
respectively. These significantly higher rates are indicative of some foci of HTLV-1
carriers [19]. The seropositive rate of HTLV-1 of 0.74% in the ethnic group of
Xinjiang Uyghurs is also high. A very small number of sporadic tropical spastic
paraparesis (TSP) and ATL cases associated with HTLV-1 infection have also been
diagnosed in China in recent years. Several sporadic cases of ATL have been found
in Hong Kong, where a more advanced disease surveillance system is in place [22].
Some of these victims in Hong Kong had unsafe sex in Southern Japan. The carrier
rate in Hong Kong is estimated to be 0.0041%. In Taiwan, the seropositive rate for
HTLV-1 was found to range from to 0.058 to 0.48% [23, 24]. Interestingly, the rates
in Aborigines and Hakka Taiwanese are higher than in other ethnic groups. Blood
donor screening for HTLV-1 has been implemented in Taiwan since 1996. It will be
of some interest to determine whether the Taiwanese HTLV-1 strains are closer to
those found in Japan or Fujian, which is geographically closer to Taiwan.

Although HTLV-1 can be divided into six genotypes A to F, sequence variations
among genotypes are minor and not as significant as in HIV-1. The sequence diver-
gence among HTLV-1 genotypes is much less than that among different HTLV
viruses. Genotype A is predominant. The genotype of HTLV-1 in ATL patients and
healthy carriers is not found to be different. Neither is there evidence in support of
the influence of genotype on pathogenicity or infection outcome.

HTLV-1 is an infection vertically transmitted from mother to child through
breastfeeding. The risk of infection acquired through this route can be as high as
30%. Blood transfusion and unsafe sex are two other routes by which HTLV-1 is
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transmitted, but sexual transmission is not as efficient as in the case of HIV-1. More
than 90% of HTLV-1-infected people remain healthy throughout their lifetime. ATL
develops in 2-5% of infected individuals after a prolonged latent period of
30-50 years, during which they remain asymptomatic. Once developed, ATL is
highly aggressive and fatal, with very limited and unsatisfactory treatment options
[25]. A smaller subset of infected people suffers from TSP or HTLV-1-associated
myelopathy, a chronic debilitating neurological disease of the spinal cord. It is not
common that TSP and ATL develop sequentially in the same individual. During the
long process of ATL development, multiple viral, host, and environmental factors
are involved. Notably, high HTLV-1 proviral load is the single major risk factor for
ATL development in HTLV-1 carriers. Other reported risk factors include advanced
age, family history of ATL, male sex, and HTLV-1 infection early in life [26]. Most
ATL cases are associated with breastfeeding. The cumulative risks of developing
ATL among HTLV-1 carriers are approximately 6% for males and 2% for females.
The high predictive value of proviral load suggests that anti-HTLV-1 therapy might
be beneficial in the prevention of ATL.

CD4* T lymphocytes are the primary and preferential target cells of HTLV-1
in vivo, although other cells such as CD8" T lymphocytes, monocytes, and dendritic
cells (DCs) can also be infected. It remains to be clarified whether HTLV-1 might
first infect DCs, which pass on the virus to T cells [27]. One recent report has impli-
cated HTLV-1-transformed CD45RA* T memory stem cells with stemlike proper-
ties as the ATL-initiating cells [28]. These cells could serve as the viral reservoir and
a barrier for viral eradication by antivirals. Cell-free transmission of HTLV-1 is
highly inefficient except for DCs. All major routes of HTLV-1 transmission includ-
ing breastfeeding, blood transfusion, and sexual intercourse involve the transfer of
infected cells residing in the breast milk, blood, and semen. Cell-to-cell transmis-
sion of HTLV-1 is achieved through the virological synapse, which involves the
interaction between ICAM-1 on infected cells and LFA-1 on target cells and polar-
ization of the microtubule-organizing center induced by Tax protein [29, 30].
Interestingly, virions at the virological synapse are stored as biofilm-like extracel-
lular assemblies [31]. In addition to cell-to-cell contact, HTLV-1 can also be passed
on to daughter cells via mitosis. Thus, the HTLV-1 proviral load in vivo might be
determined by both mitotic spread and cell-to-cell transmission. In this connection,
it will be of great interest to see how the interaction between Tax and mitotic regula-
tors such as MADI [32] might influence both processes. In addition, the HTLV-1
proviral load is also affected by host immune response and particularly by cytotoxic
T lymphocyte (CTL) response against viral proteins such as Tax and HBZ [33].
Thus, a better understanding of anti-HTLV-1 CTL response might reveal new strate-
gies for prevention of ATL.



152 C.-P. Chan et al.
9.3 Experimental Models in HTLV-1 Research

Mechanistic studies of HTLV-1 pathogenesis have largely been conducted in trans-
fected cells in which the HTLV-1 protein of interest is overexpressed. Although
these cells provide a good model for the study of HTLV-1 proteins, there are several
concerns about their relevance to HTLV-1 infection and biology. First, the expres-
sion level of the HTLV-1 protein of interest in transfected cells might be much
higher than in infected cells. Second, constitutive expression of the HTLV-1 protein
of interest could exhaust or sequester its partners and effectors leading to a squelch-
ing effect. Regulated or inducible expression is desired. For example, JPX9 cells, in
which Tax expression can be induced by Cd** [34], have proved useful in HTLV-1
research. Third, target cells of HTLV-1 are difficult to transfect. Surrogate models
such as HeLa and HEK293 cells with high transfection efficiency are helpful, but
they are significantly different from CD4* T cells in many ways. The concern might
be addressed by the use of new transfection reagents tailor-made for T cells. Finally,
different HTLV-1 proteins interact with each other to fulfill some functions coopera-
tively or antagonistically. This might not be reconstituted in transfected cells. Tens
if not hundreds of cellular binding partners of HTLV-1 proteins such as Tax and
HBZ have been identified. Not all of them have been validated in infected cells.
Interpretation of these interaction results should be cautious, bearing in mind the
limitations of the transfection system. Whenever possible, T-cell lines such as Jurkat
and CEMT4 as well as peripheral blood mononuclear cells (PBMCs) infected with
HTLV-1 should be used to verify findings obtained from transfected cells.

Various types of cultured cells including T cells, B cells, DCs, monocytes, endo-
thelial cells, and fibroblasts can be infected in vitro with HTLV-1 through coculture
with HTLV-1-infected cells such as MT2 and C8166. These freshly infected cells
serve as a good model for acute infection. In contrast, other ATL or derivative cell
lines are chronically infected with and transformed by HTLV-1. For example, MT4
and HUT102 cells were derived from ATL patients. MT2 cells were established
through coculture of normal cord leukocytes with ATL cells. C8166 cells were
obtained by fusion of normal cord leukocytes with ATL cells. Whereas these several
lines constitutively express Tax, other lines in which Tax expression has faded but
HBZ expression remains robust include ED and TL-Om1 [35, 36]. These cells rep-
resentative of different phases of infection are widely used in HTLV-1 research. In
addition to infection through coculture, infectious molecular clones of HTLV-1 are
also available [37]. These clones can be transfected into any cells and spawn HTLV-1
infection in susceptible cells. They greatly facilitate genetic analysis of HTLV-1.

BLV and HTLV-1 share many features in common. Both are transmitted through
body fluids requiring cell-to-cell contact. Both are leukemogenic in only a fraction
of infected hosts after a prolonged latent period. Thus, BLV serves as a good and
relevant model for HTLV-1 research [38]. Particularly, promising results on the
prevention of BLV-associated diseases through competitive infection with an
attenuated BLV provirus provide useful information as to how proviral load can be
reduced with this strategy [39]. BLV can infect several ruminant species with
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highest prevalence in dairy cattle. Infection of small ruminants such as sheep with
BLYV has therefore been developed as a productive animal model for both BLV and
HTLV-1 research. Sheep can be easily infected and the disease outcome can be
observed sooner [40]. By the same reasoning, infection of monkeys such as
Japanese macaques with STLV-1 provides useful information about HTLV-1
pathogenesis [41].

Various types of tumor develop in Tax- or HBZ-transgenic mice, but in most
cases these are neither leukemia nor lymphoma [42, 43]. Directing the expression of
Tax or HBZ more specifically to particular tissues and cells such as thymus and
leukocytes is a technical challenge that has only been met partially. Tissue-specific
promoters such as those of CD4, CD3e, Ig, Lck, and granzyme B have been used
with some success in the generation of more relevant disease outcomes. Although
these transgenic mice are not perfect models for HTLV-1 infection or ATL develop-
ment, they provide convincing evidence for the oncogenicity of Tax and HBZ pro-
teins, reveal different facets of HTLV-1 oncogenesis, and also serve as platforms for
the development of new therapy for ATL. Complementary to transgenic mice, infec-
tion of immunocompetent rabbits with HTLV-1 provides another model [38].
However, no disease or symptom related to ATL or TSP can be recapitulated in
rabbits.

Many features of ATL can be reproduced in immunocompromised mice engrafted
with ATL cells or ATL-derived cell lines [44]. These mouse xenograft models have
been used to study HTLV-1 leukemogenesis and to develop anti-HTLV-1 therapy.
The immunocompromised mice that have been developed include SCID, NOD-
SCID, NSG, NOG, and BRG mice [45]. SCID mice contain a nonsense mutation in
the protein kinase required for VDJ recombination of T- and B-cell receptors, lead-
ing to a severe combined immunodeficiency (SCID). In NOD-SCID mice, the SCID
mutation has been introduced into the nonobese diabetic (NOD) genetic back-
ground. This further compromises innate immunity by blocking the function of
complements, DCs, and macrophages. Similar to X-linked SCID in human, defi-
ciency in the interleukin-2 receptor common subunit y (IL2R-y¢) in mice results in
a complete loss of T, B, and NK cells. In NSG and NOG mice, this mutation in
IL2R-yc has been introduced into the NOD/SCID background. Likewise, BRG
mice are deficient for IL2R-y¢ and the recombinase-activating gene 2 (Rag2).

Humanization of immunocompromised mice by reconstituting their immune
system through engraftment of human hematopoietic stem cells has not only opened
the door for detailed analysis of human immunity but also provided a powerful new
tool for the study of human pathogens including HTLV-1 [46]. The mice are
engrafted with CD34* hematopoietic stem cells from human peripheral and cord
blood. Because all CD4* T lymphocytes in these mice are derived from the engrafted
human cells, they are excellent models for lymphotropic viruses such as HTLV-1
[47, 48]. These models have already been used successfully to study HTLV-1 infec-
tion and oncogenesis [49, 50]. For example, CD4* T-cell lymphoma was shown to
develop in NOD-SCID mice engrafted with human CD34* cells infected with
HTLV-1 [50]. Although the original paper reporting this finding was later retracted
by the editors and it remains to be determined whether HTLV-1 infects CD34" cells,
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which subsequently differentiated into CD4* cells, humanized mice still hold great
promises to advance HTLV-1 and ATL research with a biologically relevant model.
One challenge in this area is to develop a good model for persistent HTLV-1 infec-
tion in humanized mice.

9.4 HTLV-1 Oncoproteins

HTLV-1 encodes two major oncoproteins Tax and HBZ. In this part we will first
describe existing findings on Tax and HBZ essentially in chronological order. Then
we will summarize how they exert their impacts on the hallmarks of cancer. Finally
we will discuss their differential roles in HTLV-1 leukemogenesis.

Tax is a 40-kDa transactivator protein serving as the master regulator of HTLV-1
proviral expression from the LTR. To activate HTLV-1 transcription, Tax forms a
homodimer to engage CREB and DNA of three cAMP-response element-like 21-bp
repeats in the LTR [51-54]. Tax has a minimal transactivation domain [55]. Optimal
activity of Tax specifically requires the core TATAA promoter of HTLV-1, CREB,
and the 21-bp repeats [56]. Transcriptional coactivators including p300/CREB-
binding protein (CBP) and CREB-regulating transcriptional coactivators (CRTCs)
are then attracted by Tax [52, 57, 58]. Tax also recruits other regulators and protein
modification enzymes to modulate this process [59]. For example, p21-activated
kinases are recruited to activate LTR-dependent transcription [60], whereas LKB1
and salt-inducible kinases [61], protein deacetylases SIRT1 [62], as well as T cell-
specific transcription factors TCF1 and LEF1 [63] are recruited to medicate nega-
tive regulation of proviral transcription.

In addition to CREB, NF-«B is another major cellular transcription factor acti-
vated by Tax [16, 64]. Tax interacts with NF-kB regulators such as IxB kinase regu-
latory subunit IKK-y [65-67], ubiquitin-editing enzyme A20 [68, 69],
ubiquitin-binding adaptor protein TAX1BP1 [70, 71], E2 ubiquitin-conjugating
enzyme UBC13 [72], and E3 ubiquitin ligase RNF8 [73] to modulate NF-xB activa-
tion through the ubiquitin-proteasome pathway. Notably, Tax is a powerful modula-
tor of K48-linked, K63-linked, and linear ubiquitination of key adaptors of NF-kB
signaling such as IKK-y and TAB2 [73, 74]. Furthermore, Tax can also interact with
and stimulate SRF [75, 76] and c-Jun [73, 77] transcription factors resulting in the
activation of transcription from serum response elements and AP-1-binding sites.

It is generally accepted that Tax is required for the initiation of HTLV-1-mediated
malignant transformation. Expression of Tax alone can sufficiently transform
murine fibroblasts [78], immortalize T lymphocytes [79], and induce tumor forma-
tion in nude mice and transgenic mice [42, 43, 80]. Through CREB and NF-kB, Tax
activates a wide variety of cellular genes that contribute to transformation. Activation
of both CREB and NF-«xB signaling is required for full-blown transformation
induced by Tax [81, 82].

Tax is a multifunctional protein that activates transcription and transformation
primarily through protein-protein interaction [59]. Tax is known to interact with a
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subset of PDZ domain-containing proteins. For example, Tax interacts with TIP1
[83], PDLIM2 [84], and MAGTI!I [85] that contain PDZ domains. Another group of
Tax-binding proteins contains the coiled-coil motifs that mediate their interaction
with Tax [86]. Proteins in this group include mitotic checkpoint protein MADI1 [32],
transcriptional repressor GPS2 [87], regulatory subunit IKK-y of IkB kinase [65—
67], centrosomal and ciliary protein TAX1BP2 [88], transcriptional coactivators
CRTCI1/CRTC2/CRTC3 [57, 58], as well as ubiquitin-binding adaptor protein
TAXI1BP1 [70, 71]. Tax-binding proteins in both groups are the effectors of Tax in
transcriptional regulation and transformation.

HTLV-1 expresses both unspliced and spliced forms of HBZ, with the latter form
being more abundant in infected cells [9]. The expression of HBZ appears to be
required for HTLV-1 infectivity in vivo [89, 90]. Interestingly, HBZ RNA and pro-
tein show differential activity on apoptosis, but both promote cell cycle progression
into S phase [87]. HBZ protein was initially identified as a heterodimerization part-
ner of ATF4 [8]. In most cases dimerization of HBZ with ATF4, CREB, c-Jun, and
other bZIP transcription factors results in repression of their activity. Thus, HBZ is
a negative regulator of proviral transcription and it counteracts the activity of Tax.
In addition, HBZ suppresses canonical pathway of NF-kB activation. Collectively,
HBZ plays an important role in the proliferation of infected T cells as well as the
induction and maintenance of latent infection [3, 16, 89-93].

The hallmarks of cancer include self-sufficiency in growth signal, insensitivity to
antigrowth signals, resisting cell death, enabling replicative immortality, evading
immune surveillance, genome instability and mutation, as well as tumor-promoting
inflammation [94]. Although Tax and HBZ are antagonistic in many scenarios, they
cooperate with each other to impinge on the different hallmarks of cancer. Some key
examples are summarized below. HBZ activates Wnt signaling to sustain T-cell pro-
liferation [95]. Tax perturbs tumor suppressor function of p53 [96] and Rb [97, 98].
HBZ suppresses apoptosis by targeting FoxO3a that activates proapoptotic genes
[99]. Tax suppresses innate antiviral response by preventing TBK1-induced type 1
interferon production [100]. HBZ induces the expression of immune checkpoint
molecule TIGIT to evade T-cell response [101]. Tax impairs DNA damage response
[100-105], mitotic checkpoint [32], and centrosome duplication [88] leading to
genome instability and a mutator phenotype. HBZ activates the transcription of
hTERT to elevate telomerase activity [106]. Whereas HBZ enhances transforming
growth factor-f signaling leading to overproduction of IFN-y [43, 107, 108], Tax
activates NF-kB to induce various cytokines [64]. Both result in activation of pro-
inflammatory response.

Tax and HBZ play different roles in HTLV-1 oncogenesis. Whereas Tax is
required for the initiation of oncogenic transformation, HBZ is essential for the
induction and maintenance of HTLV-1 persistence and T-cell proliferation.
Consistent with this model, Tax is abundantly expressed in the early stage of infec-
tion and transformation, but its expression and activity are suppressed through mul-
tiple mechanisms. First, promoter hypermethylation occurs in the 5'-LTR, leading
to inhibition of Tax gene transcription [109]. Second, deletions and inactivating
mutations are commonly found in the 5'-LTR and Tax coding region in the HTLV-1
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genome in ATL cells [3]. Third, Tax recruits a group of inhibitors of proviral
transcription such as LKB1, SIRT1, TCFI1, and LEF1 through a negative feedback
loop [61-63]. Last but not least, the strong CTL response directed against Tax
essentially selects for T cells with low or no expression of Tax [33, 110]. In contrast,
HBZ is constitutively expressed in all stages of infection and transformation. The
differential activation of 5’- and 3’-LTR in the HTLV-1 genome is governed by
chromatin insulator CTCF and the CTCF-binding site in the pX region [111].

The expression of Tax and HBZ in infected individuals is highly dynamic. There
exist a large number of HTLV-1* clones, each of which is characterized by a unique
integration site of the HTLV-1 provirus in the host genome [112]. The pattern and
level of Tax and HBZ expression could vary from one to another clone. They might
even be passed on to the daughter cells through mitosis. In particular, Tax expres-
sion is known to be influenced by the distance and transcriptional direction of the
provirus relative to the host gene in the closest vicinity. Importantly, the abundance
of Tax- and HBZ-expressing cells is also governed by the CTL response. HBZ is
less immunogenic than Tax [110], but CTL response targeting HBZ can potently
suppress T-cell proliferation and has protective effect [113]. As mentioned above,
the CTL response confers a survival advantage to HTLV-1* clones that do not
express Tax [33, 110]. From another perspective, HTLV-1-infected cells express
cyclin-dependent kinase inhibitors p21 and p27 to high levels and enter cellular
senescence in an NF-kB-dependent manner [110]. Cells in which Tax is abundantly
expressed, NF-xB activity is high, and HTLV-1 replication is robust would be elimi-
nated by apoptosis. Only latently infected cells with high HBZ expression and low
NF-kB activation would survive [16, 114].

9.5 Mechanisms of HTLV-1 Oncogenesis

The long latency period of ATL development indicates that HTLV-1 oncogenesis is
a slow and multistage process. Above we describe with examples the impact of Tax
and HBZ oncoproteins on the different hallmarks of cancer. The subversion of
genome instability, the evasion from immune response, and the induction of pro-
inflammatory response are particularly attractive mechanisms that warrant further
investigations. These mechanisms are critically important and they contribute to
different stages of HTLV-1 oncogenesis. However, we should also bear in mind that
ATL does not develop overnight, and it is the collective effect of Tax and HBZ over
several decades that ultimately gives rise to ATL. Currently there is no consensus
model that could fully explain the process of HTLV-1 oncogenesis.

Although insertional mutagenesis is a widely accepted mechanism for retroviral
oncogenesis, how this applies in the case of HTLV-1 remains to be clarified.
Integration site analysis in asymptomatic carriers and ATL patients indicates non-
random insertion of HTLV-1 provirus into the host genome, with a preference for
transcriptional start sites and CpG islands. Although no integration hot spots are
found in ATL, a strong bias toward certain binding sites for transcription factors
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such as STAT1 and p53 is seen [115]. Because HTLV-1 contributes a CTCF site
with the potential of forming a chromatin loop with another CTCF site in the host
genome [111], it might modify host chromatin structure both in the vicinity and
over a long distance, leading to aberrant activation of proto-oncogene, which confers
a growth and survival advantage in natural selection. This model could explain why
ATL development is a rare accident that occurs only in a small subset of HTLV-1-
infected subjects. Further investigations are required to elucidate whether and how
CTCF-mediated DNA looping might contribute to HTLV-1 oncogenesis.

Analysis of HTLV-1 clonality by deep sequencing reveals the difference in the
frequency distribution of HTLV-1-infected T-cell clones in asymptomatic carriers
and ATL patients [112]. In an asymptomatic carrier, there are about 10,000 lower-
abundance clones. In a TSP patient, the number increases to about 30,000. These
clones contribute substantially to the HTLV-1 proviral load, which is the major risk
factor for TSP and also ATL. That is to say, the total number of clones but not the
degree of oligoclonal expansion is influential in ATL development. Tax expression
is more common in the lower-abundance clones than their high-abundance counter-
parts. Whether ATL arises from these lower-abundance clones is an issue of debate.
Evidence in support of this model comes from integration site analysis and compari-
son with HTLV-2 [112, 116].

ATL cells are aneuploid and exhibit a mutator phenotype. Various genetic muta-
tions have been found to accumulate in ATL cells, many of which are known to
affect NF-xB activation [82]. For example, mutations in CARDI11, PRKCB, and
PLCGI are thought to be critical in the activation of NF-xB signaling [117].
Plausibly, some of these mutations might serve as the second or third hit to drive full
development of ATL. In light of the requirement of CREB signaling in HTLV-1
oncogenesis, it will not be too surprising if some of the genetic mutations might also
be found in the future to have an impact on CREB activation. For instance, muta-
tions of E3 ubiquitin ligase FBW7 have been found to affect Notch signaling [118].
FBW7 is a well-characterized tumor suppressor gene. It will be of interest to see
whether these mutations might affect other pathways critically involved in tumor
suppression. Through its Tax and HBZ oncoproteins, HTLV-1 can also induce alter-
ations in epigenetic regulators, promoter methylation profiles, and microRNA
expression patterns [82, 119]. In this regard, it will be of great importance to deter-
mine to what extent the epigenetic and genetic alterations in ATL cells would con-
tribute to leukemogenesis. A working model for HTLV-1 oncogenesis that has
incorporated some of the points mentioned above is presented in Fig. 9.2.

9.6 Treatment of ATL

Treatment options for ATL are very limited and unsatisfactory [25, 120, 121].
Indolent ATL can be managed by watchful waiting until disease progression.
However, this strategy has been found to result in an even poorer long-term out-
come. An alternative treatment for indolent ATL uses a combination of zidovudine
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and interferon-o (AZT/IFN-a). This treatment has been shown to be effective for
ATL [122, 123] and has been successfully used in the USA and Europe, but the
mechanism of action remains unclear. Whether antiviral or cytotoxic effect is more
important needs to be clarified. It is possible that the antiviral effect of AZT relieves
viral suppression of IFN signaling, which has immunomodulatory and proapoptotic
effect. The AZT/IFN-a therapy is not recommended in Japan pending the final
result from an ongoing clinical trial. For patients with aggressive ATL, AZT/IFN-«
or intensive chemotherapy is the first-line treatment. Whereas the outcome of AZT/
IFN-a treatment is good for leukemia-type ATL [123], chemotherapy is reserved for
lymphoma-type ATL. In addition to AZT/IFN-a and chemotherapy, allogeneic
hematopoietic stem cell transplantation (allo-HSCT) is a potentially curative option
for aggressive ATL. Using unrelated bone marrow and umbilical cord blood as alter-
native donor source in allo-HSCT has been successful in Japan. Notably, the antitu-
mor effect of allo-HSCT provides the proof of principle for novel immunotherapy
of ATL, including immune checkpoint therapy.

An anti-CCR4 monoclonal antibody is a novel targeted therapy for ATL [124].
CCR4 is selectively expressed in regulatory T cells and T helper type 2 cells. It is
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found in most ATL cells and its expression is induced by HBZ [125]. CCR4 expres-
sion is an indicator of poor prognosis [126]. Thus, anti-CCR4 can selectively elimi-
nate ATL cells primarily through antibody-dependent cell-mediated cytotoxicity.
Identification of new biomarkers that can be used to select patients who will benefit
most from anti-CCR4 antibody might be the next challenge. In addition to anti-
CCR4, an antibody against CD25, the a-subunit of IL2R, has also been tested for
targeted therapy of ATL [127].

9.7 Concluding Remarks

More than 35 years have passed since the discovery of HTLV-1. Research findings
in the field have not only advanced our understanding of HTLV-1 biology and onco-
genesis but also provided new strategies and modalities in the management of
ATL. A group of international experts in the field has formed a task force under the
Global Virus Network and suggested priorities and open questions in HTLV-1
research [128]. Below I would echo their five suggestions as the concluding remarks
of this chapter. First, global prevalence of HTLV-1 infection should be reviewed to
identify opportunities and means to expand epidemiological studies [17]. A method
to reduce mother-to-child transmission by breastfeeding in low-income countries
should be developed. Second, biomarkers to predict disease progression should be
identified. Searching for driver mutations through deep sequencing [117] should be
continued and their clinicopathological significance determined. Third, preventive
and therapeutic vaccines should be developed. Fourth, existing drugs should be
screened and novel drugs should be developed to improve therapy [25, 120, 121].
Last but not least, basic research should be strengthened. Unraveling mechanisms of
viral replication, persistence, and pathogenesis will open insights into novel treat-
ments. This includes studies on HTLV-1 oncoproteins Tax and HBZ that promote
viral replication and persistence [14, 16], viral entry, infectious and mitotic cycles
of replication, genetic and epigenetic mechanisms that underlie ATL [82], the role
of host immunity in the control of HTLV-1 infection [33], as well as HTLV-2,
HTLV-3, and HTLV-4 pathogenesis [12]. We are optimistic that better answers to
many of these open questions will be obtained in the near future.
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