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Abstract

More than three decades have passed since Adult T-cell Leukemia/lymphoma (ATL) was first identified
as a distinct disease in Japan. During this time, researchers discovered its causative agent the Human T-cell
Leukemia virus type 1 (HTLV-1). HTLV-1 infection has a significant global prevalence, affecting an estimated
5-10 million individuals worldwide. In this review, we provide a comprehensive overview of HTLV-1
persistence, latency, replication, and oncogenesis, with a particular focus on the roles of viral proteins such
as Tax, HBZ, Rex, p30, p12, and p8. Additionally, we explore current treatment strategies for ATL, including
conventional chemotherapy, allogeneic hematopoietic cell transplantation, and epigenetic therapies. Gaining
deeper insights into HTLV-1 pathogenesis, its molecular drivers and the existing therapeutic approaches can
pave the way for more refined and innovative strategies to combat HTLV-1-associated malignancies.
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Introduction

The first identified human retrovirus, HTLV-1, has long been
known to be linked to Adult T-cell Leukemia/Lymphoma (ATL)
and other serious illnesses [1]. HTLV-1 infection affects millions
of people globally, with endemic regions comprising Gabon, the
Democratic Republic of Congo, Nigeria, aboriginal communities
in Australia, Equatorial Africa, Latin America, the Caribbean, nor-
theastern Iran, and southwestern Japan [2]. Although most infec-
ted people do not exhibit any symptoms, 3-5% of infections will
result in ATL or HTLV-1-associated myelopathy/tropical spastic
paraparesis, decades after the initial infection [1]. HTLV-1 main-
ly targets CD4+ T lymphocytes and transforms them as a result
of the expression of viral oncoproteins such as Transactivator
protein X (Tax) and HTLV-1 Basic leucine Zipper (HBZ) [1]. ATL is
a very aggressive form of leukemia with a dismal prognosis and
few treatment options available [1]. Understanding the molecular
mechanisms involved in HTLV-1 persistence, latency, and onco-
genesis, has advanced significantly during the past few decades.
However, and despite these explorations, ATL remains challenging
to treat because the current medications can cause severe side
effects and exhibit high relapse rates. Allogeneic hematopoietic
cell transplantation and targeted therapies are examples of pro-
mising treatments that provide new hope for improving patient
outcomes.

To provide a comprehensive understanding of HTLV-1-associa-
ted ATL, this review explores key topics and critical insights. It first
examines the HTLV-1's biological makeup, including the virus’s
DNA, modes of transmission, and target cells. Furthermore, it exa-
mines the molecular mechanisms underlying viral replication and
the persistence of HTLV-1 within host cells. The review also exa-
mines the mechanisms underlying HTLV-1-induced oncogenesis
emphasizing the pivotal roles of key viral proteins such as Tax and
HBZ in driving the transformation of immune cells. In addition,
the study examines the current approaches to treating ATL, which
include chemotherapy, targeted therapies, hematopoietic stem
cell transplantation and epigenetic therapies. Lastly, the chal-
lenges encountered in treating HTLV-1-related ATL are discussed,
including the disease’s rarity and heterogeneity.

HTLV-1 epidemiology

HTLV-1, the first human retrovirus ever identified, belongs to
the Delta subtype of the Orthoretrovirinae family and is estima-
ted to infect approximately 10 million people worldwide [1]. High
infection rates of this virus have been reported in Gabon and the
Democratic Republic of Congo, while Nigeria has the largest num-
ber of infected individuals globally. Other endemic regions include
aboriginal communities in Australia, Equatorial Africa, Latin Ame-
rica, the Caribbean, northeastern Iran, and southwestern Japan,
with Romania and Moldova being the only European countries
with relatively high seroprevalence [2].

HTLV genotype and biological structure

Although HTLV-1 is the most common and well-studied type of
viruses, there are also other known genotypes named HTLV2/3
and 4 [3]. In addition, HTLV-1 is present in 7 subtypes (HTLV-1A to
-1G) that are highly conserved [3]. Following a prolonged incuba-

tion period, only a small proportion of individuals infected with
HTLV-1 progress to one of its associated diseases. These include
ATL, an aggressive leukemia driven by the virus’s oncogenic acti-
vity; HTLV-1-associated myelopathy/tropical spastic paraparesis,
a neurological demyelinating disorder; and HTLV-1-associated
uveitis [4,5].

HTLV-1 is a single-stranded, positive-sense RNA virus. Its ge-
nome contains Long Terminal Repeats (LTRs) at both ends [6], and
it encodes the classical retrovirus structural proteins; group-speci-
fic antigen (gag), envelope (env) genes, polymerase (pol), Reverse
Transcriptase (RT) and Integrase (IN) [7]. Also, HTLV-1 encodes
two oncoproteins, Tax and HBZ. Tax is responsible for cytoplas-
mic signaling through various receptors and leads to unregulated
cell cycle, genetic instability, inhibition of DNA repair and finally
apoptosis. While, HBZ is involved in inflammation, histone methy-
lation, apoptosis and T-cell differentiation signaling pathways [7].
Moreover, HTLV-1 encodes for Regulator of Expression (Rex) a vi-
ral RNA-binding protein, that facilitates the transport of unspliced
or incompletely spliced viral mMRNAs from the nucleus to the cyto-
plasm of the host cell [6].

HTLV-2 is less pathogenic than HTLV-1 [3]. Interestingly, HTLV-2
has no clinical correlation with lymphoproliferative disease, even
if it was first discovered in a patient with hairy cell leukemia [8].
In addition, some patients with HTLV-2 infection report HTLV-1-as-
sociated myelopathy/tropical spastic paraparesis -like symptoms,
but a clear correlation between the virus and symptoms needs to
be established [9].

HTLV-3 and HTLV-4, two novel human T-cell leukemia viruses,
were identified in Cameroon [3]. Their clinical significance and
associated disorders remain under investigation due to limited
research and understanding.

HTLV-1 transmission and infection

HTLVs were first detected in humans in Central Africa, origi-
nating from cross-species transmission of simian T-cell leukemia
virus type-1 from monkeys to humans [3]. Three types of trans-
mission were observed: human to human parallel transmission,
primate to human transmission, and non-human transmission [3].
Additionally, the geographic movement of people helped in the
spread of HTLV-1 in the world mainly via body fluid through three
routes: sexual intercourse (semen), breastfeeding, and blood
transfusion [6]. A Japanese study showed that the transmission
from male to female is more efficient than from female to male
[10]. Interestingly, the cell-free infection of HTLV-1 is inefficient
[11]. HTLV-1’s limited genetic variation suggests that it spreads
by cell transmission rather than viral particle infection. Viruses
propagate via virological synapses, biofilm, cellular conduits, and
tunneling nanotubes [12] (Figure 1). Heparan Sulfate Proteogly-
can (HSPG), neuropilin-1, and Glucose Transporter (GLUT1) are
involved in HTLV-1 cell entrance. The virus should initially connect
with HSPG, then neuropilin-1, and lastly GLUT-1 on the cell sur-
face. This helps membrane fusion and viral entrance into cells
[13].
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Figure 1: Primary modes of viral spread.
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Mechanisms of viral replication, persistence and oncogenesis

Replication cycle: From invasion to mature virions

While CD4+ T cells are the primary target of HTLV-1 infection,
there is evidence that the virus also infects other types of immune
cells, such as CD8+ T lymphocytes and B lymphocytes [3]. This is
due to the ability of the envelope glycoprotein surface subunit to
interact with three main cellular receptors including GLUT1, HSPG
and the neuropilin-1 that are found widely throughout this range
of target cells. The invasion of HTLV-1 represents the first step of
the virus’s ability to survive and replicate. HTLV-1 envelope surface
subunit initially interacts with HSPG followed with neuropilin-1
resulting in the creation of a complex. This association causes a
conformational change in surface subunit triggering GLUT1 to join
the complex for initiating the fusion process (Figure 2.1). Subse-
quently, the viral core containing the viral genomic RNA (gRNA) is
delivered into the cytoplasm (Figure 2.2). Following its entry, the
viral genomic RNA is reverse transcribed into a double stranded
DNA (dsDNA) (Figure 2.3) and translocated into the nucleus (Fi-
gure 2.4). Afterward a provirus is formed by integration of viral
genome into the host cell DNA (Figure 2.5 & 2.6). Consequently,
the provirus is transcribed (Figure 2.7) and post transcriptionally
modified (Figure 2.8) and then exported outside of the nucleus
(Figure 2.9) followed by translation of the viral proteins in the cy-

toplasm (Figure 2.10). Two copies of the viral genomic RNA along
with the structural and enzymatic proteins (Gag, pol and env) are
delivered to the plasma membrane (Figure 2.11) to assemble an
immature virus budding (Figure 2.12) that is liberated from cell
surface (Figure 2.13) and undergoes various maturation processes
to form a fully infectious virus particle (Figure 2.14) [14].

HTLV-1 persistence and latency: A virus hidden in a plain sight

In the early stage of infection and based on cellular host pa-
thway, the doubly spliced mRNA Tax and Rex from HTLV-1 provirus
are expressed to activate viral replication and expression of viral
genes [15]. Tax stimulates the 5’LTR by binding to its Tax Response
Element (TRE) via transcription Factor cAMP Response Element
Binding protein (CREB). This complex (Tax/CREB) recruits’ cellular
transcriptional co-activators to activate the 5’LTR viral promoter
and enhance transcription of single spliced and un-spliced mRNA
that codes for structural and enzymatic viral proteins [16,17]. Vi-
ral replication requires the nuclear export of these viral mRNA
from site of transcription to the translation machinery in the cyto-
plasm. Rex the regulatory protein of HTLV-1 plays a key role in this
nuclear export. This leads to the accumulation of those unstable,
not completely spliced mRNA in the cytoplasm and enhances
their protein translation, which are required for replication of
viral particle and virions formation [15]. After infecting T cells,
HTLV-1 enters a prolonged phase of clinical latency in carriers,
typically lasting between 20 and 40 years. During this time, vi-
ral gene expression remains minimal, making it difficult to detect
and allowing the virus to evade immune surveillance [18]. Several
accessory proteins, including p30, p12, and p8, play distinct roles
in promoting viral latency and persistence through multiple me-
chanisms. p30 is a protein that resides in the nucleus and binds to
doubly spliced mRNA, ensuring the retention of transcripts that
encode the Tax and Rex proteins within the nucleus [19]. This
leads to a decrement in the protein levels and suppression of vi-
ral replication which indeed promotes persistence by evading the
immune response [19]. On the other hand, p12 and p8 reduce
the surface expression of Intercellular Cell Adhesion Molecule 1
(ICAM-1), ICAM-2, and Major Histocompatibility Class | (MHC-I),
hindering the ability of NK cells and cytotoxic T lymphocytes to
detect infected cells [20]. Additionally, p8 suppresses early T-cell
receptor signaling following T-cell receptor stimulation, thereby
preventing T-cell activation [20]. Furthermore, given that Tax pro-
tein is strongly immunogenic, its expression should be inhibited to
prevent the elimination of Tax expressing cells by Tax specific cy-
totoxic T lymphocytes. The repression of Tax is therefore control-
led by different possible mechanisms including genetic changes
in the Tax gene, epigenetic changes in the viral promoter in the
5’ LTR such as DNA hypermethylation and histone modifications,
and/or deletion of 5’ LTR sequences [21]. It is important to note
that the export of the mRNAs encoding HBZ occurs independently
of Rex. Notably, HBZ can inhibit the Rex-mediated export of struc-
tural mRNAs (e.g., Gag-pol), thereby preventing viral translation
and preserving a latent HTLV-1 infection without viral production
[22]. Consequently, HBZ does not support productive viral replica-
tion, but rather contributes to HTLV-1 persistence by suppressing
cellular senescence and promoting viral latency [22]. Together,
these factors facilitate the establishment of a dormant state in
HTLV-1-infected cells, allowing the virus to persist undetected wi-
thin the host.
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HTLV-1-induced cellular oncogenesis: Insights into key viral
proteins and their regulatory roles

ATL subtypes can be classified based on Tax expression. In
about 50% of ATL cases, the expression of Tax is lost. Around 25%
of cases originate from HTLV-1-infected cells that never expressed
Tax, indicating Tax-independent leukemogenesis. Another 25%
initially require Tax for transformation but later lose its expression
to evade immune detection. The remaining 50% of ATL cases re-
tain Tax expression, with two patterns: a small subset shows high
Tax expression, while most cases express Tax intermittently or at
very low levels [23].

Whole-genome sequencing analyses of ATL have highlighted
two striking features of ATL that are connected to Tax: the ex-
tensive genomic instability observed in ATL, and the significant
overlap between the signaling pathways and molecules activated
by Tax and the genetic alterations found in ATL. These alterations
predominantly affect key signaling molecules within the TCR-NF-
kB and CD28 co-stimulatory pathways, underscoring Tax’s role in
disease progression [24].

Tax drives the transformation of infected T cells through mul-
tiple regulatory mechanisms. Tax disrupts cell cycle regulation in
infected lymphocytes by modulating the expression and activity
of key cell cycle regulators through both direct protein-protein in-
teractions and transcriptional transactivation. Beginning with the
cyclins, Tax directly transactivates the cyclin D2 gene, thereby pro-
moting cellular proliferation [25]. In terms of Cyclin-Dependent
Kinases (CDKs), Tax activates both CDK4 and CDK6, a mechanism
suggested to be responsible for the abnormal T-cell proliferation
of HTLV-1-infected lymphocytes [26]. Notably, Tax has been shown
to specifically and directly interact with CDK4, enhancing its asso-
ciation with the cyclin D regulatory subunit which could possibly
explain the immortalizing effects of this HTLV-1 oncoprotein [27].

Beyond cyclins and CDKs, Tax also targets cyclin-dependent ki-
nase inhibitors. It binds to p161nk4a and p15ink4b, leading to the
restoration of CDK4 activity and cell cycle progression. Additional-
ly, Tax represses the expression of p18ink4c, further relieving in-
hibition on CDK activity [28]. Tax also directly associates with the
Retinoblastoma Protein (Rb), a key negative regulator of the cell
cycle. This interaction occurs within the B pocket of Rb and the
C-terminal region of Tax (amino acids 245-353), resulting in the
destabilization of the hypo-phosphorylated, active form of Rb via
the proteasome degradation pathway [29]. Furthermore, Tax can
functionally inactivate the tumor suppressor p53 as discovered
in Tax transgenic mice [30]. In parallel with these effects on cell
cycle progression, Tax also promotes cell survival by modulating

apoptotic key players particularly by upregulating anti-apoptotic
proteins like survivin [31] and BCL-2, and downregulating proa-
poptotic BH3-only proteins Bim and Bid [32]. In addition to these
mechanisms, Tax contributes to cellular transformation by indu-
cing centrosome amplification which could lead to chromosomal
instability [33].

In contrast to Tax, HBZ is expressed in all ATL cases [23] and
was shown to promote the proliferation of HTLV-1-infected T
cells [34] through multiple mechanisms. One of the discovered
pathways involves the suppression of CCAAT/Enhancer-Binding
protein Alpha (C/EBPa) signaling, thereby overcoming its inhibi-
tory effect on cell proliferation [35]. Additionally, HBZ was sugges-
ted to contribute to an active Brain-Derived Neurotrophic Factor
(BDNF)/TrkB autocrine/paracrine signaling loop in HTLV-1-infec-
ted T cells, which enhances cell survival [36].

Another mechanism by which HBZ supports cell proliferation
involves its interaction with Activating Transcription Factor 3
(ATF3). By binding to ATF3, HBZ mitigates its suppressive effects,
allowing ATF3 to promote T-cell proliferation by upregulating cell
cycle-related genes such as CDC2 and cyclin E2 [37]. HBZ also en-
hances the migratory and proliferative capacities of T cells by acti-
vating the expression of the chemokine receptor CCR4 [38].

On the other hand, HBZ impairs transcription of the proapop-
totic Bim and FasL genes by disrupting the function of FoxO3a a
critical transcriptional activator of the genes encoding these proa-
poptotic factors [39].

Therapeutic strategies of HTLV-1 associated cancer
Watch-and-wait strategy for indolent ATL

The choice of a therapeutic approach for ATL depends on the
subtype of the disease. Indolent ATL subtypes, such as smoldering
and favorable chronic, generally have a better short-term progno-
sis compared to aggressive forms. Traditionally, a «watch-and-
wait» approach was used for these subtypes. However, a study in
Brazil revealed that patients with indolent ATL who were managed
with this approach had a 5-year survival rate of less than 20% [40].
Therefore, patients with slow-growing ATL should receive active
treatment, as the watch-and-wait strategy is associated with poor
long-term outcomes.

Chemotherapy

ATL is frequently treated with chemotherapy. Various combi-
nation chemotherapy regimens have been evaluated for ATL in
clinical settings. The treatment methods, clinical outcomes, and
associated adverse effects are summarized in Table 1 [41-46].

CTabIe 1: Combination chemotherapy used to treat adult T-cell leukaemia-lymphoma in the clinical setting. )
Study Treatment regimen Cinical endpoints Adverse effects Disease Ref
CHOP (cyclophosphamide,
doxorubicin, vincristine, and Complete remission
) . o .

) A ) predplsong) followed bY etoposide, rat.e qf 35.8%, partial Adult T-cell leukemia/
multiinstitutional, vindesine, ranimustine, and remission rate of 38.3%, lvmohoma [41]
cooperative study mitoxantrone supported by the median survival of 8.5 ymp

(1996) granulocyte colony-stimulating months, predicted
factor (G-CSF) 3-year survival of 13.5%
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VCAP (vincristine, Complete response
cyclophosphamide, doxorubicin and = rate of 35.5%, partial
A multicenter predrﬂson(.e), AMP (doxo.rublcm, response ratg of 45'2%’ Grade 4 hematological toxicity of neutropenia | Adult T-cell leukemia-
phase Il study ranlmustln‘e anq prednlsonfs) median surV|vaI.t1me of in 65.3% of patients, thrombocytopenia in lymphoma [42]
(2001) and VECP (Y|nde5|ne, etgpomde, 13 months, estlma.ted 52.6% of patients.
carboplatin and prednisone), 2-year overall survival
G-CSF was administered during the of 31.3%
intervals between chemotherapy
Complete response of Grade 4 neutropenia in 67%, grade 3 or
Vincristine, doxorubicin, etoposide 28%, partial response greater infection in 22%, treatment-related
A multicenter . ! ! _ | of 24%, median survival death in 7% (4 patients), septicemia in 2 Adult T-cell leukemia-
phase Il study prednlsol'onfe,.and Deoxycofprmycm time of 7.4 months, patients, cytomegalovirus pneumonia in 2 lymphoma [43]
(2003) (an |nh|(§)|tor .Of adenosine estimated 2-year patients. This combination chemotherapy is
eaminase) survival rate of 15.5% not a promising regimen against aggressive
ATL.
Complete response rate
VCAP-AMP-VECP of 33%, overall response
rate of 77%
A multicentre, Grade 23 treatment-emergent adverse Adult T-cell leukemia-
randomized, phase events including anemia, thrombocytopenia, lymphoma [44]
Il study (2015) VCAP-AMP-VECP plus Complete response rate lymphopenia, leukopenia, and decreased
mogamulizumab (antibody targeting  of 52%, overall response | appetite, additional adverse events including
CC chemokine receptor type 4) rate of 86% skin disorders, cytomegalovirus infection,
pyrexia, hyperglycemia, and interstitial lung
disease
Zﬁs;sgl p:)l;ossrezssrl:);r;:Lese Adverse events, including incidence and
Brentuximab vedotin (anti-CD30 5-year progréssion-free’ severity of febrile neutropenia in 18% of
antibody), cyclophosphamide, survival rate of 51.4% patients and peripheral neuropathy in 52% of
A global, double- doxorubicin, and prednisone 5-year overall sur\;ivall patients. Fatal adverse events occurred in 3%
blind, randomised, rate of 70.1% of patients CD30-positive
phase 3 trial (2019, peripheral T-cell [45,46]
2022) '::ﬁs.:j:l ;:)rfozgcr)egrgr;g]ese Adve.rse events., including incjdfence and lymphomas
5-year progre’ssion-freel sgverlty of febrllf-:‘ neutropenia in 15% of
CHOP survival rates of 43% patients in and peripheral neuropathy in 55%
.| of the patients. Fatal adverse events occurred
5-year overall survival in 4% of the patients
(0S) rate of 61% in &% P :

Immunomodulatory therapy

Lenalidomide, an immunomodulator, demonstrated an anti-
tumor activity and a manageable toxicity profile in patients with
relapsed or recurrent aggressive ATL. Clinical outcomes included
an overall response rate of 42% and a tumor control rate of 73%.
The median progression-free survival and overall survival were
3.8 and 20.3 months, respectively. Adverse events, including neu-
tropenia, leukopenia, lymphopenia, and thrombocytopenia, were
generally manageable and reversible [47].

Antiviral therapy

Zidovudine (AZT) is the only antiviral medicine utilized in the
treatment of HTLV-1. Adoption of AZT and Interferon-Alfa (IFN-
alpha) in ATL showed enhanced survival in the leukemic subtypes.
The five-year overall survival rate was 46% for patients who re-
ceived first-line antiviral therapy, 20% for patients who received
first-line chemotherapy, and 12% for patients who received first-
line chemotherapy followed by antiviral therapy. Patients with
acute, chronic, and smoldering ATL significantly benefited from
first-line antiviral therapy, whereas patients with ATL lymphoma
experienced a better outcome with chemotherapy. In acute ATL,
achievement of complete remission with antiviral therapy resul-
ted in 82% 5-year survival. Antiviral therapy in chronic and smol-
dering ATL resulted in 100% 5-year survival [48]. Mechanistically,
AZT/IFN-alpha reduces the reverse transcriptase activity and al-
ters the clonality pattern in ATL patients [49]. However, although
there was clinical improvement, the treatment with AZT/IFN did

not cure patients with acute and lymphoma ATL, who still had me-
dical needs that were not being satisfied [50].

Arsenic trioxide (As,0,)- based therapy

The combination of As O, and INF-alpha selectively eliminated
ATL cells by promoting Tax proteasomal degradation and inhibi-
ted the activity of ATL leukemia initiating cells in vivo [51-53]. At
the molecular level, the exact mechanism of action of As,0O, is not
yet fully understood; however, it seems to promote apoptosis in
treated cells. A strong synergistic impact was noted between IFN-
alpha and arsenic in ATL-derived cell lines, leading to a significant
suppression of cell proliferation, G1 arrest, and induction of apop-
tosis [51]. Cell death was shown to be partially reliant on caspase
activation and was not linked to changes in BCL-2, Bax, or p53
expression. As,0, and IFN-alpha together caused Tax degradation,
upregulation of IkB-a leading to a reduction in RelA DNA binding
nuclear factor NF-kB complexes due to the cytoplasmic retention
of RelA. Assuming the function of Tax in HTLV-I-induced transfor-
mation, its decrease likely leads to cell death by deactivating the
NF-kB pathway [54].

In clinical settings, a combination regimen of As O,, IFN-al-
pha, and AZT was evaluated in 10 newly diagnosed patients with
chronic ATL, achieving a remarkable 100% response rate. This in-
cluded seven complete remissions, two complete remissions with
residual circulating atypical lymphocytes exceeding 5%, and one
partial response. Notably, responses were rapid, adverse effects
were moderate and primarily hematologic, and no relapses were
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observed [55].

Moreover, the combination of As,O,, IFN-alpha and AZT over
8 weeks showed potential as a consolidation therapy for ATL
patients. Among nine patients, one patient in progression died.
While three survivors with the indolent subtype achieved survi-
val times of 48, 53, and 97 months and response durations of 22,
25, and 73 months. The five remaining patients had aggressive
ATL. The median survival time was 36 months, and the median
response duration was 10 months. The resulting side effects were
manageable and reversible, reinforcing the feasibility of this treat-
ment as a viable option for patients who are ineligible for alloge-
neic stem cell transplantation [56].

Furthermore, the combination of As O,, INF-alpha and AZT in a
30-day study involving 16 ATL patients demonstrated a shift from
a Treg/Th2 to a Thl cytokine profile, marked by increased IFN-y
and IL-2 levels and decreased Foxp3, IL-10, and IL-4 levels. Fifteen
patients responded to treatment, showing reduced CD4+CD25+
cells and Foxp3 transcripts. The therapy improved the immune
microenvironment, aiding ATL cell eradication and reducing op-
portunistic infection risks. The transcript levels of IL-10, an immu-
nosuppressive cytokine upregulated by Tax, negatively correlated
with clinical response, highlighting their significance in predicting
treatment outcomes [57].

Monoclonal antibody therapy

Various monoclonal antibodies targeting cell surface mole-
cules on ATL cells were evaluated in clinical studies with promising
results. The monoclonal antibodies primarily targeted CD2, CD25,
CD30, CD52, and TfR in ATL cells.

mAb A24 targeting TfR: HTLV-1-infected cells constitutively
express high levels of surface Transferrin Receptor (TfR), a fea-
ture not observed in normal cells. The anti-TfR antibody A24 was
shown to inhibit [55Fe]-transferrin uptake in activated T cells,
downregulate TfR expression, and disrupt TfR recycling. Notably,
A24 effectively suppressed the ex vivo proliferation of malignant
T cells from both acute and chronic ATL by inducing programmed
cell death, highlighting its potential as a therapeutic agent [58].

Alemtuzumab targeting CD52: Alemtuzumab is a chimeric hu-
manized antibody that was developed to target CD52 glycopro-
tein on ATL cells. Alemtuzumab was administered to 29 patients
with ATL, achieving a response in 15 patients. While the treat-
ment exhibited an acceptable toxicity profile, responses were of
limited duration. The median progression-free survival was 2.0
months, and the median overall survival was 5.9 months. The
most common adverse events included vasovagal episodes (7%),
hypotensive episodes (10%), and hematologic toxicities such as
leukopenia (41% Grade 3, 17% Grade 4), lymphocytopenia (59%
Grade 3), neutropenia (31% Grade 3), anemia (24%), and throm-
bocytopenia (10%) [59].

MEDI-507 and an HAT Monoclonal antibody targeting CD2
and CD25 (IL-2 receptor alpha), respectively: The evaluation of
MEDI-507, a humanized monoclonal antibody targeting CD2, was
conducted both independently and in combination with HAT tar-
geting CD25 (IL-2 receptor alpha), using a human ATL xenograft
model. Mice treated with MEDI-507 had a longer survival time
compared to those treated with HAT. The results showed that
MEDI-507 is effective in treating ATL and suggested that a clini-

cal trial with this monoclonal antibody could be beneficial for
patients with CD2-expressing leukemias and lymphomas [60]. On
the other hand, treatment with HAT monoclonal antibody showed
extended remission durations in ATL, though significant hemato-
logical toxicity was observed. Intravenous HAT administration led
to mixed, partial, or complete remissions lasting from 9 weeks to
over 3 years, accompanied by restored serum calcium levels, im-
proved liver function, and sometimes enhanced immune status.
Targeting the IL-2 receptor on ATL cells with monoclonal antibo-
dies presents a promising therapeutic strategy for this aggressive
cancer [61].

Brentuximab vedotin targeting CD30: A 63-year-old patient
with severe ATL exhibiting strong CD30 expression achieved sus-
tained remission after receiving an intensive treatment regimen
incorporating Brentuximab Vedotin-based chemotherapy, fol-
lowed by Brentuximab Vedotin maintenance therapy [62].

Allogeneic hematopoietic cell transplantation

Allogeneic Hematopoietic Stem Cell Transplantation (allo-
HSCT) is being more commonly utilized as a curative treatment for
ATL. A comprehensive systematic review and meta-analysis was
conducted to extract and synthesize data on clinical outcomes
from 18 studies evaluating the efficacy and risks of allo-HSCT in
patients with HTLV-1-associated ATL. Despite the considerable he-
terogeneity among the included studies, the pooled post-allograf-
ting complete response rate was 73%, while overall survival and
progression-free survival rates were 40% and 37%, respectively.
Additionally, the pooled relapse and non-relapse mortality rates
were 36% and 29%, respectively. This indicates that allo-HSCT is
an effective treatment for patients with ATL. However, addressing
and mitigating relapses remains crucial for achieving long-term
disease control [63]. In 2005, an analysis of 40 allo-HSCT for acute
and lymphoma-type ATL in Japan, using stem cells derived from
bone marrow or peripheral blood, found a 3-year overall survi-
val rate of 45.3%, with relapse-free survival at 33.8% and disease
relapse at 39.3%. While all evaluable patients achieved complete
remission, the median survival was 9.6 months. Among relapsed
cases, five patients attained complete remission again, three of
whom responded to reduced or discontinued immunosuppressive
therapy, suggesting a graft-versus-ATL effect. However, graft-ver-
sus-host disease did not appear to influence relapse prevention.
These findings support allo-HSCT as a potential treatment option
for select patients with aggressive ATL [64]. In 2010, a study ana-
lyzing 386 ATL patients undergoing allo-HSCT with different graft
sources found a 3-year overall survival rate of 33%. Multivariable
analysis identified four factors associated with lower survival: age
over 50, male sex, non-remission status at transplantation, and
the use of unrelated cord blood compared to HLA-matched re-
lated grafts. Treatment-related mortality was higher among cord
blood recipients, while disease-associated mortality was elevated
in male patients and those transplanted while not in remission.
Additionally, in related transplants, donor HTLV-l seropositivity
was linked to worse disease-associated mortality, emphasizing
the importance of donor selection and achieving remission prior
to transplantation for improved outcomes [65]. However, in 2012,
a study of 10 patients with ATL undergoing unrelated cord blood
transplantation found a 2-year overall survival rate of 40%. Pro-
longed survival was observed in chemosensitive patients, with
four surviving beyond 500 days, while none of the chemorefracto-
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ry patients survived. There was no engraftment failure, and acute
graft-versus-host disease developed in seven patients, with grade
2 in three patients and grade 3 in four patients. These findings
suggest that unrelated cord blood transplantation is a feasible
treatment option, particularly for patients with chemosensitive
ATL [66]. In 2014, a retrospective analysis of 175 patients with
ATL who underwent single-unit cord blood transplantation re-
ported a 2-year overall survival rate of 20.6%. Multivariate ana-
lysis identified the occurrence of graft-versus-host disease as a
favorable prognostic factor for survival. However, the cumulative
incidence of treatment-related mortality was high (46.1%), with
early death being a significant concern [67]. In 2020, a retros-
pective analysis of eight Romanian patients with aggressive ATL
who received allo-HSCT showed a median post-transplant survi-
val of 19.5 months. Four patients (50%) relapsed at a median of
5 months post-transplant. Graft-versus-host disease developed in
six patients, and two patients died from Graft-versus-host disease
-related complications. Despite high relapse rates, allo-HSCT was
suggested to improve outcomes for aggressive ATL [68]. On the
other hand, the administration Mogamulizumab (an antibody tar-
geting CC chemokine receptor type 4) before allo-HSCT has been
associated with an increased risk of severe acute graft-versus-host
disease due to the reduction of donor-derived regulatory T cells
[69]. However, a case report performed in 2020 describes an ATL
patient who underwent allo-HSCT after Mogamulizumab treat-
ment without developing severe graft-versus-host disease. The
patient’s clinical course suggests that monitoring residual Moga-
mulizumab levels may help determine the optimal timing for allo-
HSCT, potentially mitigating Mogamulizumab’s adverse effects on
post-transplant outcomes without increasing the risk of relapse
or progression [70].

In terms of side effects of allo-HSCT, most frequent cause of
death was due to relapse. In addition, a 45-year-old patient deve-
loped unilateral panuveitis 18 months after undergoing allo-HSCT
for lymphoma-type ATL. The inflammation resembled HTLV-1-as-
sociated uveitis but was caused by donor-derived CD8+ T cells, as
confirmed by vitrectomy and fluorescence in situ hybridization.
This suggests that donor T cells can induce panuveitis similar to
HTLV-1-associated uveitis in ATL patient’s post-transplantation.
The condition was recurrent but responded well to regional corti-
costeroid treatment [71].

Collectively, Allo-HSCT remains a viable and potentially cura-
tive option for ATL patients, but its long-term success is limited
by high relapse rates and transplant-related complications. Opti-
mizing donor selection, pre-transplant disease status, post-trans-
plant monitoring, and immunosuppressive strategies will be criti-
cal in improving patient outcomes.

Targeting the epigenetic machinery

The Polycomb Repressive Complex 2 (PRC2) is a critical epige-
netic regulator involved in gene silencing and transcriptional re-
pression. Its function is mediated through the di- and trimethyla-
tion of lysine 27 on histone H3. This enzymatic activity is primarily
driven by the EZH1 and EZH2 subunits, which serve as the cata-
lytic core of PRC2. While EZH1 is expressed in both proliferating
and differentiated cells, EZH2 is predominantly active in actively
dividing cells [72].

Interestingly, integrative analyses of the epigenome and trans-

criptome in primary ATL cells and corresponding normal CD4* T
cells identified PRC2-mediated epigenetic reprogramming as a
central mechanism underlying ATL pathogenesis. This reprogram-
ming is suggested to occur at an early stage of ATL development,
potentially in association with HTLV-1 infection. A global increase
in the levels of trimethylation of lysine 27 on histone H3 was found
to drive the ATL-specific gene expression landscape. This included
the silencing of key tumor suppressor genes, transcription factors,
epigenetic regulators, and microRNAs [73].

An in vitro study showed that ATL cells exhibited significantly
higher EZH2 transcript levels, accompanied by enhanced tri-
methylation of lysine 27 on histone H3, compared to normal CD4*
T cells. Notably, patients with high EZH2 expression have a signifi-
cantly worse prognosis, suggesting a potential role for EZH2 in ATL
oncogenesis and disease progression. Pharmacological inhibition
of histone methylation using 3-deazaneplanocin A effectively sup-
pressed ATL cell proliferation. Furthermore, a synergistic effect
was observed when 3-deazaneplanocin A was combined with the
histone deacetylase inhibitor Panobinostat, highlighting a promi-
sing epigenetic-based therapeutic strategy for ATL treatment [74].

In the clinical setting, the efficacy and safety of valemetostat,
a potent dual EZH2/EZH1 inhibitor, were evaluated for the treat-
ment of relapsed or refractory ATL. A total of 25 patients (me-
dian 3 prior lines of therapy), including 24 previously treated with
mogamulizumab, were enrolled. The centrally reviewed overall
response rate was 48.0%, comprising 5 complete and 7 partial re-
missions. Treatment-emergent adverse events were manageable,
supporting valemetostat’s potential as a promising therapeutic
option for heavily pretreated ATL patients [75]. Notably, valeme-
tostat became the first dual EZH1/EZH2 inhibitor approved for
the treatment of aggressive ATL in Japan in September 2022 (re-
viewed in [76]).

Vaccines

Over the past decades, intensified efforts have been devoted
to developing both traditional and advanced vaccine approaches
for the therapeutic and preventive management of ATL.

In 1987, Nakamura et al. expressed HTLV-1 envelope gene pro-
ducts in Escherichia coli and used them to immunize cynomolgus
monkeys. This approach elicited the production of antibodies
against gp68 and gp46. Following viral challenge, no HTLV-1 an-
tigens were detected in cultures of the immunized animals’ pe-
ripheral blood mononuclear cells, suggesting that they were pro-
tected from HTLV-1 infection [77]. In 1995, a recombinant vaccinia
virus expressing the entire HTLV-1 envelope gene was assessed
in rabbits. Although immunization induced anti-HTLV-1 envelope
antibodies, it failed to generate neutralizing antibodies capable of
preventing infection providing only temporary protection in one
of three rabbits [78]. Another study conducted in the same year
investigated an attenuated poxvirus expressing the full-length
HTLV-1 envelope protein in New Zealand white rabbits. Initially,
the vaccine conferred protection against HTLV-1 infection, but this
immunity waned over time. All the previously protected rabbits
became infected upon re-challenge five months later with HTLV-
1-infected blood [79]. In 1997, a recombinant vaccinia virus ex-
pressing the HTLV-1 envelope gp46 protein under the control of
a strong promoter induced the production of neutralizing antibo-
dies and conferred a long-term protection against HTLV-1 infec-
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tion in immunized cynomolgus monkeys. [80]. In 2000, Armand et
al. explored DNA immunization strategies by testing plasmids en-
coding the HTLV-I envelope glycoprotein gene under different pro-
moters in mice. The authors found that the construct driven by
the human desmin muscle-specific promoter elicited enhanced
humoral immune response and neutralization capacity, compared
to constructs under the CMV promoter. These findings highlight
the key role of vector design in optimizing the efficacy of the ge-
netic vaccine against HTLV-I [81]. In an attempt to improve vaccine
efficacy, researchers investigated the incorporation of multiple
immunogenic epitopes. In 2006, a chimeric peptide vaccine com-
posed of a B-cell epitope from the HTLV-1 envelope region (amino
acids 175-218) and three HLA-A*0201-restricted cytotoxic T-lym-
phocyte epitopes from the Tax protein (Tri-Tax) was evaluated for
immunogenicity and protective efficacy using a squirrel monkey
model. Immunization induced high-titer antibodies and an ele-
vated frequency of IFN-y-producing cells specific to the envelope
and Tri-Tax immunogens, whereas individual Tax peptides failed
to elicit a comparable response. Interestingly, following viral chal-
lenge, immunized animals exhibited lower proviral loads than
controls, indicating the induction of partial protection against
HTLV-1 [82]. Later on, vaccine strategies evolved to incorporate
more sophisticated immunization techniques, including dendritic
cell -based therapies. In 2015, a vaccine comprising autologous
dendritic cells pulsed with Tax peptides was developed and ad-
ministered to three previously treated individuals in an attempt
to amplify Tax-specific cytotoxic T lymphocyte responses in ATL
patients. This immunotherapy successfully stimulated Tax-specific
cytotoxic T lymphocyte responses, leading to an improvement in
performance status without inducing severe side effects. Among
the patients, two achieved partial remission, with one eventually
attaining complete remission. The third patient maintained stable
disease for the first eight weeks but later exhibited slow disease
progression, potentially due to the lack of Tax expression in his
tumor cells at the time of biopsy [83]. Another study conducted in
the same year showed that a recombinant vaccinia virus expres-
sing HBZ protein can induce protective immunity in mice. Notably,
the transfer of CD4+ T cells from HBZ-transgenic mice into vacci-
nated recipients resulted in a significant reduction in the presence
of these CD4+ T cells within the spleen, mesenteric, and ingui-
nal lymph nodes. Additionally, the transfer of splenocytes from
immunized mice to lymphoma cell-inoculated mice prolonged
their survival and provided partial protection against the disease.
In the light of these findings, the peptide sequence responsible
for conferring this immune protection was identified to be HBZ
176 Making it a promising candidate for the development of HBZ
peptide vaccine [84]. In 2023, a novel recombinant Modified Vac-
cinia Ankara and a plasmid DNA vaccine, both expressing a mul-
tiepitope protein incorporating HBZ-derived peptides (HBZ,,
and HBZ . .. ), were developed and tested using a prime-boost
heterologous protocol. This approach, designed to leverage the
unique advantages of each vector, resulted in a robust immune
response characterized by the activation of cytotoxic T lympho-
cytes and the induction of polyfunctional T-cell responses, inclu-
ding IFN-y, TNF-a, and IL-2 production. These findings introduced
this candidate as a promising therapeutic vaccine for HTLV-1-as-
sociated diseases [85]. Most recently, in 2024, Tu et al. developed
a codon-optimized HTLV-1 envelope (gp62) mMRNA, delivered via
lipid nanoparticles and assessed its immunogenicity and effecti-
veness against HTLV-1 infection in a rabbit model. Following the

first viral challenge, half of the vaccinated rabbits (3 out of 6) were
completely protected. After a second viral challenge, two of the
previously protected rabbits sustained sterilizing immunity. This
vaccine not only reduced viral load but also enhanced immune
responses, including CD4+/IFN-y+ and CD8+/IFN-y+ cells. Further-
more, it induced detectable envelope antibodies and neutralizing
activity, which correlated with the observed protection against
the virus [86].

Challenges and limitations in ATL treatment

One of the primary challenges in HTLV related ALT treatment
lies in the rarity of the disease itself [75]. HTLV-1-associated ATL
is relatively uncommon compared to other forms of leukemia and
lymphoma, making it difficult to conduct large-scale clinical trials
to evaluate treatment efficacy. This scarcity of patients limits the
available data and hampers the development of evidence-based
treatment protocols. The heterogeneous nature of the clinical
course of ATL presents a significant obstacle. The disease mani-
fests in various clinical forms, ranging from acute, lymphoma,
chronic, and smoldering types [87]. Each one may require a tai-
lored approach to treatment, further complicating therapeutic
development. Another critical challenge stems from the intricate
relationship between HTLV-1 infection and the development of
ATL. Unlike many other cancers, ATL arises from a pre-existing vi-
ral infection, necessitating a dual-targeted therapeutic approach
that addresses both the cancerous cells and the underlying viral
infection. This multifaceted nature of the disease demands inno-
vative treatment strategies that target HTLV-1-infected cells while
sparing healthy tissues. Furthermore, the limited understanding
of HTLV-1 pathogenesis poses a significant barrier to treatment
development. Although researchers have made significant strides
in unraveling the mechanisms underlying HTLV-1 infection and its
association with ATL, many aspects of the disease remain elusive.
The lack of comprehensive knowledge hinders the identification
of druggable targets and the development of targeted therapies.

Conclusion

HTLV is a complex retrovirus that infects T cells and can lead
to various diseases, including immunological, neurological disor-
ders, and cancer. There are four known genotypes of HTLV, with
HTLV-1 being the most common and well-studied type. The virus
enters cells through interactions with specific molecules on the
cell surface, primarily targeting CD4+ T cells but can also infect
other immune cells. HTLV-1 infection leads to viral persistence in
host cells through the activation of viral replication by proteins
like Tax and Rex, followed by a shift into a deep latency period las-
ting for decades. The oncogenic transformation of infected CD4+ T
cells is regulated by the key viral proteins Tax and HBZ. Treatment
strategies for HTLV-1 associated cancer are numerous. While all
the treatment strategies showed promising results, none can be
considered a truly curative approach at this time. Chemotherapy
alone has limited effectiveness in ensuring the long-term survi-
val of ATL patients, highlighting the need for exploring new treat-
ment approaches. The combination of As,O,, INF-alpha and AZT
showed promising response rates with manageable side effects.
Allo-HSCT is a potentially curative treatment for ATL. However, the
number of patients who can undergo transplantation is limited,
and the leading cause of mortality post-transplantation is relapse
and transplant toxicity. Efforts to develop safe and effective HTLV-
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1 vaccinations are ongoing, with research focusing on various
proteins and peptides associated with the virus. mRNA-based
vaccines show promise in preventing HTLV-1 infection and persis-
tence, with potential to improve immune responses and reduce
viral loads. Challenges in treating HTLV-related ATL include the
rarity of the disease, heterogeneous clinical forms, dual-targeted
therapeutic approaches, and limited understanding of pathoge-
nesis. Innovative treatment strategies are needed to address the
multifaceted nature of HTLV-1 infection and ATL, considering the
complex relationship between the virus and cancer development.
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