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ATLL is an aggressive malignancy of T cells that affects about 5% of individuals infected with HTLV-1. The precise mechanism of
oncogenesis is not known, but there is evidence that two regulatory viral proteins, Tax and HBZ, are involved. A high set point
proviral load is associated with development of ATLL or a chronic inflammatory condition, HAM/TSP. Several lines of evidence,
including HLA class 1 association studies and in vitro killing assays, indicate that cytotoxic T lymphocytes are instrumental in
determining this proviral load set point. Prior studies have focused chiefly on the CTL response to the immunodominant Tax
protein: efficient lysis of Tax-expressing cells inversely correlates with proviral load in nonmalignant infection. However, a recent
study showed that strong binding of peptides from HBZ, but not Tax, to HLA class 1 molecules was associated with a low proviral
load and a reduced risk of developing HAM/TSP, indicating an important role for HBZ-specific CTL in determining infection
outcome. In comparison with nonmalignant infection, HTLV-1-specific CTLs in ATLL patients are reduced in frequency and
functionally deficient. Here we discuss the nature of protective CTL responses in nonmalignant HTLV-1 infection and explore the
potential of CTLs to protect against ATLL.

1. Introduction

Human T-cell lymphotropic virus-1 (HTLV-1) is a retrovirus
which predominantly infects CD4+ T cells, where it is reverse
transcribed and integrates into host DNA. The integrated
provirus can then disseminate by de novo infection of
T cells via the virological synapse, or by inducing clonal
expansion of the host cell. Most infected individuals do not
experience any symptoms, and HTLV-1-associated disease is
rarely observed in individuals with a proviral load of less than
1% of their peripheral blood mononuclear cells (PBMCs)
[1]. Approximately 2–6% of individuals HTLV-1 develop
adult T-cell leukemia/lymphoma (ATLL), and a slightly lower
percentage suffer from inflammatory disorders, including
HTLV-1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP). ATLL is a highly aggressive T-cell malignancy
with a poor prognosis, and, even with standard treatment,
the median survival time for clinically acute forms of the
disease is measured in months [2, 3]. Chemotherapeutic
intervention has had limited efficacy despite the develop-

ment of drugs to specifically target ATLL cells, though
some improvement has been reported combining antiviral
drugs (zidovudine) and immunomodulators (such as type-1
interferon) [3–5]. Allogeneic hematopoietic stem cell trans-
plantation (HSCT) has also improved survival [6], though
may not be a viable treatment option in all cases due to the
advanced age of most ATLL patients and the lack of suitable
donors [2]. Thus, the ability to harness the host immune
system to control ATLL would be an attractive proposition.

Leukemic cells carry at least one copy of the provirus,
and express CD4, the IL-2 receptor alpha chain CD25, and
typically exhibit a flower-like multilobed nucleus and genet-
ic abnormalities. Downregulation of CD3 and CD7 on
leukemic cells has been described [7], and several groups
have detected FoxP3 protein in ATLL cells [7–9], although
the degree of expression of FoxP3 varies between patients.
There is conflicting evidence on whether FoxP3-expressing
leukemic cells have regulatory capacity [9, 10]. ATLL is also
characterized by uncontrolled expansion of T cells which
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share a common T-cell receptor-Vβ chain, implying that
the disease is a result of malignant transformation and
expansion of a small number of infected cells. High-through-
put quantitative sequencing of the site of proviral integration
reveals that the bulk of the proviral load in ATLL patients is
composed of highly abundant clones with a small number
of unique proviral integration sites. This contrasts with
asymptomatic carriers (ACs) of the virus and patients with
HAM/TSP, whose infected cells consist of a mixture of T-cell
clones carrying many unique integration sites with varying
abundance in the peripheral blood [11].

CD8+ cytotoxic T lymphocyte (CTL) recognition of viral
peptides presented in the context of the human leukocyte
antigen (HLA) class 1 (major histocompatibility (MHC) pro-
tein class 1) triggers cytokine production by the CTL and
lysis of the infected cell. The affinity and stability of the
interaction between a given TCR and peptide-MHC complex
must exceed a threshold level to allow initial activation of the
T cell and to induce clonal expansion to form effector and
memory T cells. The nature of a CTL response to its cognate
antigen can subsequently be modulated by cell-intrinsic and
cell-extrinsic factors, which include the concentration of
peptide-MHC complexes on the target cell surface, the length
of time which has passed since the CTL has encountered
antigen, expression of the peptide-MHC-TCR-stabilizing
CD8 co-receptor, inhibition by regulatory T cells, and the
cytokine microenvironment. Thus, the efficiency of CTL
control is determined by a combination of the host genotype
and environmental factors.

HTLV-1 antigens are expressed in vivo and induce a CTL
response. In particular, the viral transcription factor Tax is
widely recognized by CTLs, and abundant activated Tax-
specific CTL can be detected in most infected individuals
[12–15]. Tax is expressed early in the life cycle of the virus
(ex vivo data) and can induce proliferation of infected cells,
but also expression of other viral genes, and contains several
well-characterized CTL epitopes. CTL epitopes and CTLs
specific for other viral genes have been described; though Tax
is immunodominant [12, 16], efficient recognition of other
subdominant target antigens appears to be more important
in protection: see what follows.

Little is known about the role of HTLV-1-specific CTL in
preventing or resolving ATLL. There is anecdotal evidence
that immune control of ATLL is achievable: spontaneous
regression of ATLL is sometimes observed. One report doc-
uments such a patient, in which regression coincided with
acquisition of an ability of their PBMCs to kill an ATLL
cell line in vitro. Subsequent disease progression was accom-
panied by a decline in the ability of their PBMC to lyse
ATLL cells [17]. Furthermore, there have been several reports
of ATLL emergence in HTLV-1+ individuals after immune
suppressive treatment during liver [18] and renal [19]
transplantation, indicating the importance of continuous
immune surveillance in infected individuals in suppression
of ATLL development.

In this paper, we review

(i) what is known about the HTLV-1-specific CTL re-
sponse in ATLL patients;

(ii) properties of HTLV-1 specific CTLs in patients who
have a low proviral load;

(iii) the role of HLA class 1 genes in CTL control of HTLV-
1;

(iv) expression of CTL target antigens by ATLL cells.

2. HTLV-1-Specific CTL Response in
ATLL Patients

Few data have been published describing the functional
properties of CTLs in ATLL, but all reports agree that the
ex vivo CTL response to HTLV-1 antigens is weak in these
patients [20]. Using a panel of peptide-MHC tetramers
Kozako et al. found that, in comparison with asymptomatic
individuals, Tax-specific CTLs in ATLL patients were directed
at a narrower range of epitopes and present at lower
frequencies or were undetectable ex vivo [21]. Env-specific
CTLs were also detected but were present at low frequencies
and only in asymptomatic carriers. Expression of the pro-
grammed death-1 (PD-1) receptor, which delivers inhibitory
signals to the CTL, was slightly higher on virus-specific CTLs
in ATLL patients than in ACs [22]. A subset of ATLL patients
have no detectable CTL when PBMCs are assayed directly ex
vivo. After culture, however, functional CTL are sometimes
observed [23, 24]: efficient killing of ATLL cells can be
demonstrated by CD8+ T cells after being cultured in vitro
for a week in the presence of IL-2 and a polyclonal activator
or stimulated with HLA-matched infected cells [23, 24].

In peripheral blood of acute ATLL patients, the lym-
phocyte population consists predominantly of leukemic
CD4+CD25+ cells. Careful analysis revealed that although
the ratio of CD4+: CD8+ T cells is grossly elevated, the
absolute number of CD8+ T cells detected in peripheral
blood is similar to the normal range or reduced by a factor
of two [20, 23]. Thus, depletion of the CD8+ T-cell subset
does not explain the reduced CTL activity observed. A more
likely candidate mechanism to explain this phenomenon is
suppression by regulatory T cells. Uninfected FoxP3+ T cells
with regulatory activity are significantly expanded in ATLL
patients, and lysis of autologous-infected cells by uncultured
CTLs was inversely proportional to the frequency of FoxP3+

cells [9]. It is also possible that competition from ATLL
cells for resources such as growth factors and cytokines, for
example, IL-2, disrupts the antiviral CTL response.

Despite the observed deficiency in the CTL response to
HTLV-1 in ATLL, there is evidence for an efficient immune
response in a subset of ATLL patients. In three individuals
with ATLL, Furukawa et al. observed an amino acid change
within the CTL epitope Tax [11–19] which rendered Tax
unrecognizable to CTLs specific for the consensus epitope
[25]. In addition, premature stop codons within the tax gene
which abrogate its transactivating activity were observed in
another ATLL patient. Familial analysis revealed that the
mutation emerged after viral transmission [25], strongly
implying that immune selection favoured the variant genes.
Loss of Tax expression or activity has the downstream effect
of reduced expression of other viral genes such as gag, pol,
and env which are transactivated by Tax. Thus, by ablating
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Table 1: HBZ and Tax as CTL target antigens: genetics, expression, and antigenicity in ATLL.

Tax HBZ

Naturally occurring genetic and epigenetic
changes in ATLL

Point mutations Detected in Tax 11–19 A∗0201 epitope [25] None described

Deletions Premature stop codons [26] None described

Deletions of 5′end of genome [25, 27, 28]

Epigenetic silencing
Hypermethylation of 5′LTR [46, 59, 60] and
pX region [59]

None described

Expression in ATLL

In vivo mRNA and protein low/undetectable [45, 46]
Multiply spliced isoforms of mRNA
detected [51, 52]

Ex vivo cultures
Increased mRNA transcription in vitro
culture [54]

Increased mRNA transcription after
culture in vitro [54]

Protein detected in 50% of ATL cases [44]
Protein at threshold for detection using
currently available antibodies [53]

CTL response in AC and HAM/TSP

CTL response in vivo
High frequencies Tax-specific CTL detected
in 66–94% infected individuals [12, 15, 43]

Low frequencies of HBZ-specific CTL
detectable in 25–40% of individuals
[42, 43]

Immunogenicity for CTL
Immunodominant, HTLV-1 protein most
frequently recognized by CTL [12–14]

Peptides bind weakly to HLA class-1 in
general [42]
Highly sensitive, cytotoxic CTL which
recognise HBZ 26–34 in the context of
A∗0201 can be generated in vitro [53]

Potential for protection in ATLL

Enhanced ability to present Tax peptides
does not confer a significant protective effect
[42] but can lyse ATL cells expressing Tax in
vitro [23, 24]

Efficient presentation of HBZ peptides
significantly associated with low PVL and
remaining asymptomatic [42]

a single viral protein, the infected cell may also escape
surveillance by CTL specific for other viral proteins. This
tax mutation was not restricted to ATLL patients, but was
also detectable in a minor population of infected cells in ACs
and patients with HAM/TSP [26]. There is further evidence
of large deletions within the HTLV-1 genome in dominant
ATLL clones. In particular, the 5′-long terminal repeat (LTR)
region, which encodes the promoter that drives expression of
the tax gene, is deleted in 28% of ATLL patients, compared
with 4% ACs [25, 27, 28]. It is less clear whether these large
deletions are due to immune selection or to an inherent
genetic instability of the leukemic cells (see Table 1).

3. CTL Control of HTLV-1 Proviral Load

Analysis of HTLV-1-specific CTL responses in individuals
who do not develop disease may provide important clues
as to the character of a desirable CTL response in ATLL.
In cases of nonmalignant infection, proviral load can vary
by up to 1000-fold between individuals, though within an
individual the load usually remains stable over years of
infection. In addition, ACs with a viral load above 1% are
significantly more likely to develop inflammatory disease [1,
29]. Thus, we identify a successful immune response as one
that results in a low proviral load set point. Many methods
have been employed to quantify the frequency of HTLV-
1-specific CTLs: primarily identifying cells by functional

assays or directly staining reactive TCRs using fluorochrome-
labelled peptide-MHC tetramers. However, simply measur-
ing the frequency of HTLV-1-specific CTLs has revealed
a positive, negative, or zero correlation with proviral load
in different studies [30–32]. This is not an unexpected
finding in persistent infection [33], where chronic antigen
exposure can drive proliferation of CTLs which are not
protective and may even be detrimental in the case of HTLV-
1-associated inflammatory disorders. Thus, the absolute
frequency of HTLV-1-specific CTLs may not be informative,
and alternative methods of quantification of CTL efficiency
are desirable.

We have developed a method to quantify the efficiency
with which uncultured CD8+ cells suppress Tax expression
in autologous infected CD4+ T cells in a perforin-dependent
and MHC class-I-restricted manner. CD8+-depleted PBMCs
are mixed with autologous CD8+ T cells at a range of ef-
fector: target ratios and cocultured overnight, following
which the number of Tax-expressing cells is enumerated
by flow cytometry, and the rate of elimination of Tax-
expressing cells is estimated by using nonlinear regression
to fit a mathematical model [34]. Using this assay, we have
found that the rate of elimination of Tax-expressing cells
is inversely proportional to proviral load, suggesting that
a more efficient CTL response has the effect of lowering
proviral load [34]. The CTL efficiency parameter measured
by this assay could explain up to 50% of the observed
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variation among infected individuals in proviral load [34].
Although the precise epitope specificity of CTLs responsible
for elimination of Tax-expressing cells is not defined in
this assay, we also observed that the rate of infected cell
elimination is proportional to the sensitivity with which Tax-
specific CTLs detect peptides presented on target cells and
that naturally infected cells expressing high levels of Tax
protein are killed significantly faster than cells expressing
lower levels of Tax [35]. These observations indicate that
Tax-specific CTLs can eliminate autologous cells which begin
to express the provirus. This is not just a phenomenon
observed in cells cultured in vitro: in vivo, CD4+CD45+RO
cells (which comprise most Tax-expressing cells) proliferate
faster in infected individuals than in uninfected individuals
and tend to die faster in HTLV-1-infected people [36].
Taken with the observation that, in ACs and patients with
HAM/TSP, proviral load is relatively stable over years of
infection [11], these data are consistent with the existence
of a dynamic equilibrium between proviral expression and
CTL surveillance, in which the per-cell efficiency of CTLs is
a major determinant of the proviral load set point.

4. HLA Class 1 and the Immune
Response to HTLV-1

Some of the most powerful and compelling evidence for
the important role of CTLs in controlling HTLV-1 comes
from genetic studies. In 1999, Jeffery et al. provided the first
definitive evidence that HLA class 1 genes can be protective
in HTLV-1 infection [37]. They observed that asymptomatic
individuals who possessed HLA-A∗02 alleles had a proviral
load which was approximately one third that of individuals
who lacked HLA-A∗02. In addition, the chance of developing
HAM/TSP was halved in HLA-A∗02+ individuals. HLA-A∗

02 is a common and highly polymorphic allele, present at
high frequencies in most populations. HLA-A∗0201 binds
the Tax 11–19 epitope with extremely high affinity, and up to
10% of circulating CTLs can be specific for this epitope [38].
In ATLL, Yashiki et al. reported that the HLA class 1 alleles
HLA-A∗26, HLA-B∗4002, HLA-B∗4006, and HLA-B∗4801
were more abundant in individuals who develop ATLL in
comparison with AC [39]. They hypothesize that this is due
to a reduced ability to bind and present Tax peptides, due
to the inability of these alleles to bind anchoring residues in
peptides derived from Tax [39].

Although Tax is both expressed and frequently targeted
by CTL in HTLV-1 infection, a recent genetic study has
shifted the focus of attention to another viral protein: HTLV-
1 basic leucine zipper protein (HBZ) [40]. HLA association
studies are hampered by the heterogeneity of HLA class 1
alleles in a population. Thus, for rare alleles that may be
protective, large numbers of participants are required in a
given study for associations to reach statistical significance,
and the results may only apply to certain populations. Also,
association studies do not reveal the precise mechanism of
protection these alleles confer. As an alternative approach,
MacNamara et al. conducted a systematic study that tested
the capacity of an individual’s HLA alleles to bind HTLV-1

peptides and asked whether this metric correlated with
the proviral load and the “risk” (i.e., relative prevalence)
of HAM/TSP. They used experimentally validated epitope
prediction software [41] which predicted the affinity of
binding of peptides derived from the HTLV-1 genome to
HLA-A and -B alleles in a cohort of 202 ACs and 230 patients
with HAM/TSP [42]. They found that the known protective
alleles A∗0201 and C∗0801 bound peptides from HBZ with
significantly higher affinity than alleles which were associated
with disease progression (B∗5401). Further analysis showed
that in general ACs had HLA alleles which bound peptides
from HBZ significantly more strongly than patients with
HAM/TSP, and this was not attributable simply to A∗0201,
C∗0801, and B∗5401. The more alleles an individual pos-
sessed that strongly bound peptides from HBZ, the lower
their proviral load. Interestingly, despite the strong protective
effect of effective HBZ presentation, peptides from HBZ
bound to class 1 molecules with significantly lower affinity
than peptides from Tax. These data were unexpected but
robust, and although CTL specific for HBZ could only be
detected at low frequencies in 25–40% of infected individuals
[42, 43], a CTL clone specific for HBZ could efficiently kill
HLA-matched primary HTLV-1-infected CD4+CD25+ cells,
indicating that peptides derived from HBZ are presented by
naturally infected cells [42].

5. Expression of CTL Target Antigens by
ATLL Cells

Viral antigen expression by ATLL cells in vivo is of course
the critical determinant of their susceptibility to lysis by
HTLV-1-specific CTL (see Table 1). Although the Tax protein
is strongly expressed in cultured cells of ∼50% of ATLL
cases [44], Tax mRNA is typically undetectable or present
at extremely low copy number in peripheral blood [45, 46].
Despite this, ATLL cells which were immediately fixed ex
vivo were sufficient to induce a Tax-specific CTL response
when used to immunize rats [44]. These data suggest that
CTLs are more sensitive than antibody staining in detecting
protein expression and lack of detection of mature protein
expression does not preclude the presentation of peptides in
vivo. A rat model of ATLL in which HTLV-1-transformed
cell lines are adoptively transferred into an immunodeficient
host has generated data which supports a role of Tax-specific
CTL response in prophylaxis against disease development.
Immunization with a DNA vaccine encoding full-length Tax
protein or with Tax oligopeptides protects against develop-
ment of a lymphoproliferative disorder in this model [47,
48]. Similarly, adoptive transfer of Tax-specific CTLs was also
sufficient to prevent disease [47]. Interestingly, epitopes from
Tax are also presented and targeted by newly expanded CTLs
in vivo in ATLL patients who have undergone successful
HSCT [49, 50].

HBZ is emerging as an alternative viral target antigen in
ATLL. Uniquely among HTLV-1 transcripts, several variably
spliced isoforms of HBZ mRNA are readily detectable in
vivo in all HTLV-1+ individuals tested [51]. The negative
strand of the 3′ genomic region of HTLV-1, from which
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HBZ is transcribed, is uniformly conserved in all ATLL
cases [28, 52], implying an essential role of HBZ in ATLL
persistence, but also making it an attractive target for im-
munotherapy. The ratio of HBZ mRNA to Tax mRNA is
significantly higher in ATLL patients than in patients with
HAM/TSP or ACs [51] which may be accounted for by the
silencing of Tax by mutation, deletion, or methylation of
the Tax-encoding DNA frequently observed in ATLL. Like
Tax, however, expression of HBZ protein is usually un-
detectable in HTLV-1+ PBMCs directly ex vivo. Currently
available antibodies reveal extremely low expression of HBZ
in cultured, naturally infected cells [53]. Evidence from
several groups suggests that HBZ protein is likely to be
expressed at lower levels than Tax [53] (Rowan, Bangham,
unpublished observations), and the majority of the HBZ
mRNA is retained in the nucleus [54], which may inhibit its
translation. Suemori et al. performed an elegant study which
tested the activity of an in vitro generated CTL clone specific
for HBZ 24–36 in the context of A∗0201. They showed that
sensitive, efficient CTLs specific for HBZ could be generated,
at least in A∗0201+ individuals, despite the low binding
affinity of HBZ peptides for HLA class 1. These cells could
lyse HLA-matched HBZ-transfected or peptide-loaded cells,
but not freshly isolated ATLL cells in vitro [53]. More testing
is needed to ascertain the contribution of HBZ-specific CTLs
in controlling proviral load in vivo, and the rat model of
leukemogenesis provides one possible system in which to
address this question.

6. Discussion

It is clear that the CTL response is crucial in maintaining
a low proviral load in nonmalignant cases of HTLV-1
infection. It is also evident that the CTL response to HTLV-
1 proteins in ATLL is somewhat lacking, with a reduced
frequency of HTLV-1-specific CTLs, a reduced number
of viral epitopes targeted, and CTL functional defects.
Enhancing weak CTL responses could be a potentially
effective, specific method for controlling ATLL: the epitopes
are expressed only by infected T cells, and efficient HTLV-
1-specific CTLs can provide surveillance for the lifetime of
the host; this could be achieved by therapeutic vaccination.
In addition, induction or enhancement of HTLV-1-specific
CTLs in people at risk of developing ATLL could prevent
disease development. Key considerations in designing a
vaccine include the choice of antigen, method of delivery,
and the need to surmount whatever mechanisms result
in a weak HTLV-1-specific CTL response in individuals
who develop ATLL. Tax and HBZ are emerging as the key
target antigens to be included in a CTL-directed vaccine.
Interestingly, both Tax and HBZ have been implicated in
the initiation of leukemogenesis, reviewed in [55, 56], and
inclusion in a putative vaccine would require functional
inactivation of both of these proteins. In fact, several vaccine
constructs designed to induce Tax-specific CTLs have already
been successfully tested in animal models [57, 58]. HBZ,
though less well characterized, plays an indispensable role
in maintenance of ATLL cells [52], and the region of the
HTLV-1 genome which encodes HBZ appears to be essential

as it is preferentially protected from deletion. Since HBZ
is constitutively expressed in vivo and ranks as the most
protective CTL target antigen in nonmalignant infection,
targeting HBZ could be the most important component of a
vaccine, particularly for ATLL. It seems logical to target both
proteins in order to exploit both the antigenicity of Tax and
the potentially highly protective properties of HBZ-specific
CTLs. Targeting epitopes from other HTLV-1 proteins may
also be beneficial in ATLL; however, no experimental data has
been published which supports or indeed refutes this. Finally,
it may be advantageous to consider combining therapeutic
vaccination with chemotherapeutic ablation of ATLL cells, to
increase the effective CTL: target ratio, enabling the CTLs to
regain control of the malignancy.
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