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Human T-cell leukemia virus type 1 (HTLV-1) is an oncogenic human retrovirus which
causes a lifelong infection. An estimated 5–10 million persons are infected with HTLV-
1 worldwide – a number which is likely higher due to lack of reliable epidemiological
data. Most infected individuals remain asymptomatic; however, a portion of HTLV-1-
positive individuals will develop an aggressive CD4+ T-cell malignancy called adult
T-cell leukemia/lymphoma (ATL), or a progressive neurodegenerative disease known as
HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). Few treatment
options exist for HAM/TSP outside of palliative care and ATL carries an especially
poor prognosis given the heterogeneity of the disease and lack of effective long-term
treatments. In addition, the risk of HTLV-1 disease development increases substantially
if the virus is acquired early in life. Currently, there is no realistic cure for HTLV-1
infection nor any reliable measure to prevent HTLV-1-mediated disease development.
The severity of HTLV-1-associated diseases (ATL, HAM/TSP) and limited treatment
options highlights the need for development of a preventative vaccine or new therapeutic
interventions. This review will highlight past HTLV-1 vaccine development efforts,
the current molecular tools and animal models which might be useful in vaccine
development, and the future possibilities of an effective HTLV-1 vaccine.
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HUMAN T-CELL LEUKEMIA VIRUS TYPE 1 BACKGROUND

Epidemiology
Human T-cell leukemia virus type 1 (HTLV-1) was the first identified human retrovirus and is
the only oncogenic human retrovirus known to date (Poiesz et al., 1980; Hinuma et al., 1981).
An estimated 5–10 million individuals are infected with HTLV-1 worldwide (Gessain and Cassar,
2012). Pockets of endemic infection exist in Southwestern Japan, sub-Saharan Africa, parts of South
America, foci in the Middle East, Australo-Melanesia, and the Caribbean. However, given the
modes of viral transmission, lack of large population-based studies, and insufficient screening or
prevention in many countries, the number of HTLV-1-infected individuals is likely much higher
than the last published estimate from 2012. Indeed, the number of HTLV-1 infections is increasing
in parts of the world, with new reports outside the historical endemic regions (Martin et al., 2018).
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A recent study found communities of Aboriginal people in
Australia had 45% HTLV-1 sero-positivity (Einsiedel et al., 2016).
HTLV-1 is the etiologic infectious agent of two highly aggressive
diseases, adult T-cell leukemia/lymphoma (ATL) (Uchiyama
et al., 1977; Poiesz et al., 1980; Yoshida et al., 1982) and HTLV-1-
associated myelopathy/tropical spastic paraparesis (HAM/TSP)
(Gessain et al., 1985; Osame et al., 1986; Matsuura et al., 2016;
Enose-Akahata et al., 2017).

Transmission
Retroviruses can infect cells as either cell-free virus particles
or through cell-to-cell transmission. Several studies have
demonstrated that HTLV-1 is a highly cell-associated virus that
exclusively relies on cell-to-cell transmission to infect a target
cell (Igakura et al., 2003; Majorovits et al., 2008; Mazurov et al.,
2010). As such, HTLV-1 is most efficiently transmitted through
(1) mother-to-child transmission (MTCT), (2) contaminated
blood products, and (3) sexual transmission involving the
transfer of bodily fluids. MTCT of HTLV-1 occurs primarily
through breastfeeding, with few cases of infection in utero or
during delivery. Several risk factors increase the chances of
HTLV-1 MTCT including duration of breastfeeding, HTLV-1
proviral load in the mother’s blood and/or breastmilk, level of
HTLV-1 antibody titer, HLA concordance, presence of disease
in the mother, Strongyloides co-infection, and family income
(Rosadas and Taylor, 2019). MTCT has been estimated to account
for up to 30% of HAM/TSP cases and almost all ATL cases
demonstrating that MTCT contributes disproportionately more
to the global disease burden than other transmission routes
(Bartholomew et al., 1998). In the absence of a preventative
vaccine, one of the best approaches to eliminate risk and reduce
HTLV-1-associated diseases is antenatal screening and avoidance
of breastfeeding – two options which unfortunately are not widely
available or feasible in many developing parts of the world.

HTLV-1 transmission can also occur through exposure to
infected blood products such as in intravenous (IV) drug users,
blood donations, and organ transplantation. Cases of transplant-
derived HAM/TSP and ATL have been reported in many
countries (Tajima et al., 2016; Moreno-Ajona et al., 2018; Nayar
et al., 2018; Taylor, 2018; Motomura et al., 2019; Roc et al.,
2019; Goto et al., 2020). In one such report, three recipients
were monitored following organ transplantation from a HTLV-1-
infected individual (not known to be positive at time of donation)
(Cook et al., 2016). Despite early anti-retroviral treatments,
HTLV-1 rapidly disseminated in each organ transplant recipient.
Proviral load set points were reached within 6 weeks following
transplantation and clonal expansion of infected cells was
observed, indicating a high rate of infectious spread.

Sexual transmission of HTLV-1 is more efficient from men
to women than women to men (Kajiyama et al., 1986; Roucoux
et al., 2005). Infection is also enhanced by the presence of
sexually transmitted diseases (syphilis, herpes simplex virus type
2), which are thought to cause ulcers, disruption of mucosal
barriers, and recruitment of inflammatory cells (Paiva and
Casseb, 2014). Other factors associated with increased HTLV-
1 sexual transmission include the presence of Tax antibodies, a
higher proviral load in peripheral blood lymphocytes, increased

cervicovaginal or seminal secretions, age at first sexual encounter,
unprotected sex, and the number of sexual partners.

Genomic Structure
Like all retroviruses, HTLV-1 has two positive polarity single-
stranded RNA genomes, packaged with several viral enzymes
(reverse transcriptase, integrase, and protease), surrounded by
capsid proteins forming a roughly spherical viral nucleocapsid.
A host-derived lipid bilayer envelope, studded with viral
glycoproteins (gp62, Envelope, Env) surrounds the viral capsid.
As a member of the deltaretrovirus genus, HTLV-1 is a complex
retrovirus that expresses several regulatory and accessory genes,
in addition to the standard structural and enzymatic genes
common to all retroviruses (Figure 1). These regulatory and
accessory genes are critical to numerous viral functions such
as persistence, pathogenesis, transmission, and immune evasion
(Bindhu et al., 2004; Bai and Nicot, 2012; Giam and Semmes,
2016). The viral genome is approximately 9 kb in length with long
terminal repeats (LTRs) flanking the ends of the linear genome.
The LTRs contain important elements for transcriptional
regulation and polyadenylation of retroviral transcripts.

Viral Entry and Lifecycle
In order to develop a protective HTLV-1 vaccine, the structure
and function of the proteins that mediate viral entry and the
viral life cycle must be characterized. The HTLV-1 envelope
is the primary protein that mediates viral entry. It is an
immunodominant viral glycoprotein composed of two subunits:
gp46 (surface, SU) and gp21 (transmembrane, TM) (Figure 1).
Like most retroviral envelope proteins, Env is synthesized as a
precursor protein in the ER and then cleaved into gp46 and gp21
in the Golgi prior to transportation to the cell surface (Ghez et al.,
2010). Experimental conditions which abolish precursor cleavage
(tunicamycin or monensin treatments) results in the absence
of envelope surface expression, indicating the importance of
envelope cleavage during Golgi transport (Pique et al., 1992).
Once at the cell surface, the gp46 portion of Env remains
associated with gp21 through interchain disulfide bonds and the
entire glycoprotein is anchored to the cell membrane through a
membrane-spanning region found within gp21. On the surface
of the virion, the gp46-gp21 subunits are organized as trimers
and together facilitate viral entry: gp46 interacts directly with
cell surface receptors and gp21 enables fusion of the viral and
cellular membranes (Ghez et al., 2010). Prior to binding of
gp46 to a receptor, gp21 is maintained in close association gp46
in a fusogenic-inactive metastable conformation (Jones et al.,
2011). This conformation helps keep a fusion peptide found
on gp21 buried, thus preventing premature membrane fusion,
Env inactivation, and cell toxicity. gp21 activation occurs when
gp46 binds to a cellular receptor, triggering alterations of the
gp46/gp21 interaction and enabling gp21 to attain its fusogenic
state (Weissenhorn et al., 2007; Melikyan, 2008). Based on a
collective body of work, it is thought that Env uses neuropilin-1
(NRP1) and heparan sulfate proteoglycan (HSPG) for attachment
and binding to target cells (Pinon et al., 2003; Ghez et al.,
2006). The binding between gp46 and HSPG/NRP1 allows a
conformation change in gp46 that exposes a binding domain
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FIGURE 1 | Schematic of the HTLV-1 proviral genome and envelope protein. Viral proteins Hbz, Tax, and Env are potential targets for a protective HTLV-1 vaccine.
The viral gag, pro, pol, and env structural and enzymatic genes are flanked by 5′ and 3′ LTRs. The Hbz and Tax genes are located in the 3′ end of the viral genome.
Hbz transcription initiates in the 3′ LTR. The envelope glycoprotein is comprised of two subunits, gp46 and gp21, which are cleaved at a furin cleavage site. Several
potential glycosylation sites are denoted. Drawing is intended to be illustrative and not to exact scale.

that interacts with glucose transporter-1 (GLUT-1), followed by
viral/cell fusion and the release of HTLV-1 nucleocapsid into the
cytoplasm (Manel et al., 2003). The HTLV-1 Env glycoprotein
also contains five potential N-glycosylation sites. Inhibitors
that block Golgi glycosylation result in Env transport to the
cell surface, but a reduction in syncytia formation indicating
some defect in normal envelope function (Pique et al., 1992).
HTLV-1 primarily infects CD4+ T-cells, but due to its widely
available target receptors (NRP1, HSPG, GLUT-1), it has the
ability to infect a wide variety of cell types such as CD8+
T-cells, B-cells, endothelial cells, myeloid cells, and fibroblasts
(Furuta et al., 2017).

Unlike many other viruses, cell-free infection by HTLV-1 is
extremely inefficient (although HTLV-1 infected cells do produce
low titers of detectable virus) (Mazurov et al., 2010; Kalinichenko
et al., 2022). Efficient HTLV-1 infection requires cell-to-cell
contact between an infected cell and an uninfected target cell.
One of the primary mechanisms for HTLV-1 transmission is
thought to involve the formation of a virological synapse (VS),
a specialized viral-induced cellular structure (Igakura et al., 2003;
Majorovits et al., 2008). Once an HTLV-1 virion enters a target
cell, its RNA genome is reverse transcribed into dsDNA. The
dsDNA genome is then transported into the nucleus where

it integrates into the host genome and is now referred to
as a proviral genome. Once integrated, the proviral genome
can be transcribed by cellular RNA polymerase II to express
viral gene products.

Viral transcription initiates at promoter/enhancer elements
found in the 5′ LTR, while a polyadenylation signal is found in the
3′ LTR. The first viral transcript expressed from the provirus after
integration is the doubly spliced tax/rex transcript (Li et al., 2009).
Tax functions as a viral transcriptional activator – it associates
with the 5′ LTR at regions known as Tax-responsive elements
(TREs) (Felber et al., 1985; Yoshimura et al., 1990; Zhao and
Giam, 1992). Tax recruits the transcription factor CREB and
facilitates its binding to the TREs (Zhao and Giam, 1991, 1992).
Additional factors p300 and CBP are also recruited and form a
complex at the 5′LTR which promotes transcription of all sense
viral gene products (Giebler et al., 1997; Georges et al., 2003;
Kim et al., 2007). Derived from the anti-sense strand of the
proviral genome, Hbz can counteract several functions of Tax.
Hbz interacts with CBP and p300, sequestering them away from
Tax and thus diminishing Tax-mediated viral transcription (Clerc
et al., 2008). Not only do Tax and Hbz play critical roles in viral
transcriptional regulation, but they both play a critical role in
viral pathogenesis.
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In addition to viral transactivation, Tax is able to activate
other cellular signaling pathways such as CREB, NF-κB, and
AP-1 pathways (Giam and Semmes, 2016). Irregular activation
of these pathways helps to drive clonal proliferation and
survival of HTLV-1-infected T-cells. In addition to its role as
a transcriptional activator, Tax serves as a viral oncoprotein
and is critical for virus-mediated transformation. The Tax
oncoprotein is also able to deregulate the cell cycle through
silencing of cellular checkpoints that normally guard against
DNA damage and chromosomal segregation. The cumulative
effect of these aberrant cellular processes allows HTLV-1 to
maintain a persistent viral infection through clonal expansion of
infected T-cell clones, rather than primarily de novo infection. In
addition to its transcriptional role, Hbz also regulates genomic
integrity, apoptosis, autophagy, and immune evasion in infected
cells (Matsuoka and Mesnard, 2020). Somewhat surprisingly, Hbz
has been shown to promote proliferation of infected cells in both
its protein and mRNA forms (Satou et al., 2006). The field has
gradually adopted the idea that Tax is responsible for initiating
transformation, while Hbz is responsible for the maintenance
of infected cells.

HTLV-1-Associated Diseases
It is estimated that HTLV-1 persists in approximately 103–106

infected T-cell clones within an infected host (Bangham et al.,
2019). After initial viral infection, the virus is thought to become
transcriptionally silent, or latent, as it is difficult to detect sense
viral transcripts or proteins in infected individuals. However, the
presence of activated cytotoxic T lymphocytes (CTLs) directed
against sense viral antigens would suggest that some viral
transcription is present, albeit at varying times and levels in
HTLV-1-infected individuals. In fact, a recent study found that
Tax is transcribed in intense, intermittent bursts within the
infected cell (Billman et al., 2017). This burst is triggered by
cellular stress and can be modulated through hypoxia and
glycolysis (Kulkarni et al., 2017). Unlike Tax, Hbz is transcribed at
more constant, lower levels. Indeed, hbz transcript is found in all
asymptomatic, ATL, and HAM/TSP patient samples (Satou et al.,
2006; Saito et al., 2009).

Unlike other oncogenic retroviruses, HTLV-1 does not capture
a proto-oncogene or induce proviral insertional mutagenesis.
Instead, the virus uses the combined effects of Tax, Hbz, and
other virally encoded accessory proteins to induce cellular
transformation. As such, disease development related to HTLV-
1 infection can take upwards of several decades. HTLV-
1 is the causative infectious agent of both an aggressive
and fatal non-Hodgkin’s CD4+ T-cell lymphoma called ATL
and a chronic, progressive neurodegenerative disease termed
HAM/TSP (Uchiyama et al., 1977; Poiesz et al., 1980; Yoshida
et al., 1982; Gessain et al., 1985; Osame et al., 1986). The
lifetime risk of disease development related to HTLV-1 infection
is 5–10%. HTLV-1-infected T-cells are the precursors to both
ATL and HAM/TSP. Regulation of HTLV-1 gene expression
allows the virus to evade immune detection, immortalize infected
target cells, and establish persistent infection. There is limited
information concerning the detailed molecular mechanism(s)
behind disease development and disease penetrance. ATL is

a heterogenous disease, posing a challenge to the selection
of effective treatment strategies, and patients most commonly
present with aggressive subtypes and face poor prognosis due
to factors such as large tumor burden and lack of efficacious
therapeutic drugs. Likewise, an ideal therapeutic strategy against
HAM/TSP is not established, with most treatments aimed
toward treating the symptoms and not the cause. Patients
with HAM/TSP typically progress quickly after the onset of
neurological symptoms, leading to deterioration in quality of
life. The severity of both ATL and HAM/TSP—and limited
treatment options for diagnosed individuals—highlights the
need for development of a preventative vaccine or new
therapeutic interventions.

Immune Response to HTLV-1
Antibody and cell-mediated host immune responses against
HTLV-1 occur within a few weeks after exposure to the virus
(Kakuda et al., 2002; Bangham, 2003). During the first several
months of infection, Gag antibodies are the most prevalent
(Manns et al., 1991). Antibodies against Env appear shortly
thereafter. In approximately half of all infected individuals there
is a detectable Tax antibody response (Bangham, 2000). HTLV-
1-infected patients often develop a strong CTL response with the
majority of CTLs against Tax, and a smaller percentage directed
against Gag, Env, and other non-structural gene products
(Bangham et al., 1999). The immune response helps control viral
infection but cannot eliminate the integrated virus. This immune
pressure results in little to no cell-free HTLV virions found in
the plasma (Pique and Jones, 2012). As a result, the most reliable
method used to quantify viral infection or viral burden in both
humans and animal models is proviral load. Proviral load is the
number of proviral copies per set number of peripheral blood
mononuclear cells (PBMCs). Higher proviral loads are associated
with an increased risk of HTLV-1 disease. The immune response
typically plays an important role in reducing proviral load in
healthy HTLV-1-infected individuals.

Several studies have suggested the immune response can
determine the course of HTLV-1-associated disease. The
development of ATL is observed more frequently in patients who
acquired HTLV-1 early in life (e.g., via breastfeeding) (Uchiyama
et al., 1977; Fujino and Nagata, 2000). ATL is characterized by a
late onset, and it is believed the initial reduced anti-viral immune
response favors viral persistence. HAM/TSP patients typically
acquire their HTLV-1 infection via infected blood products
(Osame et al., 1990). This elicits a vigorous immune response,
and these patients have 10–100-fold higher proviral load than
asymptomatic patients (Bangham, 1993; Nagai et al., 1998). The
humoral and cell-mediated CD4+ and CD8+ T-cell responses
are highest in HAM/TSP compared to ATL and asymptomatic
carriers (Usuku et al., 1988; Kamihira et al., 1989; Nagasato et al.,
1991; Elovaara et al., 1993). Indeed, a vigorous expansion of
CD8+ T-cells, the presence of Tax-specific CTLs in the cerebral
spinal fluid (CSF), and high levels of anti-HTLV-1 antibodies in
the serum and CSF characterize HAM/TSP (Enose-Akahata et al.,
2017). There has been a suggested role of Tax-specific CTLs in
the cellular destruction and inflammation in the central nervous
system and spinal cord of HAM/TSP patients.
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HTLV-1 ANIMAL MODELS USEFUL FOR
VACCINE RESEARCH

The availability of a well-established animal model is an
essential feature of vaccine design. The HTLV-1 field has
two widely available and established animal models: one that
mimics early infection in humans (rabbits) and one that models
lymphoproliferative disease after HTLV-1 infection [humanized
immune system (HIS) mice].

The rabbit model of infection was first demonstrated in
1985 when intravenous inoculation of rabbits with a HTLV-
1-infected rabbit lymphoid cell line (Ra-1) lead to rabbit
seropositivity (Miyoshi et al., 1985). Other possible routes of
HTLV-1 transmission have also been demonstrated using rabbits,
including semen and breast milk (Iwahara et al., 1990), making
this a valuable model for studying and better understanding viral
transmission. The rabbit model was further refined in the mid-
1990s with the use of molecular clones for HTLV-1. Infection
of rabbits with a HTLV-1 molecular clone behaved similarly to
previously characterized virus isolated from infected humans
(Zhao et al., 1995; Collins et al., 1996). This discovery allowed
researchers to analyze the importance of viral genes or even
viral regulatory elements during in vivo infection (Collins et al.,
1998; Ye et al., 2003; Silverman et al., 2004; Arnold et al.,
2006; Xie et al., 2006; Martinez et al., 2019). New Zealand
white rabbits inoculated with lethally irradiated HTLV-1-infected
cells become persistently infected. The early rabbit humoral
antibody responses against viral antigens Gag and Env mimic
that of asymptomatic early viral infection in humans. Proviral
load is readily detected in these animals as early as 2 weeks
post-infection. Detection of viral transcripts is possible but
does present a challenge as viral transcripts peak early after
infection and then decrease (Kannian et al., 2012). Importantly,
these animals do not develop disease, but do recapitulate viral
persistence and reliably mimic early viral infection events. The
rabbit model of infection has several advantages which make
it an ideal candidate system for vaccine development including
low cost and little maintenance, the presence of a functional
immune system, and genetic diversity of outbred rabbits. As with
any animal model, rabbits also have limitations that should be
carefully considered, such as the absence of disease related to
HTLV-1 infection.

Murine models have significantly contributed to our
understanding of HTLV-1 pathogenesis and have provided
a valuable tool for the testing of therapeutics. A modified
humanized mouse model was first introduced in 2006: NOG
[NOD/SCID/gammac(null)] mice were inoculated with human
PBMCs followed by infection with HTLV-1-infected cells
(Miyazato et al., 2006). This resulted in a readily detectable
proviral load in both the human CD4+ and CD8+ T cells.
In a separate approach, engraftment of PBMCs from HTLV-
1-carriers was performed in NOG mice (Takajo et al., 2007).
These mice were able to harbor HTLV-1-infected human
cells and permit clonal proliferation of these cells. In 2010,
a more humanized mouse model was reported using NSG
mice (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) (Banerjee et al.,
2010). NSG mice are severely immunodeficient (lacking B
and T-cells, as well as functional NK cells), but are able to be

humanized by engraftment of human CD34+ hematopoietic
stem cells (HSC), PBMCs, patient derived xenografts, or
adult stem cells and tissues. In this study, NSG mice were
inoculated with ex vivo HTLV-1-infected CD34+ hematopoietic
progenitor and stem cells (HP/HSCs) and subsequently
developed CD4+ T-cell lymphomas with elevated T-cell
proliferation. In a 2011 report, NSG mice were reconstituted
with CD34+ stem cells and subsequently infected with HTLV-1
(Villaudy et al., 2011). This study found proviral integration in
thymocytes and increased proviral load throughout the course
of infection. Activated human CD4+ and CD8+ T-cells were
found in the thymus and spleen of infected mice. These mice
also developed hepatosplenomegaly, lymphadenopathy, and
lymphoma/thymoma after infection, with Tax expression present
in all tumors. Further studies have found that HTLV-1-infected
HIS-NSG mice reproduce several characteristics of chronic
infection in humans, such as activation of CD8+ T-cells and
proliferation of effector/memory CD4+ and CD8+ T-cells
(Espindola et al., 2021).

Although HIS mouse models are able to reproduce HTLV-
1-associated T-cell lymphomas, they do not accurately depict
human immune responses against HTLV-1. Humoral immunity
and CTL-mediated cytotoxicity play a critical role in controlling
the proliferation or selection of HTLV-1-infected T-cell
clones in vivo. One approach to develop better adaptive
immune responses was reported in 2014. In this study,
HIS mice were created by transplanting human CD133+
hematopoietic stem cells into the bone marrow cavity of
NOG mice using an intra-bone marrow injection method
(Tezuka et al., 2014). After HTLV-1 infection, these mice
developed a large number of pathological features characteristic
of ATL including hyperproliferation of CD3+ T-cells, clonal
proliferation of CD25+ CD4+ T-cells, splenomegaly, and
inflammatory hypercytokinemia. These mice also exclusively
developed leukemia, whereas previous models of HIS mice
developed lymphoma or thymoma. Most importantly, these
mice developed an adaptive immune response against HTLV-1,
including HLA-restricted CTLs against Tax and IgG antibodies
specific to HTLV-1.

HIS mice inoculated with HTLV-1 consistently reproduce
the three key stages of HTLV-1-induced tumorigenesis:
persistent infection, chronic proliferation of CD4+ T-cells,
and development of lymphoproliferative disease. Future HIS
mouse studies aimed at development of an adaptive immune
response will be useful to evaluate the efficacy of vaccine
candidates to prevent viral expansion in vivo. Each animal
model has limitations that should be carefully considered when
interpreting data, and ultimately human trials are a necessity for
a successful human vaccine.

DEVELOPMENT OF A HTLV-1 VACCINE:
PAST VACCINATION EFFORTS

HTLV-1 vaccine research began shortly after the discovery
of HTLV-1 nearly four decades ago. Although there is
currently no candidate HTLV-1 vaccine in clinical trial, the
development of a successful vaccine is considered feasible.
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HTLV-1 vaccine approaches can be organized into several broad
categories: HTLV-1 protein-expressing recombinant viruses such
as recombinant vaccinia virus (rVV), protein vaccines, DNA
vector vaccines, and peptide vaccines.

Recombinant Vaccinia Virus
One of the first published HTLV-1 vaccine studies in 1987
used a recombinant vaccinia virus (rVV) that expressed the
envelope glycoprotein in place of the hemagglutinin gene
(Shida et al., 1987). One inoculation of this vaccine candidate
induced antibodies in rabbits and had a reported protective
effect against HTLV-1 infection. Although proviral detection
methods at the time of this study were rudimentary, this
initial study does lend positive support for the eventual
development of a successful HTLV-1 vaccine. Subsequent studies
constructed various attenuated rVV expressing Env glycoprotein
and inoculated them in rabbits (Shida et al., 1988). The different
recombinant viruses synthesized similar amounts of envelope
proteins in vitro, but had varying antibody responses, suggesting
that the capacity of various vaccinia strains to induce antibody
titers in vivo may be affected by their growth rates in rabbits.

A subsequent study in 1995 used the entire envelope DNA
sequence (sequence taken from a West African healthy HTLV-1-
infected patient) and expressed it in a highly attenuated poxvirus
vaccine vector (Franchini et al., 1995). New Zealand white rabbits
were inoculated with this live recombinant vector and exposed to
an HTLV-1 cell-associated virus challenge. Although this study
showed initial protection against the virus up to 5 months after
the last immunization, all animals challenged 5 months after
immunization were subsequently infected. Additional studies
using rVV with Env at the site of hemagglutinin found that
this vaccine candidate protected 1/3 vaccinated rabbits, with the
initial protected rabbit becoming infected upon virus rechallenge
12 weeks after the first challenge (Hakoda et al., 1995). This trial
suggests that this vaccine candidate was incapable of introducing
neutralizing antibodies.

HTLV-1 Env rVV vaccine trials have also been tested in
cynomolgus monkeys (Ibuki et al., 1997). This recombinant
virus was constructed with plasmid pSFB5 which contains the
A type inclusion body promoter of cowpox viruses and five
units of synthetic vaccinia virus 7.5 kDa early promoter. The
Env sequence was flanked with segments of the vaccinia virus
HA gene. This vaccine was successful at inducing long-term
protective immunity as immunized monkeys had no detectible
virus after challenge and had sustained neutralizing antibody
activity 136 weeks after challenge. Upon virus re-challenge at
136 weeks, the immunized monkeys had no antigen or provirus
detected in cultured PBMCs.

A recent rVV study used either Hbz or Tax as a target
for host immune responses (Sugata et al., 2015). Vaccination
with either rVV expressing Tax or Hbz induced specific T-cell
responses in mice and rhesus monkeys. Interestingly, multiple
boosters were needed to elicit the Hbz response, likely due to low
immunogenicity of Hbz protein compared to Tax. The authors
were also able to demonstrate a protective effect with the anti-Hbz
CTLs in an Hbz-transgenic mouse model. This study was the first

to demonstrate that Hbz could be a potential immunotherapy
target for HTLV-1 diseases.

Protein Vaccines
Protein vaccine approaches have also showed promising results.
One study from 1990 immunized pig-tailed macaques with
soluble proteins isolated from MT2 cells, an HTLV-1 transformed
cell line (Dezzutti et al., 1990). After challenge using a simian
T-cell lymphotropic virus type 1 (STLV-1) producing cell line,
the vaccinated macaques generated a strong serological response
compared to placebo vaccinated animals. Sera from both groups
of animals recognized Gag and Env proteins after virus challenge,
however the vaccinated animals reacted more strongly to Env
proteins. The antibodies produced by both groups of animals had
antibody-dependent, complement-mediated cytotoxic activity
directed against both HTLV-1 and STLV-1-infected cell lines.
Most importantly, immunized macaques had no detectable
reverse transcriptase activity after STLV-1 challenge.

DNA Vector Vaccines
In 1997, the first report of direct DNA inoculation with a plasmid
encoding HTLV-1 envelope in BALB/c mice was reported
(Grange et al., 1997). Protein boosts with gp62 Baculovirus
recombinant protein were also utilized. This study found that
protein boosts were necessary to generate a high antibody
response in mice with neutralizing antibody titers. Subsequent
studies by this group found the choice of vector is critical for the
design of DNA vector vaccines (Armand et al., 2000). Inoculation
of mice with a human desmin muscle specific promoter driving
Env expression (DesEnv) elicited a higher humoral response
with better neutralization properties than injection with a CMV
promoter driving Env expression. Another study used a Tax-
coding DNA vaccine in a rat model [F344/N Jcl-rnu/+ (nu/+)],
exploring its use as a therapy for ATL (Ohashi et al., 2000). This
vaccine used a mutant Tax which lacked transforming ability and
was successful at inducing CTL responses in immunized rats, thus
reducing HTLV-1 transformed tumor growth.

A study in 2001 evaluated the immunogenicity and protective
effect of a vaccine involving priming with a highly attenuated
vaccinia virus NYVAC HTLV-1 vaccine, followed by a booster
with HTLV-1 Env DNA in squirrel monkeys (Kazanji et al.,
2001). Squirrel monkeys were vaccinated with HTLV-1 Env and
Gag- expressing NYVAC and naked env DNA. One group was
primed with NYVAC and boosted with env DNA while the other
group was primed with env DNA and boosted with NYVAC.
The DNA prime/NYVAC boost was the most protective, with
all three immunized monkeys having no detectable virus. In this
study, anti-Env antibodies and cell-mediated responses against
Env and Gag were detected in all protected animals. This study
demonstrated that an ideal HTLV-1 vaccine candidate – which
should induce long-lasting neutralizing antibodies against HTLV-
1 and a strong cell-mediated immune response – might be
difficult to achieve with a single vaccine preparation.

Peptide Vaccines
Peptide vaccines have also had some success for HTLV-1
vaccine purposes. One of the first peptide studies in 1992
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used a synthetic peptide derived from an immunodominant
external envelope region mapping within amino acids 242–257
(Lairmore et al., 1992). When tested in rabbits, this peptide
elicited a strong antibody response to gp46, however these
antibodies failed to inhibit HTLV-1-mediated cell fusion and
immunized rabbits were not protected from HTLV-1 challenge.
This could be because while HTLV-1 specific antibodies were
elicited, neutralization responses were either low or undetectable.
A subsequent study tested several peptides from Env as vaccine
candidates in the rabbit model (Tanaka et al., 1994). These
epitopes were recognized by antibodies which could neutralize
HTLV-1 syncytia and inhibit transformation. Env peptides
190–199 and 180–204 elicited neutralizing antibody responses
in rabbits. When challenged with live HTLV-1-producing
MT2 cells, the peptide immunized rabbits had no detectable
provirus in PBMCs over an extended period of time. N-linked
glycosylation is a major mechanism used by viruses to minimize
neutralizing antibody response. A study examining the influence
of N-linked glycosylation on HTLV-1 Env peptide structure and
immunogenicity was conducted in 1995 (Conrad et al., 1995).
A peptide from 233 to 253 of gp46 was engineered to contain
an N-acetylglucosamine at residue Asn244. Similar conformation
between both the glycosylated and non-glycosylated peptides was
observed and both chimeric peptides were highly immunogenic
in rabbits – producing antibody titers within 3 weeks post
vaccination. Human sera from HTLV-1-positive individuals were
able to recognize both the glycosylated and non-glycosylated
constructs. Together this data suggests glycosylation of HTLV-1
gp46 does not affect the conformational preference or stability of
the glycoprotein nor alter immunogenicity.

One disadvantage of peptide-based vaccines is their poor
immunogenicity, thus often requiring tailored immunization
procedures and adjuvants to evoke immune responses.
A previous study used a gp46 peptide sequence from amino
acids 175–218 linked C-terminal by a four-residue motif (GPSL)
turn to the promiscuous T-cell epitope of the measles virus
fusion protein (Frangione-Beebe et al., 2000). This chimeric
peptide elicited high titer antibodies in both mice and rabbits and
these antibodies were capable of inhibiting HTLV-1-mediated
cell fusion. However, rabbits were not protected from cell-
associated viral challenge, suggesting this vaccine failed to elicit
cell-mediated immune responses necessary to protect against
cell-associated HTLV-1 infection. Subsequent peptide-based
vaccine studies have used a variety of target peptide sequences
including a multivalent peptide from Tax connected by double
arginine residues (aa11–19, 178–186, 233–241) (Sundaram
et al., 2003), a peptide with the coiled-coil structure from gp21
(aa347–374) fused to a promiscuous T-cell epitope from tetanus
toxoid (Sundaram et al., 2004), and most recently a unique
multi-epitope chimera from immunodominant HTLV-1 epitopes
in Tax, gp21, gp46, and p19 Gag (Kabiri et al., 2018).

Much of the HTLV-1 vaccine research that has predominated
the literature are preventative vaccines. In 2015, a pilot study
(three patients) investigated the safety and efficacy of a Tax
peptide-pulsed dendritic cell vaccine used to treat ATL patients
(Suehiro et al., 2015). HTLV-1-specific CTLs play a critical role
in regulating the expansion or proliferation of HTLV-1-infected

cells. The CTL responses in some HTLV-1-infected individuals
and most ATL disease patients is severely impaired, allowing
for infected cell proliferation and elevated proviral load. All
three ATL patients in this study demonstrated Tax-specific CTL
responses which peaked at 16–20 weeks post vaccination. Two
patients achieved partial remission within the first 8 weeks (one of
these later achieved complete remission), while the third patient
(whose tumor cells lacked Tax expression) maintained stable
disease and later developed slowly progressive ATL disease.

DEVELOPMENT OF A HTLV-1 VACCINE:
FUTURE VACCINATION EFFORTS

The development of mRNA vaccines has become a promising
prophylactic strategy against viruses. Immunization with
encapsulated mRNA offers numerous benefits over conventional
vaccines, including improved safety through the delivery of a
non-infectious agent and ability to regulate in vivo half-life, as
well as enhanced efficacy through modulation of stability and
translation (Pardi et al., 2018). Although vaccines composed of
HTLV-1 env-encoding constructs have demonstrated efficacy
in vivo, mRNA circumvents the potential for an anti-vector
response. The potential use for mRNA vaccines in HTLV-1
research warrants study.

HTLV-1 Vaccine Targets and Feasibility
An effective protective vaccine against HTLV-1 remains feasible
for several reasons. One important argument can be found in the
setting of MTCT. Babies born to HTLV-1-positive mothers have
circulating anti-HTLV-1 antibodies at birth. These antibodies
decrease exponentially during the first several months until most
babies are seronegative by 6–9 months of age (Rosadas and
Taylor, 2019). Not surprisingly, the duration of breastfeeding is
one of the most important risk factors associated with MTCT of
HTLV-1. Breastfeeding for shorter durations of time is associated
with lower viral transmission rates, while breastfeeding for longer
periods increases the risk of viral transmission (Rosadas and
Taylor, 2019). This phenomenon has also been tested in vivo
with rabbits. A HTLV-1 infected rabbit gave birth to 4 litters,
2 were given human HTLV-1 hyperimmunoglobulin (HTLVIG)
and 2 were given no treatment at birth. HTLVIG treated litters
had significantly less infection compared to control litters (8.3
vs. 42.9%) (Sawada et al., 1991). A separate study that infused
rabbits with HTLVIG also showed protection against intravenous
challenge (Takehara et al., 1989). However, a similar study
in rats infused with anti-Env neutralizing antibody (LAT-27)
observed a decrease in proviral loads when rats were challenged
intraperitoneally but not orally, indicating that route of infection
is important for in vivo studies pertaining to MTCT (Murakami
et al., 2017). Taken together, these studies suggest that a vaccine
that elicits a potent neutralizing antibody response may protect
against infection, but also that the route of HTLV-1 infection
should be considered in vaccine design.

The best way to prevent HTLV-1 infection is to block viral
entry into host cells. The HTLV-1 envelope is one of the most
immunogenic HTLV-1 proteins and is required for entry of
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target cells and establishment of initial viral infection. Antibody
responses against Env can be detected in ATL patients as well
as asymptomatic carriers (Enose-Akahata et al., 2012) and it
is genetically stable and highly conserved among viral isolates
both in its nucleotide and amino acid sequences (Sherman et al.,
1993). Neutralizing antibodies have been mapped to epitopes
in the portion of Env that mediates receptor binding, gp46,
and have been shown to inhibit HTLV-1 Env-mediated entry
of target cells (Kuroki et al., 1992; Astier-Gin et al., 1997; Kuo
et al., 2011). The envelope protein alone has been shown to be
immunogenic in animal models thus making it a good target
protein for vaccine design.

Some of the major roadblocks to HIV-1 Env vaccine design
are the extreme sequence diversity of viral isolates worldwide and
the extensive glycosylation of HIV-1 Env. The HTLV-1 genome
exhibits very few sequence variations, and a low overall genetic
diversity is found in gp46 (Mota-Miranda et al., 2013). This is
likely because HTLV-1 persists through clonal expansion, rather
than continual viral spread like HIV-1. The glycosylation of HIV-
1 Env has also been shown to change the exposure of neutralizing
antibody epitopes, creating an additional hurdle for vaccine
design. Conversely, HTLV-1 Env is not heavily glycosylated (5
potential sites) compared to HIV-1 Env (∼25 potential sites). In
fact, in vivo data in rabbits suggests glycosylation of HTLV-1 gp46
does not alter immunogenicity (Conrad et al., 1995).

Other viral proteins which have been targeted in HTLV-
1 vaccine studies are Tax and Hbz. Since HTLV-1 infection
primarily occurs through cell-to-cell transmission, it may be
important to create cellular responses against viral proteins
that are widely expressed and presented by infected cells. In
the context of acute infection, Tax is highly expressed by
infected cells. Additionally, several peptides made from the
Tax sequence are immunogenic in vitro. However, it has been
shown that Tax expression can fall to undetectable levels in ATL
patients, making anti-Tax responses as an ATL therapeutic an
ineffective strategy. However, Tax could still be a viable target
for HAM/TSP therapeutic vaccines as well as for protective
vaccines if sterilizing immunity cannot be achieved. Hbz plays
a key role in pathogenesis and persistence and, unlike Tax,
it is detectible in all HTLV-1-infected cells and most diseased
states. This makes Hbz an interesting target for therapeutic
vaccine design in ATL as well as HAM/TSP patients, although
the feasibility of this strategy is somewhat unclear. One study
identified an Hbz-specific CTL clone, thus demonstrating that
the Hbz protein is immunogenic. However, the Hbz-specific
CTL clone was unable to lyse ATL cells (Suemori et al., 2009).
Another study also found limited killing from Hbz-specific CTLs
compared to Tax-specific CTLs (Rowan et al., 2014). Conversely,
mice vaccinated with recombinant vaccinia virus expressing Hbz
induced CTL responses and increased survival in lymphoma
cell-inoculated mice (Sugata et al., 2015). Additionally, in a
human cohort with 30 participants, IL-2 secreting, CD8+ T
cells specific for Hbz were associated with low viral load and
an asymptomatic phenotype (Hilburn et al., 2011). The current
data are somewhat inconclusive and more studies are needed
to evaluate the feasibility of Hbz as a successful vaccine target.
Interestingly, no studies have been performed testing the efficacy

of a vaccine targeting both Hbz and Tax in vivo. Such a vaccine
may be able to elicit higher CD4+ and CD8+ T cell responses
than those targeting Hbz or Tax alone, and retain efficacy even if
Tax is downregulated in HTLV-1 infected cells. Targeting multiple
HTLV-1 viral proteins may be a promising approach for both
therapeutic and preventative vaccines.

Challenges to HTLV-1 Vaccine
Development
Despite the feasibility of developing a protective HTLV-1 vaccine,
no candidate vaccine has ever proceeded to a clinical trial. This
is because there are still several challenges in vaccine research
that need to be overcome to achieve a protective immune
response in humans.

A major challenge in eliciting protective vaccine responses is
the cell-to-cell transmission of HTLV-1. Cell-to-cell transmission
of HTLV-1 can occur through the establishment of cellular
conduits, the formation of a virological synapse (VS), or
extracellular viral assemblies (Gross and Thoma-Kress, 2016).
It is understood that HTLV-1 Env is required for cell-to-
cell transmission, but all known infection mechanisms of the
virus allow for immune evasion (Derse and Heidecker, 2003).
While it has been shown that HTLV-1-infected patient sera
do contain neutralizing antibodies that can inhibit cell-to-cell
infection (Mazurov et al., 2010), it is unclear, at least in vivo,
what neutralizing antibody titers need to be induced by a
vaccine in order to be protective. Antibody effector functions
like antibody-dependent cellular phagocytosis and antibody
dependent cellular cytotoxicity (ADCP and ADCP), as well as
cellular responses, may be required to identify and eliminate
infected cells for protection.

Another challenge of HTLV-1 vaccine design is the lack
of research characterizing the HTLV-1 Env structure. While
HTLV-1 virions have been imaged and the structure of the
gp21 transmembrane domain has been solved, the structure of
subunit gp46 has still not been resolved (Kobe et al., 1999;
Majorovits et al., 2008; Cao et al., 2015). Since this subunit of Env
directly interacts with the host receptors required for infection,
it is important that we visualize these receptor interactions
for successful vaccine design. Previous studies have shown that
HTLV-1 Env conformation is important for the proper binding
of antibodies isolated from HTLV-1 infected patients (Frangione-
Beebe et al., 2000). Protein imaging techniques like Cryo-EM
have been used in the HIV-1 field to characterize broadly
neutralizing antibodies (bnAbs) and have used this information
to develop vaccine candidates that elicit bnAb precursors and
robust neutralization responses in mice and Rhesus macaques
(Saunders et al., 2019). Imaging has also been used in studying
SARS-CoV-2, which allowed for the development of spike protein
stabilized in the prefusion conformation used in Moderna’s
mRNA vaccine, mRNA-1273 (Jackson et al., 2020; Wrapp et al.,
2020). An understanding of the prefusion spike protein structure
of SARS-CoV-2 has been essential to identify and characterize
antibodies used in monoclonal antibody therapies (Baum et al.,
2020; Hansen et al., 2020; Pinto et al., 2020; Loo et al., 2022). If
the HTLV-1 field can image and solve the structure of the gp46
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subunit, the possibilities for HTLV-1 vaccine design will increase
significantly and accelerate the timeline for the development of
HTLV-1 vaccine candidates.

CONCLUSION

HTLV-1 is a bloodborne pathogen that infects 5-10 million
people and transmission occurs through breastfeeding, sexual
transmission, and contaminated blood products. It is the
causative infectious agent of several diseases including an
aggressive CD4+ T-cell malignancy (ATL) and a progressive
neurodegenerative disease (HAM/TSP). Approximately 5–10%
of infected individuals develop disease after a prolonged clinical
latency period of several decades. Despite decades of research,
the complex mechanism of HTLV-1 persistence and disease
development remains poorly defined and current treatment
options are largely ineffective.

There is currently no vaccine for HTLV-1, although the
development of one is considered feasible. Past vaccination efforts
have focused on preventative vaccines targeting the envelope
glycoprotein. Various approaches including recombinant
vaccinia virus vectors, protein vaccines, DNA vector vaccines,
and peptide vaccines have been explored with some success. Env
is one of the most immunogenic HTLV-1 proteins, and antibody
responses against Env can be detected both in ATL patients
and asymptomatic carriers. The genetic stability of Env, high

sequence conservation among viral isolates, and anti-Env activity
in infected individuals makes this protein a favorable target for
vaccine development. Recent approaches have also examined the
safety and efficacy of therapeutic Tax peptide-pulsed dendritic
cell vaccines to treat ATL patients.

Current advances in vaccine research have made mRNA
vaccines a promising prophylactic strategy against viruses, and
their potential use for HTLV-1 is intriguing. While hurdles
remain, such as viral transmission strategies (cell-to-cell) and
lack of structural research tools, there are several advantages,
including the wide use of animal models and highly conserved
nature of the HTLV-1 genome, which would benefit the
development of a preventative vaccine.

AUTHOR CONTRIBUTIONS

JT and AP wrote the first draft of the manuscript. VM and LR
wrote sections of the manuscript. All authors contributed to
manuscript revision, read, and approved the submitted version.

FUNDING

This work was supported by the National Cancer Institute,
P01CA100730.

REFERENCES
Armand, M. A., Grange, M. P., Paulin, D., and Desgranges, C. (2000). Targeted

expression of HTLV-I envelope proteins in muscle by DNA immunization of
mice. Vaccine 18, 2212–2222. doi: 10.1016/s0264-410x(99)00565-4

Arnold, J., Yamamoto, B., Li, M., Phipps, A. J., Younis, I., Lairmore, M. D., et al.
(2006). Enhancement of infectivity and persistence in vivo by HBZ, a natural
antisense coded protein of HTLV-1. Blood 107, 3976–3982. doi: 10.1182/blood-
2005-11-4551

Astier-Gin, T., Portail, J. P., Londos-Gagliardi, D., Moynet, D., Blanchard, S.,
Dalibart, R., et al. (1997). Neutralizing activity and antibody reactivity toward
immunogenic regions of the human T cell leukemia virus type I surface
glycoprotein in sera of infected patients with different clinical states. J. Infect.
Dis. 175, 716–719. doi: 10.1093/infdis/175.3.716

Bai, X. T., and Nicot, C. (2012). Overview on HTLV-1 p12, p8, p30, p13:
accomplices in persistent infection and viral pathogenesis. Front. Microbiol.
3:400. doi: 10.3389/fmicb.2012.00400

Banerjee, P., Tripp, A., Lairmore, M. D., Crawford, L., Sieburg, M., Ramos, J. C.,
et al. (2010). Adult T-cell Leukemia/Lymphoma development in HTLV-1-
infected humanized SCID mice. Blood 115, 2640–2648. doi: 10.1182/blood-
2009-10-246959

Bangham, C. R. (1993). Human T-cell Leukaemia virus type I and neurological
disease. Curr. Opin. Neurobiol. 3, 773–778. doi: 10.1016/0959-4388(93)90152-o

Bangham, C. R. (2000). HTLV-1 infections. J. Clin. Pathol. 53, 581–586.
Bangham, C. R. (2003). The immune control and cell-to-cell spread of human

T-lymphotropic virus type 1. J Gen Virol. 84(Pt 12), 3177–3189. doi: 10.1099/
vir.0.19334-0

Bangham, C. R., Hall, S. E., Jeffery, K. J., Vine, A. M., Witkover, A., Nowak, M. A.,
et al. (1999). Genetic control and dynamics of the cellular immune response to
the human T-cell leukaemia virus, HTLV-I. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 354, 691–700. doi: 10.1098/rstb.1999.0422

Bangham, C. R. M., Miura, M., Kulkarni, A., and Matsuoka, M. (2019). Regulation
of latency in the human T Cell leukemia virus, HTLV-1. Annu. Rev. Virol. 6,
365–385. doi: 10.1146/annurev-virology-092818-015501

Bartholomew, C., Jack, N., Edwards, J., Charles, W., Corbin, D., Cleghorn, F. R.,
et al. (1998). HTLV-I serostatus of mothers of patients with adult T-cell
leukemia and HTLV-I-associated myelopathy/tropical spastic paraparesis.
J. Hum. Virol. 1, 302–305.

Baum, A., Fulton Benjamin, O., Wloga, E., Copin, R., Pascal Kristen, E., Russo, V.,
et al. (2020). Antibody cocktail to SARS-CoV-2 spike protein prevents rapid
mutational escape seen with individual antibodies. Science 369, 1014–1018.
doi: 10.1126/science.abd0831

Billman, M. R., Rueda, D., and Bangham, C. R. M. (2017). Single-cell heterogeneity
and cell-cycle-related viral gene bursts in the human leukaemia virus HTLV-1.
Wellcome Open Res. 2:87. doi: 10.12688/wellcomeopenres.12469.2

Bindhu, M., Nair, A., and Lairmore, M. D. (2004). Role of accessory proteins of
HTLV-1 in viral replication, T cell activation, and cellular gene expression.
Front. Biosci. 9:2556–2576. doi: 10.2741/1417

Cao, S., Maldonado, J. O., Grigsby, I. F., Mansky, L. M., and Zhang, W. (2015).
Analysis of human T-Cell leukemia virus Type 1 particles by using cryo-electron
tomography. J. Virol. 89, 2430–2435. doi: 10.1128/jvi.02358-14

Clerc, I., Polakowski, N., Andre-Arpin, C., Cook, P., Barbeau, B., Mesnard, J. M.,
et al. (2008). An interaction between the human T cell leukemia virus type 1
basic leucine zipper factor (HBZ) and the KIX domain of p300/CBP contributes
to the down-regulation of tax-dependent viral transcription by HBZ. J. Biol.
Chem. 283, 23903–23913. doi: 10.1074/jbc.M803116200

Collins, N. D., Newbound, G. C., Albrecht, B., Beard, J. L., Ratner, L., and Lairmore,
M. D. (1998). Selective ablation of human T-cell lymphotropic virus type 1 p12I
reduces viral infectivity in vivo. Blood 91, 4701–4707. doi: 10.1182/blood.v91.
12.4701.412k23_4701_4707

Collins, N. D., Newbound, G. C., Ratner, L., and Lairmore, M. D. (1996). In vitro
CD4+ lymphocyte transformation and infection in a rabbit model with a
molecular clone of human T-cell lymphotrophic virus type 1. J. Virol. 70,
7241–7246. doi: 10.1128/JVI.70.10.7241-7246.1996

Conrad, S. F., Byeon, I. J., DiGeorge, A. M., Lairmore, M. D., Tsai, M. D., and
Kaumaya, P. T. (1995). Immunogenicity and conformational properties of an
N-linked glycosylated peptide epitope of human T-lymphotropic virus type 1
(HTLV-I). Biomed. Pept. Proteins Nucleic Acids 1, 83–92.

Frontiers in Microbiology | www.frontiersin.org 9 May 2022 | Volume 13 | Article 897346

https://doi.org/10.1016/s0264-410x(99)00565-4
https://doi.org/10.1182/blood-2005-11-4551
https://doi.org/10.1182/blood-2005-11-4551
https://doi.org/10.1093/infdis/175.3.716
https://doi.org/10.3389/fmicb.2012.00400
https://doi.org/10.1182/blood-2009-10-246959
https://doi.org/10.1182/blood-2009-10-246959
https://doi.org/10.1016/0959-4388(93)90152-o
https://doi.org/10.1099/vir.0.19334-0
https://doi.org/10.1099/vir.0.19334-0
https://doi.org/10.1098/rstb.1999.0422
https://doi.org/10.1146/annurev-virology-092818-015501
https://doi.org/10.1126/science.abd0831
https://doi.org/10.12688/wellcomeopenres.12469.2
https://doi.org/10.2741/1417
https://doi.org/10.1128/jvi.02358-14
https://doi.org/10.1074/jbc.M803116200
https://doi.org/10.1182/blood.v91.12.4701.412k23_4701_4707
https://doi.org/10.1182/blood.v91.12.4701.412k23_4701_4707
https://doi.org/10.1128/JVI.70.10.7241-7246.1996
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-897346 April 28, 2022 Time: 14:49 # 10

Tu et al. Development of a HTLV-1 Vaccine

Cook, L. B., Melamed, A., Demontis, M. A., Laydon, D. J., Fox, J. M., Tosswill,
J. H., et al. (2016). Rapid dissemination of human T-lymphotropic virus type
1 during primary infection in transplant recipients. Retrovirology 13:3. doi:
10.1186/s12977-015-0236-7

Derse, D., and Heidecker, G. (2003). Forced entry–or does HTLV-I have the key?
(Virology). Science 299, 1670–1671. doi: 10.1126/science.1083218

Dezzutti, C. S., Frazier, D. E., Huff, L. Y., Stromberg, P. C., and Olsen, R. G. (1990).
Subunit vaccine protects Macaca nemestrina (pig-tailed macaque) against
simian T-cell lymphotropic virus type I challenge. Cancer Res. 50(Suppl. 17),
5687s–5691s.

Einsiedel, L. J., Pham, H., Woodman, R. J., Pepperill, C., and Taylor, K. A. (2016).
The prevalence and clinical associations of HTLV-1 infection in a remote
Indigenous community. Med. J. Aust. 205, 305–309. doi: 10.5694/mja16.00285

Elovaara, I., Koenig, S., Brewah, A. Y., Woods, R. M., Lehky, T., and Jacobson,
S. (1993). High human T cell lymphotropic virus type 1 (HTLV-1)-specific
precursor cytotoxic T lymphocyte frequencies in patients with HTLV-1-
associated neurological disease. J. Exp. Med. 177, 1567–1573. doi: 10.1084/jem.
177.6.1567

Enose-Akahata, Y., Abrams, A., Johnson, K. R., Maloney, E. M., and Jacobson, S.
(2012). Quantitative differences in HTLV-I antibody responses: classification
and relative risk assessment for asymptomatic carriers and ATL and HAM/TSP
patients from Jamaica. Blood 119, 2829–2836. doi: 10.1182/blood-2011-11-
390807

Enose-Akahata, Y., Vellucci, A., and Jacobson, S. (2017). Role of HTLV-1 tax and
HBZ in the pathogenesis of HAM/TSP. Front. Microbiol. 8:2563. doi: 10.3389/
fmicb.2017.02563

Espindola, O. M., Siteur-van Rijnstra, E., Frankin, E., Weijer, K., van der Velden,
Y. U., Berkhout, B., et al. (2021). Early effects of HTLV-1 infection on the
activation, exhaustion, and differentiation of T-Cells in humanized NSG mice.
Cells 10:2514. doi: 10.3390/cells10102514

Felber, B. K., Paskalis, H., Kleinman-Ewing, C., Wong-Staal, F., and Pavlakis, G. N.
(1985). The pX protein of HTLV-I is a transcriptional activator of its long
terminal repeats. Science 229, 675–679. doi: 10.1126/science.2992082

Franchini, G., Tartaglia, J., Markham, P., Benson, J., Fullen, J., Wills, M., et al.
(1995). Highly attenuated HTLV type Ienv poxvirus vaccines induce protection
against a cell-associated HTLV type I challenge in rabbits. AIDS Res. Hum.
Retroviruses 11, 307–313. doi: 10.1089/aid.1995.11.307

Frangione-Beebe, M., Albrecht, B., Dakappagari, N., Rose, R. T., Brooks,
C. L., Schwendeman, S. P., et al. (2000). Enhanced immunogenicity of a
conformational epitope of human T-lymphotropic virus type 1 using a novel
chimeric peptide. Vaccine 19, 1068–1081. doi: 10.1016/s0264-410x(00)00340-6

Fujino, T., and Nagata, Y. (2000). HTLV-I transmission from mother to child.
J. Reprod. Immunol. 47, 197–206. doi: 10.1016/s0165-0378(00)00054-1

Furuta, R., Yasunaga, J. I., Miura, M., Sugata, K., Saito, A., Akari, H., et al. (2017).
Human T-cell leukemia virus type 1 infects multiple lineage hematopoietic cells
in vivo. PLoS Pathog. 13:e1006722. doi: 10.1371/journal.ppat.1006722

Georges, S. A., Giebler, H. A., Cole, P. A., Luger, K., Laybourn, P. J., and Nyborg,
J. K. (2003). Tax recruitment of CBP/p300, via the KIX domain, reveals a
potent requirement for acetyltransferase activity that is chromatin dependent
and histone tail independent. Mol. Cell Biol. 23, 3392–3404. doi: 10.1128/MCB.
23.10.3392-3404.2003

Gessain, A., Barin, F., Vernant, J. C., Gout, O., Maurs, L., Calender, A., et al. (1985).
Antibodies to human T-lymphotropic virus type-I in patients with tropical
spastic paraparesis. Lancet 2, 407–410. doi: 10.1016/s0140-6736(85)92734-5

Gessain, A., and Cassar, O. (2012). Epidemiological aspects and world distribution
of HTLV-1 infection. Front. Microbiol. 3:388. doi: 10.3389/fmicb.2012.
00388

Ghez, D., Lepelletier, Y., Jones, K. S., Pique, C., and Hermine, O. (2010). Current
concepts regarding the HTLV-1 receptor complex. Retrovirology 7:99. doi: 10.
1186/1742-4690-7-99

Ghez, D., Lepelletier, Y., Lambert, S., Fourneau, J. M., Blot, V., Janvier, S., et al.
(2006). Neuropilin-1 is involved in human T-cell lymphotropic virus type 1
entry. J. Virol. 80, 6844–6854. doi: 10.1128/JVI.02719-05

Giam, C. Z., and Semmes, O. J. (2016). HTLV-1 infection and adult T-Cell
Leukemia/Lymphoma-A tale of two proteins: tax and HBZ. Viruses 8:161. doi:
10.3390/v8060161

Giebler, H. A., Loring, J. E., van Orden, K., Colgin, M. A., Garrus, J. E., Escudero,
K. W., et al. (1997). Anchoring of CREB binding protein to the human T-cell

leukemia virus type 1 promoter: a molecular mechanism of Tax transactivation.
Mol. Cell Biol. 17, 5156–5164. doi: 10.1128/MCB.17.9.5156

Goto, N., Uchida, K., Tomosugi, T., Futamura, K., Okada, M., Hiramitsu, T., et al.
(2020). Long-term prognosis in kidney transplant recipients with human T-cell
leukemia virus type 1 infection. Transpl. Infect. Dis. 22:e13314. doi: 10.1111/tid.
13314

Grange, M. P., Armand, M. A., Audoly, G., Thollot, D., and Desgranges, C. (1997).
Induction of neutralizing antibodies against HTLV-I envelope proteins after
combined genetic and protein immunizations in mice. DNA Cell Biol. 16,
1439–1448. doi: 10.1089/dna.1997.16.1439

Gross, C., and Thoma-Kress, A. (2016). Molecular mechanisms of HTLV-1 Cell-to-
Cell transmission. Viruses 8:74. doi: 10.3390/v8030074

Hakoda, E., Machida, H., Tanaka, Y., Morishita, N., Sawada, T., Shida, H., et al.
(1995). Vaccination of rabbits with recombinant vaccinia virus carrying the
envelope gene of human T-cell lymphotropic virus type I. Int. J. Cancer 60,
567–570. doi: 10.1002/ijc.2910600423

Hansen, J., Baum, A., Pascal Kristen, E., Russo, V., Giordano, S., Wloga, E.,
et al. (2020). Studies in humanized mice and convalescent humans yield a
SARS-CoV-2 antibody cocktail. Science 369, 1010–1014. doi: 10.1126/science.
abd0827

Hilburn, S., Rowan, A., Demontis, M. A., MacNamara, A., Asquith, B., Bangham,
C. R., et al. (2011). In vivo expression of human T-lymphotropic virus type 1
basic leucine-zipper protein generates specific CD8+ and CD4+ T-lymphocyte
responses that correlate with clinical outcome. J. Infect. Dis. 203, 529–536.
doi: 10.1093/infdis/jiq078

Hinuma, Y., Nagata, K., Hanaoka, M., Nakai, M., Matsumoto, T., Kinoshita, K. I.,
et al. (1981). Adult T-cell leukemia: antigen in an ATL cell line and detection
of antibodies to the antigen in human sera. Proc. Natl. Acad. Sci. U.S.A. 78,
6476–6480. doi: 10.1073/pnas.78.10.6476

Ibuki, K., Funahashi, S. I., Yamamoto, H., Nakamura, M., Igarashi, T., Miura, T.,
et al. (1997). Long-term persistence of protective immunity in cynomolgus
monkeys immunized with a recombinant vaccinia virus expressing the human
T cell leukaemia virus type I envelope gene. J. Gen. Virol. 78(Pt 1), 147–152.
doi: 10.1099/0022-1317-78-1-147

Igakura, T., Stinchcombe, J. C., Goon, P. K., Taylor, G. P., Weber, J. N., Griffiths,
G. M., et al. (2003). Spread of HTLV-I between lymphocytes by virus-induced
polarization of the cytoskeleton. Science 299, 1713–1716. doi: 10.1126/science.
1080115

Iwahara, Y., Takehara, N., Kataoka, R., Sawada, T., Ohtsuki, Y., Nakachi, H.,
et al. (1990). Transmission of HTLV-I to rabbits via semen and breast milk
from seropositive healthy persons. Int. J. Cancer 45, 980–983. doi: 10.1002/ijc.
2910450534

Jackson, L. A., Anderson, E. J., Rouphael, N. G., Roberts, P. C., Makhene,
M., Coler, R. N., et al. (2020). An mRNA vaccine against SARS-CoV-2 —
preliminary report. N. Engl. J. Med. 383, 1920–1931. doi: 10.1056/NEJMoa20
22483

Jones, K. S., Lambert, S., Bouttier, M., Benit, L., Ruscetti, F. W., Hermine, O., et al.
(2011). Molecular aspects of HTLV-1 entry: functional domains of the HTLV-1
surface subunit (SU) and their relationships to the entry receptors. Viruses 3,
794–810. doi: 10.3390/v3060794

Kabiri, M., Sankian, M., Hosseinpour, M., and Tafaghodi, M. (2018). The novel
immunogenic chimeric peptide vaccine to elicit potent cellular and mucosal
immune responses against HTLV-1. Int. J. Pharm. 549, 404–414. doi: 10.1016/j.
ijpharm.2018.07.069

Kajiyama, W., Kashiwagi, S., Ikematsu, H., Hayashi, J., Nomura, H., and Okochi,
K. (1986). Intrafamilial transmission of adult T cell leukemia virus. J. Infect. Dis.
154, 851–857. doi: 10.1093/infdis/154.5.851

Kakuda, K., Ikematsu, H., Chong, W. L., Hayashi, J., and Kashiwagi, S. (2002).
Molecular epidemiology of human T lymphotropic virus type 1 transmission
in Okinawa, Japan. Am. J. Trop. Med. Hyg. 66, 404–408. doi: 10.4269/ajtmh.
2002.66.404

Kalinichenko, S., Komkov, D., and Mazurov, D. (2022). HIV-1 and HTLV-1
transmission modes: mechanisms and importance for virus spread. Viruses
14:152. doi: 10.3390/v14010152

Kamihira, S., Sohda, H., Oyakawa, N., Moriuti, Y., Momita, S., Ikeda, S., et al.
(1989). Immunoglobulin classes of antibody for human T-lymphotropic virus
type-I (HTLV-I) in healthy donors and HTLV-I-associated disorders. Vox Sang.
56, 168–173. doi: 10.1111/j.1423-0410.1989.tb02021.x

Frontiers in Microbiology | www.frontiersin.org 10 May 2022 | Volume 13 | Article 897346

https://doi.org/10.1186/s12977-015-0236-7
https://doi.org/10.1186/s12977-015-0236-7
https://doi.org/10.1126/science.1083218
https://doi.org/10.5694/mja16.00285
https://doi.org/10.1084/jem.177.6.1567
https://doi.org/10.1084/jem.177.6.1567
https://doi.org/10.1182/blood-2011-11-390807
https://doi.org/10.1182/blood-2011-11-390807
https://doi.org/10.3389/fmicb.2017.02563
https://doi.org/10.3389/fmicb.2017.02563
https://doi.org/10.3390/cells10102514
https://doi.org/10.1126/science.2992082
https://doi.org/10.1089/aid.1995.11.307
https://doi.org/10.1016/s0264-410x(00)00340-6
https://doi.org/10.1016/s0165-0378(00)00054-1
https://doi.org/10.1371/journal.ppat.1006722
https://doi.org/10.1128/MCB.23.10.3392-3404.2003
https://doi.org/10.1128/MCB.23.10.3392-3404.2003
https://doi.org/10.1016/s0140-6736(85)92734-5
https://doi.org/10.3389/fmicb.2012.00388
https://doi.org/10.3389/fmicb.2012.00388
https://doi.org/10.1186/1742-4690-7-99
https://doi.org/10.1186/1742-4690-7-99
https://doi.org/10.1128/JVI.02719-05
https://doi.org/10.3390/v8060161
https://doi.org/10.3390/v8060161
https://doi.org/10.1128/MCB.17.9.5156
https://doi.org/10.1111/tid.13314
https://doi.org/10.1111/tid.13314
https://doi.org/10.1089/dna.1997.16.1439
https://doi.org/10.3390/v8030074
https://doi.org/10.1002/ijc.2910600423
https://doi.org/10.1126/science.abd0827
https://doi.org/10.1126/science.abd0827
https://doi.org/10.1093/infdis/jiq078
https://doi.org/10.1073/pnas.78.10.6476
https://doi.org/10.1099/0022-1317-78-1-147
https://doi.org/10.1126/science.1080115
https://doi.org/10.1126/science.1080115
https://doi.org/10.1002/ijc.2910450534
https://doi.org/10.1002/ijc.2910450534
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.3390/v3060794
https://doi.org/10.1016/j.ijpharm.2018.07.069
https://doi.org/10.1016/j.ijpharm.2018.07.069
https://doi.org/10.1093/infdis/154.5.851
https://doi.org/10.4269/ajtmh.2002.66.404
https://doi.org/10.4269/ajtmh.2002.66.404
https://doi.org/10.3390/v14010152
https://doi.org/10.1111/j.1423-0410.1989.tb02021.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-897346 April 28, 2022 Time: 14:49 # 11

Tu et al. Development of a HTLV-1 Vaccine

Kannian, P., Yin, H., Doueiri, R., Lairmore, M. D., Fernandez, S., and Green, P. L.
(2012). Distinct transformation tropism exhibited by human T lymphotropic
virus type 1 (HTLV-1) and HTLV-2 is the result of postinfection T cell clonal
expansion. J. Virol. 86, 3757–3766. doi: 10.1128/JVI.06900-11

Kazanji, M., Tartaglia, J., Franchini, G., de Thoisy, B., Talarmin, A., Contamin, H.,
et al. (2001). Immunogenicity and protective efficacy of recombinant human
T-cell leukemia/lymphoma virus type 1 NYVAC and naked DNA vaccine
candidates in squirrel monkeys (Saimiri sciureus). J. Virol. 75, 5939–5948. doi:
10.1128/JVI.75.13.5939-5948.2001

Kim, Y. M., Ramirez, J. A., Mick, J. E., Giebler, H. A., Yan, J. P., and
Nyborg, J. K. (2007). Molecular characterization of the Tax-containing HTLV-1
enhancer complex reveals a prominent role for CREB phosphorylation in Tax
transactivation. J. Biol. Chem. 282, 18750–18757. doi: 10.1074/jbc.M700391200

Kobe, B., Center, R. J., Kemp, B. E., and Poumbourios, P. (1999). Crystal structure
of human T cell leukemia virus type 1 gp21 ectodomain crystallized as a
maltose-binding protein chimera reveals structural evolution of retroviral
transmembrane proteins. Proc. Natl. Acad. Sci. U.S.A. 96:4319. doi: 10.1073/
pnas.96.8.4319

Kulkarni, A., Mateus, M., Thinnes, C. C., McCullagh, J. S., Schofield, C. J.,
Taylor, G. P., et al. (2017). Glucose metabolism and oxygen availability govern
reactivation of the latent human retrovirus HTLV-1. Cell Chem. Biol. 24,
1377.e3–1387.e3. doi: 10.1016/j.chembiol.2017.08.016

Kuo, C. W., Mirsaliotis, A., and Brighty, D. W. (2011). Antibodies to the envelope
glycoprotein of human T cell leukemia virus type 1 robustly activate cell-
mediated cytotoxic responses and directly neutralize viral infectivity at multiple
steps of the entry process. J. Immunol. 187, 361–371. doi: 10.4049/jimmunol.
1100070

Kuroki, M., Nakamura, M., Itoyama, Y., Tanaka, Y., Shiraki, H., Baba, E., et al.
(1992). Identification of new epitopes recognized by human monoclonal
antibodies with neutralizing and antibody-dependent cellular cytotoxicity
activities specific for human T cell leukemia virus type 1. J. Immunol. 149,
940–948.

Lairmore, M. D., Rudolph, D. L., Roberts, B. D., Dezzutti, C. S., and Lal, R. B.
(1992). Characterization of a B-cell immunodominant epitope of human
T-lymphotropic virus type 1 (HTLV-I) envelope gp46. Cancer Lett. 66, 11–20.
doi: 10.1016/0304-3835(92)90274-y

Li, M., Kesic, M., Yin, H., Yu, L., and Green, P. L. (2009). Kinetic analysis of human
T-cell leukemia virus type 1 gene expression in cell culture and infected animals.
J. Virol. 83, 3788–3797. doi: 10.1128/jvi.02315-08

Loo, Y.-M., McTamney, P. M., Arends, R. H., Abram, M. E., Aksyuk, A. A.,
Diallo, S., et al. (2022). The SARS-CoV-2 monoclonal antibody combination,
AZD7442, is protective in non-human primates and has an extended half-life
in humans. Sci. Transl. Med. 14:eabl8124. doi: 10.1126/scitranslmed.abl8124

Majorovits, E., Nejmeddine, M., Tanaka, Y., Taylor, G. P., Fuller, S. D., and
Bangham, C. R. (2008). Human T-Lymphotropic virus-1 visualized at the
virological synapse by electron tomography. PLoS One 3:e2251. doi: 10.1371/
journal.pone.0002251

Manel, N., Kim, F. J., Kinet, S., Taylor, N., Sitbon, M., and Battini, J. L. (2003).
The ubiquitous glucose transporter GLUT-1 is a receptor for HTLV. Cell 115,
449–459. doi: 10.1016/s0092-8674(03)00881-x

Manns, A., Murphy, E. L., Wilks, R., Haynes, G., Figueroa, J. P., Hanchard,
B., et al. (1991). Detection of early human T-cell lymphotropic virus type I
antibody patterns during seroconversion among transfusion recipients. Blood
77, 896–905. doi: 10.1182/blood.v77.4.896.896

Martin, F., Tagaya, Y., and Gallo, R. (2018). Time to eradicate HTLV-1: an open
letter to WHO. Lancet. 391, 1893–1894. doi: 10.1016/S0140-6736(18)30974-7

Martinez, M. P., Cheng, X., Joseph, A., Al-Saleem, J., Panfil, A. R., Palettas, M., et al.
(2019). HTLV-1 CTCF-binding site is dispensable for in vitro immortalization
and persistent infection in vivo. Retrovirology 16:44. doi: 10.1186/s12977-019-
0507-9

Matsuoka, M., and Mesnard, J. M. (2020). HTLV-1 bZIP factor: the key viral gene
for pathogenesis. Retrovirology 17:2. doi: 10.1186/s12977-020-0511-0

Matsuura, E., Nozuma, S., Tashiro, Y., Kubota, R., Izumo, S., and Takashima,
H. (2016). HTLV-1 associated myelopathy/tropical spastic paraparesis
(HAM/TSP): a comparative study to identify factors that influence disease
progression. J. Neurol. Sci. 371, 112–116. doi: 10.1016/j.jns.2016.10.030

Mazurov, D., Ilinskaya, A., Heidecker, G., Lloyd, P., and Derse, D. (2010).
Quantitative comparison of HTLV-1 and HIV-1 cell-to-cell infection with new
replication dependent vectors. PLoS Pathog. 6:e1000788. doi: 10.1371/journal.
ppat.1000788

Melikyan, G. B. (2008). Common principles and intermediates of viral protein-
mediated fusion: the HIV-1 paradigm. Retrovirology 5:111. doi: 10.1186/1742-
4690-5-111

Miyazato, P., Yasunaga, J., Taniguchi, Y., Koyanagi, Y., Mitsuya, H., and Matsuoka,
M. (2006). De novo human T-cell leukemia virus type 1 infection of human
lymphocytes in NOD-SCID, common gamma-chain knockout mice. J. Virol.
80, 10683–10691. doi: 10.1128/JVI.01009-06

Miyoshi, I., Yoshimoto, S., Kubonishi, I., Fujishita, M., Ohtsuki, Y., Yamashita, M.,
et al. (1985). Infectious transmission of human T-cell leukemia virus to rabbits.
Int. J. Cancer 35, 81–85. doi: 10.1002/ijc.2910350113

Moreno-Ajona, D., Yuste, J. R., Martin, P., and Gallego Perez-Larraya, J. (2018).
HTLV-1 myelopathy after renal transplant and antiviral prophylaxis: the need
for screening. J. Neurovirol. 24, 523–525. doi: 10.1007/s13365-018-0627-3

Mota-Miranda, A. C., Barreto, F. K., Amarante, M. F., Batista, E., Monteiro-
Cunha, J. P., Farre, L., et al. (2013). Molecular characterization of HTLV-1 gp46
glycoprotein from health carriers and HAM/TSP infected individuals. Virol. J.
10:75. doi: 10.1186/1743-422X-10-75

Motomura, T., Yoshizumi, T., Kosai-Fujimoto, Y., Mano, Y., Toshima, T.,
Takeishi, K., et al. (2019). Adult T-Cell leukemia after deceased donor liver
transplantation for acute liver failure: a case report. Transpl. Proc. 51, 1978–
1981. doi: 10.1016/j.transproceed.2019.03.031

Murakami, Y., Hasegawa, A., Ando, S., Tanaka, R., Masuda, T., Tanaka, Y., et al.
(2017). A novel mother-to-child human T-cell leukaemia virus type 1 (HTLV-
1) transmission model for investigating the role of maternal anti-HTLV-1
antibodies using orally infected mother rats. J. Gen. Virol. 98, 835–846. doi:
10.1099/jgv.0.000733

Nagai, M., Usuku, K., Matsumoto, W., Kodama, D., Takenouchi, N., Moritoyo, T.,
et al. (1998). Analysis of HTLV-I proviral load in 202 HAM/TSP patients and
243 asymptomatic HTLV-I carriers: high proviral load strongly predisposes to
HAM/TSP. J. Neurovirol. 4, 586–593. doi: 10.3109/13550289809114225

Nagasato, K., Nakamura, T., Shirabe, S., Shibayama, K., Ohishi, K., Ichinose,
K., et al. (1991). Presence of serum anti-human T-lymphotropic virus type
I (HTLV-I) IgM antibodies means persistent active replication of HTLV-I in
HTLV-I-associated myelopathy. J. Neurol. Sci. 103, 203–208. doi: 10.1016/0022-
510x(91)90165-4

Nayar, S., Pawar, B., Einsiedel, L., Fernandes, D., George, P., Thomas, S., et al.
(2018). Isolated neurogenic bladder associated with human T-Lymphotropic
virus Type 1 infection in a renal transplant patient from central Australia: a
case report. Transplant Proc. 50, 3940–3942. doi: 10.1016/j.transproceed.2018.
08.031

Ohashi, T., Hanabuchi, S., Kato, H., Tateno, H., Takemura, F., Tsukahara, T., et al.
(2000). Prevention of adult T-cell leukemia-like lymphoproliferative disease in
rats by adoptively transferred T cells from a donor immunized with human
T-cell leukemia virus type 1 Tax-coding DNA vaccine. J. Virol. 74, 9610–9616.
doi: 10.1128/jvi.74.20.9610-9616.2000

Osame, M., Janssen, R., Kubota, H., Nishitani, H., Igata, A., Nagataki, S.,
et al. (1990). Nationwide survey of HTLV-I-asscociated myelopathy in Japan:
association with blood transfusion. Ann. Neurol. 28, 50–56. doi: 10.1002/ana.
410280110

Osame, M., Usuku, K., Izumo, S., Ijichi, N., Amitani, H., Igata, A., et al. (1986).
HTLV-I associated myelopathy, a new clinical entity. Lancet 1, 1031–1032.
doi: 10.1016/s0140-6736(86)91298-5

Paiva, A., and Casseb, J. (2014). Sexual transmission of human T-cell lymphotropic
virus type 1. Rev. Soc. Bras. Med. Trop. 47, 265–274. doi: 10.1590/0037-8682-
0232-2013

Pardi, N., Hogan, M. J., Porter, F. W., and Weissman, D. (2018). mRNA vaccines -
a new era in vaccinology. Nat. Rev. Drug Discov. 17, 261–279. doi: 10.1038/nrd.
2017.243

Pinon, J. D., Klasse, P. J., Jassal, S. R., Welson, S., Weber, J., Brighty, D. W.,
et al. (2003). Human T-cell leukemia virus type 1 envelope glycoprotein gp46
interacts with cell surface heparan sulfate proteoglycans. J. Virol. 77, 9922–9930.
doi: 10.1128/jvi.77.18.9922-9930.2003

Pinto, D., Park, Y.-J., Beltramello, M., Walls, A. C., Tortorici, M. A., Bianchi, S.,
et al. (2020). Cross-neutralization of SARS-CoV-2 by a human monoclonal
SARS-CoV antibody. Nature 583, 290–295.

Pique, C., and Jones, K. S. (2012). Pathways of cell-cell transmission of HTLV-1.
Front. Microbiol. 3:378. doi: 10.3389/fmicb.2012.00378

Pique, C., Pham, D., Tursz, T., and Dokhelar, M. C. (1992). Human T-cell leukemia
virus type I envelope protein maturation process: requirements for syncytium
formation. J. Virol. 66, 906–913. doi: 10.1128/JVI.66.2.906-913.1992

Frontiers in Microbiology | www.frontiersin.org 11 May 2022 | Volume 13 | Article 897346

https://doi.org/10.1128/JVI.06900-11
https://doi.org/10.1128/JVI.75.13.5939-5948.2001
https://doi.org/10.1128/JVI.75.13.5939-5948.2001
https://doi.org/10.1074/jbc.M700391200
https://doi.org/10.1073/pnas.96.8.4319
https://doi.org/10.1073/pnas.96.8.4319
https://doi.org/10.1016/j.chembiol.2017.08.016
https://doi.org/10.4049/jimmunol.1100070
https://doi.org/10.4049/jimmunol.1100070
https://doi.org/10.1016/0304-3835(92)90274-y
https://doi.org/10.1128/jvi.02315-08
https://doi.org/10.1126/scitranslmed.abl8124
https://doi.org/10.1371/journal.pone.0002251
https://doi.org/10.1371/journal.pone.0002251
https://doi.org/10.1016/s0092-8674(03)00881-x
https://doi.org/10.1182/blood.v77.4.896.896
https://doi.org/10.1016/S0140-6736(18)30974-7
https://doi.org/10.1186/s12977-019-0507-9
https://doi.org/10.1186/s12977-019-0507-9
https://doi.org/10.1186/s12977-020-0511-0
https://doi.org/10.1016/j.jns.2016.10.030
https://doi.org/10.1371/journal.ppat.1000788
https://doi.org/10.1371/journal.ppat.1000788
https://doi.org/10.1186/1742-4690-5-111
https://doi.org/10.1186/1742-4690-5-111
https://doi.org/10.1128/JVI.01009-06
https://doi.org/10.1002/ijc.2910350113
https://doi.org/10.1007/s13365-018-0627-3
https://doi.org/10.1186/1743-422X-10-75
https://doi.org/10.1016/j.transproceed.2019.03.031
https://doi.org/10.1099/jgv.0.000733
https://doi.org/10.1099/jgv.0.000733
https://doi.org/10.3109/13550289809114225
https://doi.org/10.1016/0022-510x(91)90165-4
https://doi.org/10.1016/0022-510x(91)90165-4
https://doi.org/10.1016/j.transproceed.2018.08.031
https://doi.org/10.1016/j.transproceed.2018.08.031
https://doi.org/10.1128/jvi.74.20.9610-9616.2000
https://doi.org/10.1002/ana.410280110
https://doi.org/10.1002/ana.410280110
https://doi.org/10.1016/s0140-6736(86)91298-5
https://doi.org/10.1590/0037-8682-0232-2013
https://doi.org/10.1590/0037-8682-0232-2013
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1128/jvi.77.18.9922-9930.2003
https://doi.org/10.3389/fmicb.2012.00378
https://doi.org/10.1128/JVI.66.2.906-913.1992
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-897346 April 28, 2022 Time: 14:49 # 12

Tu et al. Development of a HTLV-1 Vaccine

Poiesz, B. J., Ruscetti, F. W., Gazdar, A. F., Bunn, P. A., Minna, J. D., and Gallo,
R. C. (1980). Detection and isolation of type C retrovirus particles from fresh
and cultured lymphocytes of a patient with cutaneous T-cell lymphoma. Proc.
Natl. Acad. Sci. U.S.A. 77, 7415–7419. doi: 10.1073/pnas.77.12.7415

Roc, L., de Mendoza, C., Fernandez-Alonso, M., Reina, G., Soriano, V.,
and Spanish, H. N. (2019). Rapid subacute myelopathy following kidney
transplantation from HTLV-1 donors: role of immunosuppresors and failure
of antiretrovirals. Ther. Adv. Infect. Dis. 6:2049936119868028. doi: 10.1177/
2049936119868028

Rosadas, C., and Taylor, G. P. (2019). Mother-to-Child HTLV-1 transmission:
unmet research needs. Front. Microbiol. 10:999. doi: 10.3389/fmicb.2019.00999

Roucoux, D. F., Wang, B., Smith, D., Nass, C. C., Smith, J., Hutching, S. T., et al.
(2005). A prospective study of sexual transmission of human T lymphotropic
virus (HTLV)-I and HTLV-II. J. Infect. Dis. 191, 1490–1497. doi: 10.1086/
429410

Rowan, A. G., Suemori, K., Fujiwara, H., Yasukawa, M., Tanaka, Y., Taylor, G. P.,
et al. (2014). Cytotoxic T lymphocyte lysis of HTLV-1 infected cells is limited
by weak HBZ protein expression, but non-specifically enhanced on induction
of Tax expression. Retrovirology 11:116. doi: 10.1186/s12977-014-0116-6

Saito, M., Matsuzaki, T., Satou, Y., Yasunaga, J., Saito, K., Arimura, K., et al.
(2009). In vivo expression of the HBZ gene of HTLV-1 correlates with
proviral load, inflammatory markers and disease severity in HTLV-1 associated
myelopathy/tropical spastic paraparesis (HAM/TSP). Retrovirology 6:19. doi:
10.1186/1742-4690-6-19

Satou, Y., Yasunaga, J., Yoshida, M., and Matsuoka, M. (2006). HTLV-I basic
leucine zipper factor gene mRNA supports proliferation of adult T cell leukemia
cells. Proc. Natl. Acad. Sci. U.S.A. 103, 720–725. doi: 10.1073/pnas.05076
31103

Saunders, K. O., Wiehe, K., Tian, M., Acharya, P., Bradley, T., Alam, S. M., et al.
(2019). Targeted selection of HIV-specific antibody mutations by engineering
B cell maturation. Science (New York, NY) 366:eaay7199. doi: 10.1126/science.
aay7199

Sawada, T., Iwahara, Y., Ishii, K., Taguchi, H., Hoshino, H., and Miyoshi, I. (1991).
Immunoglobulin prophylaxis against milkborne transmission of human T cell
leukemia virus type I in rabbits. J. Infect. Dis. 164, 1193–1196. doi: 10.1093/
infdis/164.6.1193

Sherman, M. P., Dube, S., Spicer, T. P., Kane, T. D., Love, J. L., Saksena, N. K., et al.
(1993). Sequence analysis of an immunogenic and neutralizing domain of the
human T-cell lymphoma/leukemia virus type I gp46 surface membrane protein
among various primate T-cell lymphoma/leukemia virus isolates including
those from a patient with both HTLV-I-associated myelopathy and adult T-cell
leukemia. Cancer Res. 53, 6067–6073.

Shida, H., Hinuma, Y., Hatanaka, M., Morita, M., Kidokoro, M., Suzuki, K., et al.
(1988). Effects and virulences of recombinant vaccinia viruses derived from
attenuated strains that express the human T-cell leukemia virus type I envelope
gene. J. Virol. 62, 4474–4480. doi: 10.1128/JVI.62.12.4474-4480.1988

Shida, H., Tochikura, T., Sato, T., Konno, T., Hirayoshi, K., Seki, M., et al. (1987).
Effect of the recombinant vaccinia viruses that express HTLV-I envelope gene
on HTLV-I infection. EMBO J. 6, 3379–3384. doi: 10.1002/j.1460-2075.1987.
tb02660.x

Silverman, L. R., Phipps, A. J., Montgomery, A., Ratner, L., and Lairmore, M. D.
(2004). Human T-cell lymphotropic virus type 1 open reading frame II-encoded
p30II is required for in vivo replication: evidence of in vivo reversion. J. Virol.
78, 3837–3845. doi: 10.1128/jvi.78.8.3837-3845.2004

Suehiro, Y., Hasegawa, A., Iino, T., Sasada, A., Watanabe, N., Matsuoka, M., et al.
(2015). Clinical outcomes of a novel therapeutic vaccine with Tax peptide-
pulsed dendritic cells for adult T cell leukaemia/lymphoma in a pilot study. Br.
J. Haematol. 169, 356–367. doi: 10.1111/bjh.13302

Suemori, K., Fujiwara, H., Ochi, T., Ogawa, T., Matsuoka, M., Matsumoto, T., et al.
(2009). HBZ is an immunogenic protein, but not a target antigen for human
T-cell leukemia virus type 1-specific cytotoxic T lymphocytes. J. Gen. Virol.
90(Pt 8), 1806–1811. doi: 10.1099/vir.0.010199-0

Sugata, K., Yasunaga, J., Mitobe, Y., Miura, M., Miyazato, P., Kohara, M., et al.
(2015). Protective effect of cytotoxic T lymphocytes targeting HTLV-1 bZIP
factor. Blood 126, 1095–1105. doi: 10.1182/blood-2015-04-641118

Sundaram, R., Lynch, M. P., Rawale, S. V., Sun, Y., Kazanji, M., and Kaumaya,
P. T. (2004). De novo design of peptide immunogens that mimic the coiled coil
region of human T-cell leukemia virus type-1 glycoprotein 21 transmembrane

subunit for induction of native protein reactive neutralizing antibodies. J. Biol.
Chem. 279, 24141–24151. doi: 10.1074/jbc.M313210200

Sundaram, R., Sun, Y., Walker, C. M., Lemonnier, F. A., Jacobson, S., and Kaumaya,
P. T. (2003). A novel multivalent human CTL peptide construct elicits robust
cellular immune responses in HLA-A∗0201 transgenic mice: implications for
HTLV-1 vaccine design. Vaccine 21, 2767–2781. doi: 10.1016/s0264-410x(03)
00179-8

Tajima, Y., Matsumura, M., Yaguchi, H., and Mito, Y. (2016). Two cases of
human T-Lymphotropic virus Type I-Associated myelopathy/tropical spastic
paraparesis caused by living-donor renal transplantation. Case Rep. Neurol.
Med. 2016:4203079. doi: 10.1155/2016/4203079

Takajo, I., Umeki, K., Morishita, K., Yamamoto, I., Kubuki, Y., Hatakeyama, K.,
et al. (2007). Engraftment of peripheral blood mononuclear cells from human
T-lymphotropic virus type 1 carriers in NOD/SCID/gammac(null) (NOG)
mice. Int. J. Cancer 121, 2205–2211. doi: 10.1002/ijc.22972

Takehara, N., Iwahara, Y., Uemura, Y., Sawada, T., Ohtsuki, Y., Iwai, H., et al.
(1989). Effect of immunization on HTLV-I infection in rabbits. Int. J. Cancer
44, 332–336. doi: 10.1002/ijc.2910440224

Tanaka, Y., Tanaka, R., Terada, E., Koyanagi, Y., Miyano-Kurosaki, N., Yamamoto,
N., et al. (1994). Induction of antibody responses that neutralize human T-cell
leukemia virus type I infection in vitro and in vivo by peptide immunization.
J. Virol. 68, 6323–6331. doi: 10.1128/jvi.68.10.6323-6331.1994

Taylor, G. P. (2018). Human T-lymphotropic virus type 1 infection and solid
organ transplantation. Rev. Med. Virol. 28. doi: 10.1002/rmv.1970 [Epub ahead
of print].

Tezuka, K., Xun, R., Tei, M., Ueno, T., Tanaka, M., Takenouchi, N., et al. (2014).
An animal model of adult T-cell leukemia: humanized mice with HTLV-
1-specific immunity. Blood 123, 346–355. doi: 10.1182/blood-2013-06-50
8861

Uchiyama, T., Yodoi, J., Sagawa, K., Takatsuki, K., and Uchino, H. (1977). Adult
T-cell leukemia: clinical and hematologic features of 16 cases. Blood 50, 481–
492. doi: 10.1182/blood.v50.3.481.bloodjournal503481

Usuku, K., Sonoda, S., Osame, M., Yashiki, S., Takahashi, K., Matsumoto, M.,
et al. (1988). HLA haplotype-linked high immune responsiveness against
HTLV-I in HTLV-I-associated myelopathy: comparison with adult T-cell
leukemia/lymphoma. Ann. Neurol. (Suppl. 23), S143–S150. doi: 10.1002/ana.
410230733

Villaudy, J., Wencker, M., Gadot, N., Gillet, N. A., Scoazec, J. Y., Gazzolo, L., et al.
(2011). HTLV-1 propels thymic human T cell development in “human immune
system” Rag2(−)/(−) gamma c(−)/(−) mice. PLoS Pathog. 7:e1002231. doi:
10.1371/journal.ppat.1002231

Weissenhorn, W., Hinz, A., and Gaudin, Y. (2007). Virus membrane fusion. FEBS
Lett. 581, 2150–2155.

Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C. L., Abiona, O.,
et al. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science 367, 1260–1263.

Xie, L., Yamamoto, B., Haoudi, A., Semmes, O. J., and Green, P. L. (2006). PDZ
binding motif of HTLV-1 Tax promotes virus-mediated T-cell proliferation
in vitro and persistence in vivo. Blood 107, 1980–1988. doi: 10.1182/blood-
2005-03-1333

Ye, J., Silverman, L., Lairmore, M. D., and Green, P. L. (2003). HTLV-1 Rex is
required for viral spread and persistence in vivo but is dispensable for cellular
immortalization in vitro. Blood 102, 3963–3969. doi: 10.1182/blood-2003-05-
1490

Yoshida, M., Miyoshi, I., and Hinuma, Y. (1982). Isolation and characterization of
retrovirus from cell lines of human adult T-cell leukemia and its implication in
the disease. Proc. Natl. Acad. Sci. U.S.A. 79, 2031–2035. doi: 10.1073/pnas.79.6.
2031

Yoshimura, T., Fujisawa, J., and Yoshida, M. (1990). Multiple cDNA clones
encoding nuclear proteins that bind to the tax-dependent enhancer
of HTLV-1: all contain a leucine zipper structure and basic amino
acid domain. EMBO J. 9, 2537–2542. doi: 10.1002/j.1460-2075.1990.tb
07434.x

Zhao, L. J., and Giam, C. Z. (1991). Interaction of the human T-cell lymphotrophic
virus type I (HTLV-I) transcriptional activator Tax with cellular factors
that bind specifically to the 21-base-pair repeats in the HTLV-I enhancer.
Proc. Natl. Acad. Sci. U.S.A. 88, 11445–11449. doi: 10.1073/pnas.88.24.
11445

Frontiers in Microbiology | www.frontiersin.org 12 May 2022 | Volume 13 | Article 897346

https://doi.org/10.1073/pnas.77.12.7415
https://doi.org/10.1177/2049936119868028
https://doi.org/10.1177/2049936119868028
https://doi.org/10.3389/fmicb.2019.00999
https://doi.org/10.1086/429410
https://doi.org/10.1086/429410
https://doi.org/10.1186/s12977-014-0116-6
https://doi.org/10.1186/1742-4690-6-19
https://doi.org/10.1186/1742-4690-6-19
https://doi.org/10.1073/pnas.0507631103
https://doi.org/10.1073/pnas.0507631103
https://doi.org/10.1126/science.aay7199
https://doi.org/10.1126/science.aay7199
https://doi.org/10.1093/infdis/164.6.1193
https://doi.org/10.1093/infdis/164.6.1193
https://doi.org/10.1128/JVI.62.12.4474-4480.1988
https://doi.org/10.1002/j.1460-2075.1987.tb02660.x
https://doi.org/10.1002/j.1460-2075.1987.tb02660.x
https://doi.org/10.1128/jvi.78.8.3837-3845.2004
https://doi.org/10.1111/bjh.13302
https://doi.org/10.1099/vir.0.010199-0
https://doi.org/10.1182/blood-2015-04-641118
https://doi.org/10.1074/jbc.M313210200
https://doi.org/10.1016/s0264-410x(03)00179-8
https://doi.org/10.1016/s0264-410x(03)00179-8
https://doi.org/10.1155/2016/4203079
https://doi.org/10.1002/ijc.22972
https://doi.org/10.1002/ijc.2910440224
https://doi.org/10.1128/jvi.68.10.6323-6331.1994
https://doi.org/10.1002/rmv.1970
https://doi.org/10.1182/blood-2013-06-508861
https://doi.org/10.1182/blood-2013-06-508861
https://doi.org/10.1182/blood.v50.3.481.bloodjournal503481
https://doi.org/10.1002/ana.410230733
https://doi.org/10.1002/ana.410230733
https://doi.org/10.1371/journal.ppat.1002231
https://doi.org/10.1371/journal.ppat.1002231
https://doi.org/10.1182/blood-2005-03-1333
https://doi.org/10.1182/blood-2005-03-1333
https://doi.org/10.1182/blood-2003-05-1490
https://doi.org/10.1182/blood-2003-05-1490
https://doi.org/10.1073/pnas.79.6.2031
https://doi.org/10.1073/pnas.79.6.2031
https://doi.org/10.1002/j.1460-2075.1990.tb07434.x
https://doi.org/10.1002/j.1460-2075.1990.tb07434.x
https://doi.org/10.1073/pnas.88.24.11445
https://doi.org/10.1073/pnas.88.24.11445
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-897346 April 28, 2022 Time: 14:49 # 13

Tu et al. Development of a HTLV-1 Vaccine

Zhao, L. J., and Giam, C. Z. (1992). Human T-cell lymphotropic virus type I
(HTLV-I) transcriptional activator, Tax, enhances CREB binding to HTLV-I 21-
base-pair repeats by protein-protein interaction. Proc. Natl. Acad. Sci. U.S.A. 89,
7070–7074. doi: 10.1073/pnas.89.15.7070

Zhao, T. M., Robinson, M. A., Bowers, F. S., and Kindt, T. J. (1995).
Characterization of an infectious molecular clone of human T-cell leukemia
virus type I. J. Virol. 69, 2024–2030. doi: 10.1128/JVI.69.4.2024-2030.
1995

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tu, Maksimova, Ratner and Panfil. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 13 May 2022 | Volume 13 | Article 897346

https://doi.org/10.1073/pnas.89.15.7070
https://doi.org/10.1128/JVI.69.4.2024-2030.1995
https://doi.org/10.1128/JVI.69.4.2024-2030.1995
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	The Past, Present, and Future of a Human T-Cell Leukemia Virus Type 1 Vaccine
	Human T-Cell Leukemia Virus Type 1 Background
	Epidemiology
	Transmission
	Genomic Structure
	Viral Entry and Lifecycle
	HTLV-1-Associated Diseases
	Immune Response to HTLV-1

	HTLV-1 Animal Models Useful for Vaccine Research
	Development of a HTLV-1 Vaccine: Past Vaccination Efforts
	Recombinant Vaccinia Virus
	Protein Vaccines
	DNA Vector Vaccines
	Peptide Vaccines

	Development of a HTLV-1 Vaccine: Future Vaccination Efforts
	HTLV-1 Vaccine Targets and Feasibility
	Challenges to HTLV-1 Vaccine Development

	Conclusion
	Author Contributions
	Funding
	References


