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Human T-lymphotropic virus type 1 (HTLV-1) is the etiologic agent of both adult T-cell
leukemia/lymphoma and HTLV-1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP). HAM/TSP is clinically characterized by chronic progressive spastic paraparesis,
urinary incontinence, and mild sensory disturbance. Given its well-characterized clinical
presentation and pathophysiology, which is similar to the progressive forms of multiple
sclerosis (MS), HAM/TSP is an ideal system to better understand other neuroimmunological
disorders such as MS. Since the discovery of HAM/TSP, large numbers of clinical,
virological, molecular, and immunological studies have been published. The host-virus
interaction and host immune response play an important role for the development with
HAM/TSP. HTLV-1-infected circulating T-cells invade the central nervous system (CNS)
and cause an immunopathogenic response against virus and possibly components of
the CNS. Neural damage and subsequent degeneration can cause severe disability in
patients with HAM/TSP. Little progress has been made in the discovery of objective
biomarkers for grading stages and predicting progression of disease and the development
of molecular targeted therapy based on the underlying pathological mechanisms.
We review the recent understanding of immunopathological mechanism of HAM/TSP and
discuss the unmet need for research on this disease.

Keywords: human T-lymphotropic virus type 1, HTLV-1-associated myelopathy/tropical spastic paraparesis,
neurological disorders, immunology, pathogenesis

INTRODUCTION

Human T-lymphotropic virus type 1 (HTLV-1) is the first human retrovirus discovered and
infects 10-20 million people worldwide (Poiesz et al., 1980; de The and Bomford, 1993).
Highly endemic areas include Southern Japan, the Caribbean, South America, Central and
Southern Africa, Middle East, and Central Australia. Although the majority of infected individuals
remain lifelong asymptomatic carriers (ACs), approximately 2-5% develop adult T-cell leukemia/
lymphoma (ATLL) (Uchiyama et al., 1977) and another 0.25-3.8% develop HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP) (Gessain et al., 1985; Osame et al., 1986).
HTLV-1 has also been associated with other chronic inflammatory diseases including uveitis,
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myositis, dermatitis, and pulmonary infiltrative pneumonitis
(Gessain and Mahieux, 2012). HTLV-1 can be transmitted
through sexual contact, intravenous drug use, and breastfeeding
from mother to child. While ATLL is mainly associated with
breastfeeding, HAM/TSP can manifest in infected individuals
by all routes of transmission (Yamano and Sato, 2012). The
mean age of onset is 40-50 years, and the frequency is higher
in women than in men (Gessain and Mahieux, 2012). The
interaction between the host immune system and HTLV-1-
infected cells regulates the development of HAM/TSP. In
particular, HTLV-1-specific CD8-positive cytotoxic T lymphocytes
(CTL) against HTLV-1 have been thought to play a pivotal
role in the development of HAM/TSP (Matsuura et al., 2010;
Saito, 2014). Two HTLV-1 viral regulatory proteins, Tax and
HTLV-1 basic leucine zipper factor (HBZ), have been
demonstrated to be involved in HTLV-1 infectivity and
proliferation (Matsuoka and Jeang, 2011). Tax have been intensely
studied because Tax induces the expression of many cellular
genes and consequently contribute to cell activation and
proliferation observed in HAM/TSP. HBZ has been recently
recognized to play a critical role in inflammation and pathogenesis
of HAM/TSP (Enose-Akahata et al, 2017). Although HAM/
TSP is not directly life-threatening, the disease severely impacts
patients’ quality of life (Olindo et al., 2006; Coler-Reilly et al.,
2016), and there is no satisfactory curative treatment. Here,
we review our recent understanding of the immunopathogenesis
and the clinical features of HAM/TSP and discuss the need
for continued basic and clinical research.

Human T-Lymphotropic Virus Type 1

HTLV-1 belongs to the Deltaretrovirus genus of the
Orthoretrovirinae subfamily of retroviruses. HTLV-1 integrates
a single copy of the provirus into the genome of the host cell
(Cook et al., 2012). HTLV-1 proviral genome contains structural
genes, gag, pol, and env flanked by long terminal repeat at
the both the 5" and 3’ ends. HTLV-1 genome also has a pX
region encoded several accessory genes including tax, rex, p12,
p21, p30, p13, and HTLV-1 basic leucine zipper factor (HBZ)
(Matsuoka and Jeang, 2007). The viral genes are transcribed
from the 5LTR, but only HBZ encoded on the minus strand
of the provirus is transcribed from the 3'LTR. Two of these
accessory genes, tax and hbz, play a key role in HTLV-1
pathogenesis. HTLV-1 Tax is a transcriptional transactivator
of virus replication and induces the expression of a variety
of cellular genes by activation of the NF-kB and CREB/ATF
pathways (Matsuoka and Jeang, 2011). Tax is associated with
many of the characteristic immune abnormalities observed in
HAM/TSP and is related to dysfunction in immune cells of
HAM/TSP patients (Enose-Akahata et al., 2017). Ex vivo, Tax
protein is spontaneously expressed in peripheral blood
mononuclear cells (PBMCs) after culture without any exogenous
stimulation (Hanon et al.,, 2000a), and the level of tax mRNA
was significantly higher in HAM/TSP patients than in ACs
(Yamano et al., 2002). Tax is an immunodominant antigen
recognized by HTLV-1-specific cytotoxic CD8* T-cells (CTLs)

(Jacobson et al,, 1990). The number of Tax-specific CTLs is
greatly elevated and these CTLs produce proinflammatory
cytokines (Kubota et al., 1998) and show degranulation activity
in HAM/TSP patients that is comparable to that in ACs
(Abdelbary et al, 2011). Though Tax is usually undetected
in vivo, recent analysis shows that Tax protein is expressed in
intermittent but intense bursts at the single-cell level (Billman
et al,, 2017; Mahgoub et al., 2018). HBZ plays a key role in
the growth and survival of leukemic cells; however, little is
known about its role in the immunopathogenesis of HAM/TSP
(Enose-Akahata et al.,, 2017). As HBZ closely cooperates with
Tax, HBZ has opposing functions to Tax and modify transcription
of various host genes (Matsuoka and Jeang, 2011). HBZ is
persistently expressed in infected cells, maintains viral latency
(Philip et al., 2014), and promotes proliferation of ATLL cells
(Satou et al., 2006; Arnold et al., 2008). HBZ interacts with
CREB/ATF pathway, suppresses Tax-mediated transactivation,
and selectively inhibits the classical NF-kB pathway (Matsuoka
and Jeang, 2011). The level of HBZ mRNA that was detected
in HAM/TSP patients was significantly lower than that in ATLL
patients but higher than in ACs. Furthermore, HBZ mRNA
expression was associated with proviral load and increased
disease severity in HAM/TSP patients (Saito et al., 2009). HBZ
is also an immunogenic protein recognized by HBZ-specific
CTL clones; however, HBZ is considered to be a weaker
immunogen for CTLs then Tax. HBZ-specific CTL clones could
not lyse ATLL cells (Suemori et al, 2009) and HBZ-specific
CTL clones killed significantly fewer infected cells than were
killed by Tax-specific CTL clones (Rowan et al., 2014). Antibody
response against HBZ was detected in HTLV-1-infected subjects,
but the antibody test could not distinguish between different
clinical outcomes (Enose-Akahata et al., 2013). The lower
immunogenicity of HBZ could allow HTLV-1-infected cells to
escape from the host immune response.

HTLV-1 proviral load, which is strongly related to the risk
of developing HAM/TSP, remains relatively stable within each
subject while HTLV-1 drives a strong proliferation of infected
T-cells (Bangham et al., 2015). The genomic location of the
provirus is identical in every cell within an individual infected
clone but differs between clones. Integration of HTLV-1
appeared to occur in genes associated with transcriptional
start sites, and CpG island (Doi et al., 2005; Derse et al.,
2007). Analysis of proviral integration sites between HTLV-
1-infected individuals demonstrated that frequent integration
into transcriptionally active sites was associated with an elevated
rate of Tax expression (Meekings et al., 2008). Furthermore,
a larger number of distinct HTLV-infected T-cell clones was
detected in HAM/TSP patients than in ACs (Gillet et al,
2011). The frequency of spontaneous Tax expressing cells is
considerably higher in clones of low abundance than in those
of high abundance (Melamed et al., 2013). These results indicate
that oligoclonal proliferation of HTLV-1-infected cells does
not account for the development of HAM/TSP and clonal
expansion of infected cells might be controlled by host immune
response to Tax or by other viral factor such as HBZ in
HAM/TSP patients.
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Current Topics: Extraordinary High
Prevalence in Central Australia

One of the hot topics in HTLV-1 is the high prevalence in
Central Australia, where more than 40% of Indigenous adults
in some remote communities are HTLV-1c¢ infected (Einsiedel
et al, 2016b). HTLV-1 infection in the Australo-Melanesian
region was observed in the early 1990s (Gessain and Cassar,
2012), but high prevalence rates in Central Australia has not
been recognized until recently. As discussed below, HTLV-1c
is one of the genetic subtypes of HTLV-1, which is found
only in Oceania. HTLV-1 sequence in subtype c that infect
the indigenous Australians reveals the high genetic diversity,
while the sequence variability within subtype a, which is the
most common worldwide, is very low (Cassar et al., 2013).
High sequence diversity in HTLV-1c is considered to be due
to a long period of evolution in isolated populations living
on different islands of the Pacific area (Gessain and Cassar,
2012). Several studies have reported that common clinical
manifestations of HTLV-1 infection in Indigenous Australians
are bronchiectasis and blood stream infections, which are
associated with higher HTLV-1c proviral load (Einsiedel et al.,
2014a, 2016a). These findings are consistent with the proposed
immunopathology of HTLV-1-related inflammatory diseases,
in which the higher proviral load induces various immunologic
abnormalities. Little is known about more common disease
caused by HTLV-1 including HAM/TSP and ATLL, and only
few cases have been described among the Indigenous population
of Central Australia (Einsiedel et al., 2014b). Our knowledge
of the global prevalence of HTLV-1 is still insufficient, and
the risk of the retrovirus to the public health worldwide is
underestimated. Future analysis is apparently needed for the
clinical and basic research to clarify the pathogenetic,
immunological and oncogenic mechanisms of this unknown
variant of HTLV-1.

RISK FACTORS

Proviral Load

An elevated HTLV-1 proviral load (PVL) is the main risk factor
for developing HAM/TSP in HTLV-1 infected subjects. The
HTLV-1 PVL is measured as the number of HTLV-1 DNA
copies per PBMCs and is usually expressed as the percentage
of infected PBMCs. The PVL is 16-fold higher in HAM/TSP
patients than in carriers and associated with an increased risk
of progression to disease (Nagai et al., 1998). This high PVL
is associated with multiple immunologic abnormalities that
contribute to the development of HAM/TSP. When compared
to ACs, HAM/TSP patients have higher levels of spontaneous
lymphocyte proliferation (Sakai et al., 2001; Pinto et al., 2011),
increased HTLV-1 expression, and importantly, a higher frequency
of HTLV-1 specific CD8" T-cells (Kubota et al., 2000; Yamano
et al, 2002), which are thought to be critical mediators of
central nervous system (CNS) injury. PVL is significantly elevated
in cerebrospinal fluid (CSF) of HAM/TSP patients than in ACs
and HTLV-1-infected patients with other neurological disorders

(Puccioni-Sohler et al., 2007). Furthermore, higher PVL is also
detected in CSF than in PBMCs of HAM/TSP (Nagai et al,
2001; Brunetto et al, 2014) and correlated with spinal cord
atrophy (Azodi et al., 2017). The PVL of HTLV-1 reaches a
stable level in each individual (Matsuzaki et al., 2001), which
is maintained by the equilibrium between the proliferation of
infected cells and their elimination by activated CTLs (Bangham,
2003). Although higher PVL is clearly associated with developing
HAM/TSP, an elevated PVL alone is an incomplete requirement
since a small minority of AC with a high proviral load can
also develop HAM/TSP. Given that HTLV-1 PVLs are higher
in ACs genetically related to HAM/TSP patients than in
non-HAM/TSP-related ACs (Nagai et al., 1998), genetic factors
might contribute to the replication of HTLV-1.

Host Genetic Factors

Several host genetic factors, including human leukocyte antigen
(HLA) and non-HLA gene polymorphisms affect the occurrence
of HAM/TSP (Saito and Bangham, 2012). The HLA class
I genotype determines the specificity and the efficacy of their
CD8* T-cell response and consequently has a large impact on
the proviral load and the risk of developing HAM/TSP. Possession
of the HLA-class I gene HLA-A*02 and Cw*08 was associated
with a significant reduction in both HTLV-1 PVL and the
risk of HAM/TSP (Jeffery et al,, 1999, 2000; Catalan-Soares
et al.,, 2009), while individuals with HLA-class I HLA-B*5401
and class II HLA-DRB1*0101 was indicated to have the
susceptibility of developing with HAM/TSP (Jeffery et al., 1999,
2000). Analysis of non-HLA host genetic factors showed that
single nucleotide polymorphisms (SNPs) in a small number
of candidate genes affect the risk of developing HAM/TSP.
Tumor necrosis factor (TNF)-a promoter —863 A (Vine et al.,
2002) and the longer CA repeat alleles of matrix metalloproteinase
(MMP)-9 promoter (Kodama et al., 2004) were associated with
disease susceptibility, whereas interleukin (IL)-10 =592 A (Sabouri
et al., 2004), stromal-derived factor-1 + 801 A, and IL-15 + 191°C
alleles (Vine et al., 2002) were related to protective effect. IL6
promoter -634C allele frequencies were higher among HAM/TSP
patients than among ACs in Brazil (Gadelha et al, 2008).
IL28B gene SNP rs8099917 was reported to be associated with
HAM/TSP in Brazil (Assone et al., 2014). Familial clusters of
HAM/TSP were reported, but genetic analysis was not able
to detect any disease-associated genes due to small number
of cases (Nozuma et al., 2014, 2017). Comprehensive analysis
of host genetics in a larger sample size and cases focusing on
familial clustering might be useful to detect the susceptibility
genes of HAM/TSP.

HTLV-1 Genotype

HTLV-1 is segregated into seven major genetic subtypes
(la-1g) based on the nucleotide diversity of its LTR region,
including a cosmopolitan subtype (subtype la), a Melanesian/
Australian subtype (subtype 1c), and five African subtypes
(subtype 1b, 1d, le, 1f, and 1g) (Verdonck et al., 2007).
The cosmopolitan subtype is further divided into five
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sub-subtypes (Proietti et al., 2005), and globally the most
common HTLV-1 genotype is transcontinental subtype (Gessain
and Cassar, 2012). HTLV-1 has remarkably low genetic
variability, although minor variations exist between
geographical isolates (Komurian et al., 1991). Most studies
of HTLV-1 genotype have reported no correlation between
nucleotide substitutions and the risk of HAM/TSP (Mahieux
et al,, 1995), and the recent analysis of complete HTLV-1
sequence could not detect any HAM/TSP-specific mutations
(Pessoa et al., 2014; Nozuma et al,, 2017). However, the
transcontinental HTLV-1 subtype is reported to be more
frequently detected in HAM/TSP patients than in ACs in
southern Japan, where the transcontinental and Japanese
HTLV-1 subtypes co-exist (Furukawa et al., 2000; Nozuma
etal, 2017). HAM/TSP patients with transcontinental subtype
showed lower levels of HBZ mRNA expression (Yasuma et al.,
2016) and higher levels of CXCL10, which has been proposed
to be a prognostic biomarker for HAM/TSP (Naito et al.,
2018). Different HTLV-1 subgroups revealed different patterns
of host gene expression (Naito et al., 2018), which also might
contribute to the higher incidence of HAM/TSP infected
with transcontinental subtype.

HOST IMMUNE RESPONESE TO HTLV-1

Neuropathology

The main pathological feature in HAM/TSP is a chronic
inflammation with diffuse degeneration throughout the central
nervous system (Izumo et al, 2000). The spinal cord shows
loss of myelin and axons symmetrically in the lateral and
posterior column of the thoracic cord with the inflammation
of grey and white matter, most notably at the thoracic level
(Twasaki, 1990; Yoshioka et al., 1993). These lesions are associated
with perivascular and parenchymal lymphocytic infiltration with
associated axonal loss, demyelination, reactive astrocytosis and
fibrillary gliosis (Umehara et al., 1993). CD4* and CD8" cells
were evenly distributed in active inflammatory lesions, while
the predominance of CD8 cells and high levels of interferon
(IFN)-y were observed in the chronic stage of disease (Umehara
et al,, 1993; Aye et al,, 2000). A recent radiological study also
demonstrated that a more atrophic spinal cord in HAM/TSP
was associated with higher percentage of inflammatory CD8*
T-cells and HTLV-1 PVL in CSF (Azodi et al.,, 2017). HTLV-
1-infected cells were determined to be CD4" lymphocytes in
the central nervous system (CNS) (Matsuoka et al., 1998), and
HTLV-1 Tax-specific CTLs could be detected in the spinal cord
(Matsuura et al,, 2015). HTLV-1 has not been shown to actively
infect neurons, oligodendrocytes, or microglia in vivo (Lepoutre
et al., 2009). Alteration in tight junctions between endothelial
cells in the vasculature causes blood-brain barrier (BBB) disruption
with subsequent T-cell transmigration into the CNS in HAM/TSP
(Afonso et al., 2007, 2008). Higher levels of MMP-2 and MMP-9
were detected in the CSF and in infiltrating perivascular
mononuclear cells in active lesions in the CNS, indicating that
MMP-2 and MMP-9 may play a key role in the BBB breakdown
in HAM/TSP patients (Umehara et al, 1998). Cell adhesion

molecules, such as intercellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule 1 (VCAM-1), and cell adhesion
molecule 1 (CADMI/TSLC1), and activated leukocyte cell
adhesion molecule (ALCAM/CD166) have shown to
be modulated by Tax (Valentin et al., 1997; Nejmeddine et al.,
2009; Curis et al, 2016; Manivannan et al., 2016). Increased
adhesion molecule expression might therefore facilitate the
recruitment and migration of HTLV-1 infected lymphocytes
through the BBB endothelium.

Cytotoxic T Lymphocytes

The CD8" cytotoxic T-cells (CTLs) response has been considered
to play an important role in the development of HAM/TSP.
One of the most prominent features of the cellular immune
response in HAM/TSP patients is that the number of HTLV-
1-specific CTLs is greatly elevated in PBMCs compared with
ACs (Jacobson et al, 1990; Kubota et al, 2003). The
immunodominant antigen recognized by HTLV-1-specific CTLs
is the Tax protein particularly in association with HLA-A*0201
(Jacobson et al.,, 1990). These virus-specific CTLs, infiltrating
CNS lesions, produce proinflammatory cytokines and show
degranulation activity (Kubota et al., 1998; Yamano et al., 2002;
Abdelbary et al., 2011). The frequency of Tax specific CD8"
T-cells is also higher in CSF than in PBMCs and is proportional
to HTLV-1 PVL (Greten et al, 1998; Nagai et al, 2001).
Tax-specific CTLs were also detected in spinal cord parenchyma
(Matsuura et al., 2015). Strong Tax-specific CTL response has
been considered to control the viral replication and play key
role in developing of HAM/TSP. While Tax expression is
generally suppressed in infected cells in vivo (Hanon et al,
2000b), CTL response to Tax is chronically activated, implying
frequent exposure to newly-synthesized Tax protein in vivo
(Rende et al., 2011). Single cell analysis demonstrated that
Tax protein is expressed in intermittent but intense bursts
(Billman et al., 2017; Mahgoub et al., 2018). Recently, exosome
containing Tax was detected in virus-free CSF of patients with
HAM/TSP and may therefore also be the target of CTLs
(Anderson et al.,, 2018). These mechanisms may help maintain
persistently activated CTL responses to HTLV-1. HBZ is also
an immunogenic protein recognized by HBZ-specific CTL
clones and HBZ-specific CTLs are detected in ATLL or HAM/
TSP patients and ACs (Suemori et al., 2009; Macnamara et al.,
2010). HTLV-1-infected individuals with HLA class I alleles
strong binding the HBZ and the HBZ-specific CTL response
was shown to be associated with a lower proviral load and a
reduced risk of HAM/TSP (Macnamara et al., 2010; Hilburn
et al, 2011). However, compared with Tax-specific CTLs,
HBZ-specific CTLs are present at lower frequency in the
peripheral blood and kill fewer HTLV-1-infected cells in vitro
(Macnamara et al., 2010; Rowan et al., 2014). While HBZ is
continuously expressed in HTLV-1 infected cells in vivo, the
immunogenicity of HBZ is lower compared to tax, indicating
that HTLV-1 could escape from host immune response and
persistence of viral latency. Therapeutically, enhancing anti-HBZ
immune responses or identifying HBZ epitopes that can induce
a stronger CTL response in HAM/TSP may have clinical benefit.
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T Helper Cells

CD4" helper T-cells are necessary for both CTL response and
B cell reactivity against HTLV-1. The inflammatory cells in
the CNS in early stages of HAM/TSP are dominated by CD4*
T-cells with relatively high proviral loads and elevated Tax and
IEN-y expression (Umehara et al., 1993; Furuya et al., 1997;
Moritoyo et al, 1999). The most common HTLV-1 antigen
recognized by CD4" T-cells is the Env protein (Kitze et al,
1998; Goon et al., 2004). The frequency of HTLV-1 specific
CD4" T-cells were higher in patients with HAM/TSP than in
ACs with a similar PVL (Goon et al., 2004; Nose et al., 2007).
Additionally, the antiviral Thl phenotype is also dominant
among HTLV-1-specific CD4" T-cells in patients with HAM/
TSP (Goon et al., 2002), and higher frequency of IFN-y, TNF-q,
and IL-2 secreting CD4" T-cells has been demonstrated in
patients with HAM/TSP compared to ACs with a similar PVL
(Goon et al., 2002, 2003). HTLV-1-infected CD4* T-cells secrete
IEN-y (Hanon et al., 2000b; Araya et al., 2014), and the frequency
of IFN-y-secreting HTLV-1-specific CD4"* T-cells has been shown
to be higher in patients with HAM/TSP than in asymptomatic
HTLV-1 carriers with a similar proviral load (Goon et al.,
2002). Immunogenetic analysis also demonstrates that possession
of HLA-DRBI1*0101 is associated with susceptibility to HAM/
TSP in Japan (Jeffery et al, 1999). It has been demonstrated
that HTLV-1 infected T-cells which coexpressed the Th1 marker
CXCR3 and produced T-bet and IFN-y were present in the
CNS (Araya et al, 2014). When stimulated by IFN-y, the
astrocytes produce the CXCL10, which recruits more CXCR3*
T-cells, including more infected cell, to the CNS (Ando et al,
2013). These cells also produce pro-inflammatory cytokines
such as IFN-y, which stimulates astrocytes, further creating an
inflammatory positive feedback loop with subsequent tissue
damage in the CNS (Yamano and Coler-Reilly, 2017).

Regulatory T-Cells

HTLV-1 preferentially and continuously infects CD4*CD25" T
lymphocytes in vivo (Yamano et al., 2005). CD4*CD25" T-cells,
termed Tregs, contribute to the maintenance of immunologic
self-tolerance by inhibiting the activation and proliferation of
self-reactive lymphocytes (Sakaguchi et al., 2001). In HAM/TSP
patients, CD4*CD25" T-cells contain higher amount of HTLV-1
PVL and levels of HTLV-1 tax mRNA expression than in
CD4'CD25 cells and induces various cytokines including INF-y
(Yamano et al., 2004). HTLV-1-infected CD4*CD25" T-cells were
not functionally suppressive but rather were shown to stimulate
and expand HTLV-1 Tax-specific CD8" T-cells (Yamano et al.,
2004). In HAM/TPS patients, the levels of the forkhead box
P3 (FoxP3) expression was decrease in CD4'CD25" T-cells
compared to ACs and healthy controls (Yamano et al, 2005;
Oh et al., 2006). Furthermore, transduction of Tax reduced the
FoxP3 mRNA expression and inhibited the suppressive function
of the CD4'CD25"* T-cells isolated from healthy donors (Yamano
et al, 2005). HTLV-1 preferentially infects cells expressing the
C-C chemokine receptor 4 (CCR4) *CD4" T-cells through the
CCR4 ligand (CC chemokine ligand (CCL)22), which is produced
by Tax (Hieshima et al, 2008). In HAM/TSP patients, the

frequency of IFN-y-producing CD4"CD25'CCR4* T-cells was
increased and correlated with disease activity and severity (Yamano
et al., 2009). Anti-CCR4 monoclonal antibody effectively reduced
the proviral load and proinflammatory cytokines in PBMCs from
patients with HAM/TSP (Araya et al, 2014; Yamauchi et al,
2015). Clinical trial of anti-CCR4 monoclonal antibody has been
performed and showed promising results (Sato et al., 2018a).

Antibody Response

Robust humoral immune responses against HTLV-1 antigens
have been reported (Osame et al., 1986; Kitze et al., 1996;
Enose-Akahata et al, 2012), and it has been suggested that
antibody syntheses might be related to both protective and
pathogenic functions in HAM/TSP. Intrathecal antibody response
to HTLV-1 inversely correlates with higher PVL and a worse
prognosis (Puccioni-Sohler et al,, 1999). HAM/TSP patients
generally have a higher anti-HTLV-1 Ab titer than ACs with
a similar HTLV-1 proviral load (Nagasato et al, 1991; Kira
et al., 1992; Ishihara et al., 1994), and ATLL patients (Enose-
Akahata et al., 2012). HTLV-1-Tax-specific antibody is elevated
in HAM/TSP patients compared with both ACs and ATLL
patients (Lal et al, 1994; Chen et al., 1997), and HTLV-1
specific antibody could distinguish HAM/TSP from ACs and
ATLL (Enose-Akahata et al,, 2012). However, the pathogenic
role of these antibodies in HAM/TSP remains unclear. Antibodies
against Tax and Gag p24, were reported to cross-react with
host antigens, heterogeneous nuclear ribonucleoprotein Al
(hnRNPA1) and peroxiredosin-1 (PrX-1), respectively, suggesting
a role for molecular mimicry in the autoimmune pathogenesis
of HAM/TSP (Levin et al., 2002; Lee et al., 2008). However,
subsequent analysis reported that the presence of hnRNPA1-
specific antibodies in the CSF was not specific to this disease
(Yukitake et al., 2008). Recent analysis shows intrathecal HTLV-1
specific antibody is significantly elevated in HAM/TSP patients
compared to ACs, which is significantly correlated with antibody
secreting B cells (ASCs) (Enose-Akahata et al, 2018). These
results suggest that elevated ASCs may contribute to antibody
production in the CSF and importance of the B cell compartment
in the pathogenesis of developing of HAM/TSP. A more detailed
analysis of B cell response and development including B cell/T-cell
interactions will improve our understanding of the pathological
mechanism of antibody secretion in HAM/TSP.

Cytokine Expression

Elevated cytokine expression and production have been
demonstrated in the peripheral blood and CNS lesion of patients
with HAM/TSP (Jacobson, 2002). Inflammatory cytokines such
as IL-1B, TNF-a, and IFN-y were expressed by macrophages,
astrocytes, and microglia in the active inflammatory lesions
(Umehara et al,, 1993). Tax has been shown to transactivate
a number of the common y chain family of cytokines and the
receptors, such as IL-2/IL2R, IL-9, IL-15/IL-15R, and IL-21/IL-21R
(Enose-Akahata et al, 2017). IL-2/IL-2R and IL-15/IL-15R
cytokine loops, which induce the proliferation and the elevated
cytolytic activity of CD8" T-cells, are deregulated in HAM/TSP
and contribute to a variety of immunological abnormalities
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characteristic of this disorder (Azimi et al, 1999). HTLV-1
Tax-specific CD8" T-cells expressed high IL-15Ra (Azimi et al.,
2001) and induced degranulation and IFN-y expression when
stimulated by IL-15 (Enose-Akahata et al., 2008). Elevated levels
of IL-2, IL-9, and IL-15 driven by Tax lead to activate the
Jak3/STAT5 pathway, and Jak3 inhibitor was shown to reduce
in vitro immune activation in PBMCs from HAM/TSP patients
(Ju et al, 2011). Monoclonal antibody therapy in HAM/TSP
using a humanized antibody to IL-2 Ra showed reduction in
the proviral load and spontaneous proliferation (Lehky et al.,
1998), and a clinical trial of humanized-Mik-f-1, monoclonal
antibody against IL-2/IL-15 R, is currently underway, with
promising early results (Waldmann, 2015). A selective inhibitor
of IL-2 and IL-15 reduce the granulation and frequency of
HTLV-1-specific CTLs (Massoud et al., 2015). The increase of
the common y chain family of cytokines and receptors may
therefore be associated with the pathogenesis of HAM/TSP
where anti-cytokine strategy maybe a promising therapeutic
approach for HAM/TSP.

Exosome

Exosomes are unilamellar extracellular vesicles originated from
the endosomal compartment in various cell types (van der Pol
et al, 2012). Several viruses take advantage of this mode of
intracellular communication for incorporating viral components
into exosomes (Anderson et al., 2016). Non cell-free virus has
been detected in serum and CSF in HTLV-1-infected subjects
(Pique and Jones, 2012). Exosomes derived from HTLV-1-infected
cells appears to contain Tax protein and proinflammatory
mediators as well as viral mRNA transcripts, including Tax,
HBZ, and Env in vitro (Jaworski et al., 2014). Tax appears to
be targeted for exosome entry by ubiquitination (Shembade
and Harhaj, 2010; Jaworski et al., 2014), which was noted earlier
to be an important target for endosomal sorting complex required
for the transport pathway. Indeed, prior studies have shown
Tax colocalized with organelles undergoing exocytosis (Alefantis
et al., 2005a,b). Recent analysis showed that Tax protein was
detected in exosomes isolated from CSF previously found to
be negative for free HTLV-1 virus in HAM/TSP patients
(Anderson et al., 2018). Exosomal Tax may therefore contribute
to inflammatory cytokine production through packaging of
these cytokines. Furthermore, HAM/TSP exosomes were shown
to sensitize uninfected target cells for lysis by HTLV-1 specific
CTLs (Anderson et al.,, 2018). HTLV-1 Tax in exosomes may
therefore serve as a source of antigen that could be taken up
by CNS resident cells to become targets for lysis by HTLV-1
Tax-specific CTLs. Exosomes may contribute to the continuous
activation and inflammation observed in HAM/TSP and may
be a potential biomarker that to be therapeutically targeted.

CLINICAL FEATURES

HAM/TSP is clinically characterized by chronic progressive
spastic paraparesis, urinary incontinence and sensory disturbance.
The mean age at onset is 43.8 years, and like many other
autoimmune diseases, the frequency of cases of HAM/TSP is

greater in women than in men (Nakagawa et al., 1995). Weakness
of the lower limbs progresses to an abnormal spastic gait, and
some patients may become wheelchair dependent or even
bedridden. Hyperreflexia of the lower limbs is commonly seen,
often accompanied by clonus and Babinski’s sign. Hyperreflexia
of upper limbs is occasionally observed in some patients. The
disease usually progresses slowly without remission; however,
there is a subgroup of patients with rapid progression. The
clinical course and rate of progression may vary greatly among
patients. Older age at onset was associated with faster disease
progression (Olindo et al., 2006; Nozuma et al, 2014). The
median time from onset to require a unilateral walking aid
was about 7 years, and wheel chair dependency was 18 years
(Olindo et al, 2006; Coler-Reilly et al, 2016). Neurogenic
bladder symptoms such as nocturia, frequency, and urgency
are very common as well as constipation. It is also important
to recognize that HAM/TSP patients have a risk to develop
ATLL (Tamiya et al., 1995; Coler-Reilly et al., 2016).

DIAGNOSIS

The diagnosis of HAM/TSP is based upon a combination of
characteristic clinical features and confirmation of HTLV-1
infection, along with exclusion of other disorders presenting
spastic paraparesis (Yamano and Sato, 2012). The diagnostic
criteria for HAM/TSP were initially proposed in 1989 (WHO,
1989). A modified diagnostic criterion is updated as levels of
ascertainment as definite, probable, and possible with serological
findings and/or detection of proviral DNA and exclusion of
other disorders (De Castro-Costa et al., 2006). Recently, a new
classification criterion based on disease activity has been proposed
to help in providing adequate treatment for HAM/TSP (Sato
et al., 2018b). The presence of HTLV-1 antibodies confirmed
by western blot and/or a positive PCR should be demonstrated
for confirmation of HTLV-1 infection. Recently digital droplet
PCR (ddPCR) is used to quantify more precise PVL by determining
absolute copy numbers instead of a standard curve in real-time
PCR (Brunetto et al., 2014). Detection of anti-HTLV-1 antibodies
in cerebrospinal fluid is necessary for the diagnosis of HAM/TSP.
CSF examination revealed mild lymphocyte pleocytosis with
mildly elevated protein and increased concentration of
inflammatory markers such as neopterin, CXCL10, and CXCL9
(Sato et al., 2013). It is also necessary to exclude other disorders
resembling  HAM/TSP, such as multiple sclerosis (MS),
neuromyelitis optica, and spinal cord compression. Neuroimaging
is essential to exclude other diseases, but are not specific for
HAM/TSP. Typical MRI showed spinal cord atrophy especially
in the chronic phase without intensity changes. However, some
patients with severe paraparesis and rapid progression show
swelling of the spinal cord with T2 hyperintensity (Umehara
et al., 2007). Recent advance of quantitative MRI techniques
revealed that spinal cord cross-sectional areas correlated with
clinical disability score, CD8" T-cell frequency, and CSF PVL
in HAM/TSP patients (Azodi et al., 2017). Reliable non-invasive
biomarkers that correlate with the disease activity are clearly
needed to inform appropriate treatment(s) for HAM/TSP.
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TREATMENT

Most therapeutic trials in HAM/TSP have aimed to suppress
or modulate the immune response, or to reduce the HTLV-1
proviral load in an attempt to decrease the risk or modify
the course of the disease. Corticosteroids are most commonly
used to reduce the inflammation in the spinal cord, particularly
in the early stage. Motor disability might be improved with
steroids (Nakagawa et al, 1996; Croda et al, 2008), but
improvement is usually not sustained and is difficult to tolerate
due to various side effects of steroids. IFN-a is a therapeutic
agent whose efficacy was demonstrated in randomized placebo-
controlled trials (Izumo et al., 1996; Arimura et al., 2007).
However, the therapeutic benefit is small. Reverse transcriptase
inhibitors, which are used against HIV-1, were not effective
against HTLV-1 in clinical trials (Taylor et al, 2006; Macchi
etal., 2011). More recently, a humanized anti-CCR4 monoclonal
antibody, mogamulizumab, effectively reduced both the PVL
and inflammatory activity in cells obtained from patients with
HAM/TSP (Yamauchi et al.,, 2015). Phase 1/2a clinical trial
has demonstrated the safety and short-term effectiveness of
mogamulizumab in patients with HAM/TSP (Sato et al., 2018a).
Monoclonal antibody against IL-2 Ra resulted in reduction in
the PVL and spontaneous proliferation (Lehky et al., 1998),
and a clinical trial of humanized Mik-p-1, monoclonal antibody
against IL-2/IL-15RB, is being evaluated in patients with
HAM/TSP (Waldmann, 2015).

REFERENCES

Abdelbary, N. H., Abdullah, H. M., Matsuzaki, T., Hayashi, D., Tanaka, Y.,
Takashima, H., et al. (2011). Reduced Tim-3 expression on human
T-lymphotropic virus type I (HTLV-I) Tax-specific cytotoxic T lymphocytes
in HTLV-I infection. J. Infect. Dis. 203, 948-959. doi: 10.1093/infdis/jiq153

Afonso, P. V,, Ozden, S., Cumont, M. C,, Seilhean, D., Cartier, L., Rezaie, P,
et al. (2008). Alteration of blood-brain barrier integrity by retroviral infection.
PLoS Pathog. 4:€1000205. doi: 10.1371/journal.ppat.1000205

Afonso, P. V., Ozden, S., Prevost, M. C., Schmitt, C., Seilhean, D., Weksler, B.,
et al. (2007). Human blood-brain barrier disruption by retroviral-infected
lymphocytes: role of myosin light chain kinase in endothelial tight-junction
disorganization. J. Immunol. 179, 2576-2583. doi: 10.4049/jimmunol.179.4.2576

Alefantis, T., Jain, P, Ahuja, J., Mostoller, K., and Wigdahl, B. (2005a). HTLV-1
Tax nucleocytoplasmic shuttling, interaction with the secretory pathway,
extracellular signaling, and implications for neurologic disease. J. Biomed.
Sci. 12, 961-974. doi: 10.1007/s11373-005-9026-x

Alefantis, T., Mostoller, K., Jain, P, Harhaj, E.,, Grant, C., and Wigdahl, B.
(2005b). Secretion of the human T cell leukemia virus type I transactivator
protein tax. J. Biol. Chem. 280, 17353-17362. doi: 10.1074/jbc.M409851200

Anderson, M. R., Kashanchi, E, and Jacobson, S. (2016). Exosomes in viral
disease. Neurotherapeutics 13, 535-546. doi: 10.1007/s13311-016-0450-6

Anderson, M. R, Pleet, M. L., Enose-Akahata, Y., Erickson, J., Monaco, M. C.,
Akpamagbo, Y., et al. (2018). Viral antigens detectable in CSF exosomes
from patients with retrovirus associated neurologic disease: functional role
of exosomes. Clin. Transl. Med. 7:24. doi: 10.1186/s40169-018-0204-7

Ando, H., Sato, T., Tomaru, U., Yoshida, M., Utsunomiya, A., Yamauchi, J.,
etal. (2013). Positive feedback loop via astrocytes causes chronic inflammation
in virus-associated myelopathy. Brain 136, 2876-2887. doi: 10.1093/brain/
awt183

Araya, N, Sato, T., Ando, H., Tomaru, U., Yoshida, M., Coler-Reilly, A., et al.
(2014). HTLV-1 induces a Thl-like state in CD4+CCR4+ T cells. J. Clin.
Invest. 124, 3431-3442. doi: 10.1172/JCI75250

CONCLUSION

Recent advances in research on HTLV-1 provide better
understanding of the molecular pathogenesis and mechanisms
of HAM/TSP, and several clinical trials of novel therapies for
patients with HAM/TSP have been initiated. However, long-
term improvement of motor disability and quality of life still
have not been achieved in HAM/TSP patients, and the clinical
management remains challenging. Given that HAM/TSP is
characterized by activated T-cells in both the periphery and
CNS, studies in HAM/TSP will be highly informative for
clarifying the pathogenesis of other neuroinflammatory disorders
such as multiple sclerosis. Novel approaches will be required
to better define host-virus interactions and host immune response
underlying the pathogenesis of HAM/TSP.

AUTHOR CONTRIBUTIONS

SN wrote the manuscript, and SJ supervised and contributed
to the discussion and writing.

FUNDING

SN was supported by the Japan Society for the Promotion of
Science - JSPS-NIH Research Fellowship Program.

Arimura, K., Nakagawa, M., Izumo, S., Usuku, K., Itoyama, Y., Kira, J., et al.
(2007). Safety and efficacy of interferon-alpha in 167 patients with human
T-cell lymphotropic virus type l-associated myelopathy. J. Neurovirol. 13,
364-372. doi: 10.1080/13550280701397627

Arnold, J., Zimmerman, B., Li, M., Lairmore, M. D., and Green, P. L. (2008).
Human T-cell leukemia virus type-1 antisense-encoded gene, Hbz, promotes
T-lymphocyte proliferation.  Blood 112, 3788-3797. doi: 10.1182/
blood-2008-04-154286

Assone, T., de Souza, E V., Gaester, K. O., Fonseca, L. A., Luiz Odo, C.,
Malta, F, et al. (2014). IL28B gene polymorphism SNP rs8099917 genotype
GG is associated with HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP) in HTLV-1 carriers. PLoS Negl. Trop. Dis. 8:e3199.
doi: 10.1371/journal.pntd.0003199

Aye, M. M., Matsuoka, E., Moritoyo, T., Umehara, E, Suehara, M., Hokezu, Y.,
et al. (2000). Histopathological analysis of four autopsy cases of HTLV-
I-associated myelopathy/tropical spastic paraparesis: inflammatory changes
occur simultaneously in the entire central nervous system. Acta Neuropathol.
100, 245-252. doi: 10.1007/s004019900170

Azimi, N., Jacobson, S., Leist, T., and Waldmann, T. A. (1999). Involvement
of IL-15 in the pathogenesis of human T lymphotropic virus type I-associated
myelopathy/tropical spastic paraparesis: implications for therapy with a
monoclonal antibody directed to the IL-2/15R beta receptor. J. Immunol.
163, 4064-4072.

Azimi, N., Nagai, M., Jacobson, S., and Waldmann, T. A. (2001). IL-15 plays
a major role in the persistence of Tax-specific CD8 cells in HAM/TSP patients.
Proc. Natl. Acad. Sci. U. S. A. 98, 14559-14564. doi: 10.1073/pnas.251540598

Azodi, S., Nair, G., Enose-Akahata, Y., Charlip, E., Vellucci, A., Cortese, I,
et al. (2017). Imaging spinal cord atrophy in progressive myelopathies:
HTLV-I-associated neurological disease (HAM/TSP) and multiple sclerosis
(MS). Ann. Neurol. 82, 719-728. doi: 10.1002/ana.25072

Bangham, C. R. (2003). The immune control and cell-to-cell spread of human
T-lymphotropic virus type 1. J. Gen. Virol. 84, 3177-3189. doi: 10.1099/
vir.0.19334-0

Frontiers in Microbiology | www.frontiersin.org

April 2019 | Volume 10 | Article 885


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1093/infdis/jiq153
https://doi.org/10.1371/journal.ppat.1000205
https://doi.org/10.4049/jimmunol.179.4.2576
https://doi.org/10.1007/s11373-005-9026-x
https://doi.org/10.1074/jbc.M409851200
https://doi.org/10.1007/s13311-016-0450-6
https://doi.org/10.1186/s40169-018-0204-7
https://doi.org/10.1093/brain/awt183
https://doi.org/10.1093/brain/awt183
https://doi.org/10.1172/JCI75250
https://doi.org/10.1080/13550280701397627
https://doi.org/10.1182/blood-2008-04-154286
https://doi.org/10.1182/blood-2008-04-154286
https://doi.org/10.1371/journal.pntd.0003199
https://doi.org/10.1007/s004019900170
https://doi.org/10.1073/pnas.251540598
https://doi.org/10.1002/ana.25072
https://doi.org/10.1099/vir.0.19334-0
https://doi.org/10.1099/vir.0.19334-0

Nozuma and Jacobson

Neuroimmunology of HAM/TSP

Bangham, C. R, Araujo, A., Yamano, Y., and Taylor, G. P. (2015). HTLV-
1-associated myelopathy/tropical spastic paraparesis. Nat. Rev. Dis. Primers.
1:15012. doi: 10.1038/nrdp.2015.12

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

Brunetto, G. S., Massoud, R., Leibovitch, E. C., Caruso, B., Johnson, K.,
Ohayon, J., et al. (2014). Digital droplet PCR (ddPCR) for the precise
quantification of human T-lymphotropic virus 1 proviral loads in peripheral
blood and cerebrospinal fluid of HAM/TSP patients and identification of
viral mutations. J. Neurovirol. 20, 341-351. doi: 10.1007/s13365-014-0249-3

Cassar, O., Einsiedel, L., Afonso, P. V., and Gessain, A. (2013). Human T-cell
lymphotropic virus type 1 subtype C molecular variants among indigenous
australians: new insights into the molecular epidemiology of HTLV-1 in Australo-
Melanesia. PLoS Negl. Trop. Dis. 7:e2418. doi: 10.1371/journal.pntd.0002418

Catalan-Soares, B. C., Carneiro-Proietti, A. B., Da Fonseca, E G., Correa-Oliveira, R.,
Peralva-Lima, D., Portela, R., et al. (2009). HLA class I alleles in HTLV-1-
associated myelopathy and asymptomatic carriers from the Brazilian cohort
GIPH. Med. Microbiol. Immunol. 198, 1-3. doi: 10.1007/500430-008-0096-z

Chen, Y. M., Chen, S. H., Fu, C. Y, Chen, J. Y, and Osame, M. (1997).
Antibody reactivities to tumor-suppressor protein p53 and HTLV-I Tof, Rex
and Tax in HTLV-I-infected people with differing clinical status. Int. J.
Cancer 71, 196-202. doi: 10.1002/(SICI)1097-0215(19970410)71:2<196::AID-
1JC12>3.0.CO;2-G

Coler-Reilly, A. L., Yagishita, N., Suzuki, H., Sato, T., Araya, N., Inoue, E,,
et al. (2016). Nation-wide epidemiological study of Japanese patients with
rare viral myelopathy using novel registration system (HAM-net). Orphanet
J. Rare Dis. 11:69. doi: 10.1186/s13023-016-0451-x

Cook, L. B, Rowan, A. G., Melamed, A., Taylor, G. P, and Bangham, C. R.
(2012). HTLV-1-infected T cells contain a single integrated provirus in
natural infection. Blood 120, 3488-3490. doi: 10.1182/blood-2012-07-445593

Croda, M. G., de Oliveira, A. C., Vergara, M. P, Bonasser, F, Smid, J., Duarte,
A. ], et al. (2008). Corticosteroid therapy in TSP/HAM patients: the results
from a 10 years open cohort. J. Neurol. Sci. 269, 133-137. doi: 10.1016/j.
jns.2008.01.004

Curis, C., Percher, E, Jeannin, P, Montange, T., Chevalier, S. A., Seilhean, D.,
et al. (2016). Human T-lymphotropic virus type 1-induced overexpression of
activated leukocyte cell adhesion molecule (ALCAM) facilitates trafficking of
infected lymphocytes through the blood-brain barrier. J. Virol. 90, 7303-7312.
doi: 10.1128/JV1.00539-16

De Castro-Costa, C. M., Araujo, A. Q., Barreto, M. M., Takayanagui, O. M.,
Sohler, M. P, da Silva, E. L., et al. (2006). Proposal for diagnostic criteria
of tropical spastic paraparesis/HTLV-I-associated myelopathy (TSP/HAM).
AIDS Res. Hum. Retrovir. 22, 931-935. doi: 10.1089/aid.2006.22.931

de The, G., and Bomford, R. (1993). An HTLV-I vaccine: why, how, for whom?
AIDS Res. Hum. Retrovir. 9, 381-386.

Derse, D., Crise, B., Li, Y., Princler, G., Lum, N., Stewart, C., et al. (2007).
Human T-cell leukemia virus type 1 integration target sites in the human
genome: comparison with those of other retroviruses. J. Virol. 81, 6731-6741.
doi: 10.1128/JV1.02752-06

Doi, K., Wu, X,, Taniguchi, Y., Yasunaga, J., Satou, Y., Okayama, A., et al.
(2005). Preferential selection of human T-cell leukemia virus type I provirus
integration sites in leukemic versus carrier states. Blood 106, 1048-1053.
doi: 10.1182/blood-2004-11-4350

Einsiedel, L., Cassar, O., Goeman, E., Spelman, T., Au, V., Hatami, S., et al.
(2014a). Higher human T-lymphotropic virus type 1 subtype C proviral loads
are associated with bronchiectasis in indigenous australians: results of a case-
control study. Open Forum Infect. Dis. 1:0fu023. doi: 10.1093/ofid/ofu023

Einsiedel, L., Cassar, O., Spelman, T, Joseph, S., and Gessain, A. (2016a). Higher
HTLV-1c¢ proviral loads are associated with blood stream infections in an indigenous
Australian population. J. Clin. Virol. 78, 93-98. doi: 10.1016/j.jcv.2016.03.006

Einsiedel, L. J., Pham, H., Woodman, R. J., Pepperill, C., and Taylor, K. A.
(2016b). The prevalence and clinical associations of HTLV-1 infection in a
remote indigenous community. Med. J. Aust. 205, 305-309. doi: 10.5694/
mjal6.00285

Einsiedel, L., Spelman, T., Goeman, E., Cassar, O., Arundell, M., and Gessain, A.
(2014b). Clinical associations of human T-lymphotropic virus type 1 infection
in an indigenous Australian population. PLoS Negl. Trop. Dis. 8:e2643. doi:
10.1371/journal.pntd.0002643

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., Abrams, A., Massoud, R., Bialuk, 1., Johnson, K. R., Green, P. L.,
et al. (2013). Humoral immune response to HTLV-1 basic leucine zipper
factor (HBZ) in HTLV-1-infected individuals. Retrovirology 10:19. doi:
10.1186/1742-4690-10-19

Enose-Akahata, Y., Azodi, S., Smith, B. R,, Billioux, B. J., Vellucci, A., Ngouth, N.,
et al. (2018). Immunophenotypic characterization of CSF B cells in virus-
associated neuroinflammatory diseases. PLoS Pathog. 14:¢1007042. doi: 10.1371/
journal.ppat.1007042

Enose-Akahata, Y., Oh, U, Grant, C., and Jacobson, S. (2008). Retrovirally
induced CTL degranulation mediated by IL-15 expression and infection of
mononuclear phagocytes in patients with HTLV-I-associated neurologic
disease. Blood 112, 2400-2410. doi: 10.1182/blood-2008-02-138529

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

Furukawa, Y., Yamashita, M., Usuku, K., Izumo, S., Nakagawa, M., and Osame, M.
(2000). Phylogenetic subgroups of human T cell lymphotropic virus (HTLV)
type I in the tax gene and their association with different risks for HTLV-
I-associated myelopathy/tropical spastic paraparesis. J. Infect. Dis. 182,
1343-1349. doi: 10.1086/315897

Furuya, T., Nakamura, T., Shirabe, S., Nishiura, Y., Tsujino, A., Goto, H., et al.
(1997). Heightened transmigrating activity of CD4-positive T cells through
reconstituted basement membrane in patients with human T-lymphotropic
virus type I-associated myelopathy. Proc. Assoc. Am. Physicians 109, 228-236.

Gadelha, S. R., Junior Alcantara, L. C., Costa, G. C., Acosta, A. X., Rios, D.,
Kashima, S., et al. (2008). Correlation between polymorphisms at interleukin-6
but not at interleukin-10 promoter and the risk of human T lymphotropic
virus type I-associated myelopathy/tropical spastic paraparesis in Brazilian
individuals. J. Med. Virol. 80, 2141-2146. doi: 10.1002/jmv.21341

Gessain, A., Barin, E, 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

Gessain, A., and Mahieux, R. (2012). Tropical spastic paraparesis and HTLV-1
associated myelopathy: clinical, epidemiological, virological and therapeutic
aspects. Rev. Neurol. 168, 257-269. doi: 10.1016/j.neurol.2011.12.006

Gillet, N. A, Malani, N., Melamed, A., Gormley, N., Carter, R., Bentley, D.,
et al. (2011). The host genomic environment of the provirus determines
the abundance of HTLV-1-infected T-cell clones. Blood 117, 3113-3122.
doi: 10.1182/blood-2010-10-312926

Goon, P. K., Hanon, E., Igakura, T., Tanaka, Y., Weber, J. N., Taylor, G. P,
et al. (2002). High frequencies of Th1-type CD4(+) T cells specific to HTLV-1
Env and Tax proteins in patients with HTLV-1-associated myelopathy/tropical
spastic paraparesis. Blood 99, 3335-3341. doi: 10.1182/blood.V99.9.3335

Goon, P. K., Igakura, T., Hanon, E., Mosley, A. J., Asquith, B., Gould, K. G,
et al. (2003). High circulating frequencies of tumor necrosis factor alpha-
and interleukin-2-secreting human T-lymphotropic virus type 1 (HTLV-1)-
specific CD4+ T cells in patients with HTLV-1-associated neurological disease.
J. Virol. 77, 9716-9722. doi: 10.1128/JV1.77.17.9716-9722.2003

Goon, P. K, Igakura, T., Hanon, E., Mosley, A. ], Barfield, A., Barnard, A. L.,
et al. (2004). Human T cell lymphotropic virus type I (HTLV-I)-specific
CD4+ T cells: immunodominance hierarchy and preferential infection with
HTLV-L. J. Immunol. 172, 1735-1743. doi: 10.4049/jimmunol.172.3.1735

Greten, T. E, Slansky, J. E., Kubota, R., Soldan, S. S., Jaffee, E. M., Leist, T. P,
et al. (1998). Direct visualization of antigen-specific T cells: HTLV-1 Tax11-19-
specific CD8(+) T cells are activated in peripheral blood and accumulate in
cerebrospinal fluid from HAM/TSP patients. Proc. Natl. Acad. Sci. U. S. A.
95, 7568-7573.

Hanon, E., Asquith, R. E. Taylor, G. P, Tanaka, Y., Weber, J. N,, and
Bangham, C. R. (2000a). High frequency of viral protein expression in
human T cell lymphotropic virus type 1-infected peripheral blood mononuclear
cells. AIDS Res. Hum. Retrovir. 16, 1711-1715. doi: 10.1089/08892220050193191

Frontiers in Microbiology | www.frontiersin.org

April 2019 | Volume 10 | Article 885


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/nrdp.2015.12
https://doi.org/10.12688/wellcomeopenres.12469.2
https://doi.org/10.1007/s13365-014-0249-3
https://doi.org/10.1371/journal.pntd.0002418
https://doi.org/10.1007/s00430-008-0096-z
https://doi.org/10.1002/(SICI)1097-0215(19970410)71:2<196::AID-IJC12>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1097-0215(19970410)71:2<196::AID-IJC12>3.0.CO;2-G
https://doi.org/10.1186/s13023-016-0451-x
https://doi.org/10.1182/blood-2012-07-445593
https://doi.org/10.1016/j.jns.2008.01.004
https://doi.org/10.1016/j.jns.2008.01.004
https://doi.org/10.1128/JVI.00539-16
https://doi.org/10.1089/aid.2006.22.931
https://doi.org/10.1128/JVI.02752-06
https://doi.org/10.1182/blood-2004-11-4350
https://doi.org/10.1093/ofid/ofu023
https://doi.org/10.1016/j.jcv.2016.03.006
https://doi.org/10.5694/mja16.00285
https://doi.org/10.5694/mja16.00285
https://doi.org/10.1371/journal.pntd.0002643
https://doi.org/10.1182/blood-2011-11-390807
https://doi.org/10.1182/blood-2011-11-390807
https://doi.org/10.1186/1742-4690-10-19
https://doi.org/10.1371/journal.ppat.1007042
https://doi.org/10.1371/journal.ppat.1007042
https://doi.org/10.1182/blood-2008-02-138529
https://doi.org/10.3389/fmicb.2017.02563
https://doi.org/10.1086/315897
https://doi.org/10.1002/jmv.21341
https://doi.org/10.1016/S0140-6736(85)92734-5
https://doi.org/10.1016/S0140-6736(85)92734-5
https://doi.org/10.3389/fmicb.2012.00388
https://doi.org/10.1016/j.neurol.2011.12.006
https://doi.org/10.1182/blood-2010-10-312926
https://doi.org/10.1182/blood.V99.9.3335
https://doi.org/10.1128/JVI.77.17.9716-9722.2003
https://doi.org/10.4049/jimmunol.172.3.1735
https://doi.org/10.1089/08892220050193191

Nozuma and Jacobson

Neuroimmunology of HAM/TSP

Hanon, E., Hall, S., Taylor, G. P, Saito, M., Davis, R., Tanaka, Y., et al. (2000b).
Abundant tax protein expression in CD4+ T cells infected with human T-cell
lymphotropic virus type I (HTLV-I) is prevented by cytotoxic T lymphocytes.
Blood 95, 1386-1392.

Hieshima, K., Nagakubo, D., Nakayama, T., Shirakawa, A. K., Jin, Z., and
Yoshie, O. (2008). Tax-inducible production of CC chemokine ligand 22
by human T cell leukemia virus type 1 (HTLV-1)-infected T cells promotes
preferential transmission of HTLV-1 to CCR4-expressing CD4+ T cells.
J. Immunol. 180, 931-939. doi: 10.4049/jimmunol.180.2.931

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

Ishihara, S., Okayama, A., Stuver, S., Horinouchi, H., Shioiri, S., Murai, K,
et al. (1994). Association of HTLV-I antibody profile of asymptomatic carriers
with proviral DNA levels of peripheral blood mononuclear cells. J. Acquir.
Immune Defic. Syndr. 7, 199-203.

Iwasaki, Y. (1990). Pathology of chronic myelopathy associated with HTLV-I
infection (HAM/TSP). J. Neurol. Sci. 96, 103-123.

Izumo, S., Goto, I, Itoyama, Y., Okajima, T., Watanabe, S., Kuroda, Y., et al.
(1996). Interferon-alpha is effective in HTLV-I-associated myelopathy: a
multicenter, randomized, double-blind, controlled trial. Neurology 46, 1016-1021.
doi: 10.1212/WNL.46.4.1016

Izumo, S., Umehara, E, and Osame, M. (2000). HTLV-I-associated myelopathy.
Neuropathology 20 (Suppl.), S65-S68.

Jacobson, S. (2002). Immunopathogenesis of human T cell lymphotropic virus
type I-associated neurologic disease. J. Infect. Dis. 186 (Suppl. 2), S187-5192.
doi: 10.1086/344269

Jacobson, S., Shida, H., McFarlin, D. E., Fauci, A. S., and Koenig, S. (1990).
Circulating CD8+ cytotoxic T lymphocytes specific for HTLV-I pX in patients
with HTLV-I associated neurological disease. Nature 348, 245-248. doi:
10.1038/348245a0

Jaworski, E., Narayanan, A., Van Duyne, R., Shabbeer-Meyering, S., Iordanskiy, S.,
Saifuddin, M., et al. (2014). Human T-lymphotropic virus type l-infected
cells secrete exosomes that contain Tax protein. J. Biol. Chem. 289, 22284-22305.
doi: 10.1074/jbc.M114.549659

Jeffery, K. J., Siddiqui, A. A., Bunce, M., Lloyd, A. L., Vine, A. M., Witkover,
A. D, et al. (2000). The influence of HLA class I alleles and heterozygosity
on the outcome of human T cell lymphotropic virus type I infection.
J. Immunol. 165, 7278-7284. doi: 10.4049/jimmunol.165.12.7278

Jeftery, K. J., Usuku, K., Hall, S. E., Matsumoto, W., Taylor, G. P, Procter, J.,
et al. (1999). HLA alleles determine human T-lymphotropic virus-I (HTLV-I)
proviral load and the risk of HTLV-I-associated myelopathy. Proc. Natl.
Acad. Sci. U. S. A. 96, 3848-3853.

Ju, W,, Zhang, M., Jiang, J. K., Thomas, C. J., Oh, U, Bryant, B. R,, et al.
(2011). CP-690,550, a therapeutic agent, inhibits cytokine-mediated Jak3
activation and proliferation of T cells from patients with ATL and HAM/
TSP. Blood 117, 1938-1946. doi: 10.1182/blood-2010-09-305425

Kira, J., Nakamura, M., Sawada, T., Koyanagi, Y., Ohori, N., Itoyama, Y,
et al. (1992). Antibody titers to HTLV-I-p40tax protein and gag-env
hybrid protein in HTLV-I-associated myelopathy/tropical spastic paraparesis:
correlation with increased HTLV-I proviral DNA load. J. Neurol. Sci.
107, 98-104.

Kitze, B., Usuku, K., Izumo, S., Nakamura, M., Shiraki, H., Jjichi, S., et al.
(1996). Diversity of intrathecal antibody synthesis against HTLV-I and its
relation to HTLV-I associated myelopathy. J. Neurol. 243, 393-400. doi:
10.1007/BF00868998

Kitze, B., Usuku, K., Yamano, Y., Yashiki, S., Nakamura, M., Fujiyoshi, T., et al.
(1998). Human CD4+ T lymphocytes recognize a highly conserved epitope
of human T lymphotropic virus type 1 (HTLV-1) env gp2l restricted by
HLA  DRBI*0101. Clin.  Exp. Immunol. 111, 278-285. doi:
10.1046/j.1365-2249.1998.00497.x

Kodama, D., Saito, M., Matsumoto, W., Sabouri, A. H., Izumo, S., Arimura, K.,
et al. (2004). Longer dinucleotide repeat polymorphism in matrix
metalloproteinase-9 (MMP-9) gene promoter which correlates with higher
HTLV-I Tax mediated transcriptional activity influences the risk of HTLV-I
associated  myelopathy/tropical ~ spastic  paraparesis  (HAM/TSP).
J. Neuroimmunol. 156, 188-194. doi: 10.1016/j.jneuroim.2004.07.007

Komurian, E, Pelloquin, E, and de The, G. (1991). In vivo genomic variability
of human T-cell leukemia virus type I depends more upon geography than
upon pathologies. J. Virol. 65, 3770-3778.

Kubota, R., Furukawa, Y., Izumo, S., Usuku, K., and Osame, M. (2003). Degenerate
specificity of HTLV-1-specific CD8+ T cells during viral replication in patients
with HTLV-1-associated myelopathy (HAM/TSP). Blood 101, 3074-3081.
doi: 10.1182/blood-2002-08-2477

Kubota, R., Kawanishi, T., Matsubara, H., Manns, A., and Jacobson, S. (1998).
Demonstration of human T lymphotropic virus type I (HTLV-I) tax-specific
CD8+ lymphocytes directly in peripheral blood of HTLV-I-associated
myelopathy/tropical spastic paraparesis patients by intracellular cytokine
detection. J. Immunol. 161, 482-488.

Kubota, R., Nagai, M., Kawanishi, T., Osame, M., and Jacobson, S. (2000).
Increased HTLV type 1 tax specific CD8+ cells in HTLV type l-asociated
myelopathy/tropical spastic paraparesis: correlation with HTLV type 1 proviral
load. AIDS Res. Hum. Retrovir. 16, 1705-1709. doi: 10.1089/08892220050193182

Lal, R. B., Giam, C. Z., Coligan, J. E., and Rudolph, D. L. (1994). Differential
immune responsiveness to the immunodominant epitopes of regulatory
proteins (tax and rex) in human T cell lymphotropic virus type I-associated
myelopathy. J. Infect. Dis. 169, 496-503. doi: 10.1093/infdis/169.3.496

Lee, S., Shin, Y., Marler, J., and Levin, M. C. (2008). Post-translational glycosylation
of target proteins implicate molecular mimicry in the pathogenesis of HTLV-1
associated neurological disease. J. Neuroimmunol. 204, 140-148. doi: 10.1016/j.
jneuroim.2008.07.020

Lehky, T. J., Levin, M. C., Kubota, R., Bamford, R. N, Flerlage, A. N,, Soldan, S. S.,
et al. (1998). Reduction in HTLV-I proviral load and spontaneous
lymphoproliferation in HTLV-I-associated —myelopathy/tropical spastic
paraparesis patients treated with humanized anti-Tac. Ann. Neurol. 44,
942-947. doi: 10.1002/ana.410440613

Lepoutre, V., Jain, P, Quann, K., Wigdahl, B., and Khan, Z. K. (2009). Role
of resident CNS cell populations in HTLV-1-associated neuroinflammatory
disease. Front. Biosci. 14, 1152-1168.

Levin, M. C,, Lee, S. M., Kalume, E, Morcos, Y., Dohan, E. C. Jr., Hasty, K. A,,
et al. (2002). Autoimmunity due to molecular mimicry as a cause of
neurological disease. Nat. Med. 8, 509-513. doi: 10.1038/nm0502-509

Macchi, B., Balestrieri, E., Ascolani, A., Hilburn, S., Martin, E, Mastino, A.,
et al. (2011). Susceptibility of primary HTLV-1 isolates from patients with
HTLV-1-associated myelopathy to reverse transcriptase inhibitors. Viruses
3, 469-483. doi: 10.3390/v3050469

Macnamara, A., Rowan, A., Hilburn, S., Kadolsky, U., Fujiwara, H., Suemori, K.,
et al. (2010). HLA class I binding of HBZ determines outcome in HTLV-1
infection. PLoS Pathog. 6:e1001117. doi: 10.1371/journal.ppat.1001117

Mahgoub, M., Yasunaga, J. I., Iwami, S., Nakaoka, S., Koizumi, Y., Shimura, K.,
et al. (2018). Sporadic on/off switching of HTLV-1 Tax expression is crucial
to maintain the whole population of virus-induced leukemic cells. Proc.
Natl. Acad. Sci. U. S. A. 115, E1269-E1278. doi: 10.1073/pnas.1715724115

Mabhieux, R., de The, G., and Gessain, A. (1995). The tax mutation at nucleotide
7959 of human T-cell leukemia virus type 1 (HTLV-1) is not associated
with tropical spastic paraparesis/HTLV-1-associated myelopathy but is linked
to the cosmopolitan molecular genotype. J. Virol. 69, 5925-5927.

Manivannan, K., Rowan, A. G., Tanaka, Y., Taylor, G. P, and Bangham, C. R.
(2016). CADM1/TSLC1 identifies HTLV-1-infected cells and determines their
susceptibility to CTL-mediated lysis. PLoS Pathog. 12:e1005560. doi: 10.1371/
journal.ppat.1005560

Massoud, R., Enose-Akahata, Y., Tagaya, Y., Azimi, N., Basheer, A., and Jacobson, S.
(2015). Common gamma-chain blocking peptide reduces in vitro immune
activation markers in HTLV-1-associated myelopathy/tropical spastic paraparesis.
Proc. Natl. Acad. Sci. U. S. A. 112, 11030-11035. doi: 10.1073/pnas.1412626112

Matsuoka, M., and Jeang, K. T. (2007). Human T-cell leukaemia virus type 1
(HTLV-1) infectivity and cellular transformation. Nat. Rev. Cancer 7, 270-280.
doi: 10.1038/nrc2111

Matsuoka, M., and Jeang, K. T. (2011). Human T-cell leukemia virus type 1
(HTLV-1) and leukemic transformation: viral infectivity, Tax, HBZ and
therapy. Oncogene 30, 1379-1389. doi: 10.1038/0nc.2010.537

Matsuoka, E., Takenouchi, N., Hashimoto, K., Kashio, N., Moritoyo, T., Higuchi, L.,
et al. (1998). Perivascular T cells are infected with HTLV-I in the spinal
cord lesions with HTLV-I-associated myelopathy/tropical spastic paraparesis:
double staining of immunohistochemistry and polymerase chain reaction in
situ hybridization. Acta Neuropathol. 96, 340-346. doi: 10.1007/s004010050903

Frontiers in Microbiology | www.frontiersin.org

April 2019 | Volume 10| Article 885


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.4049/jimmunol.180.2.931
https://doi.org/10.1093/infdis/jiq078
https://doi.org/10.1212/WNL.46.4.1016
https://doi.org/10.1086/344269
https://doi.org/10.1038/348245a0
https://doi.org/10.1074/jbc.M114.549659
https://doi.org/10.4049/jimmunol.165.12.7278
https://doi.org/10.1182/blood-2010-09-305425
https://doi.org/10.1007/BF00868998
https://doi.org/10.1046/j.1365-2249.1998.00497.x
https://doi.org/10.1016/j.jneuroim.2004.07.007
https://doi.org/10.1182/blood-2002-08-2477
https://doi.org/10.1089/08892220050193182
https://doi.org/10.1093/infdis/169.3.496
https://doi.org/10.1016/j.jneuroim.2008.07.020
https://doi.org/10.1016/j.jneuroim.2008.07.020
https://doi.org/10.1002/ana.410440613
https://doi.org/10.1038/nm0502-509
https://doi.org/10.3390/v3050469
https://doi.org/10.1371/journal.ppat.1001117
https://doi.org/10.1073/pnas.1715724115
https://doi.org/10.1371/journal.ppat.1005560
https://doi.org/10.1371/journal.ppat.1005560
https://doi.org/10.1073/pnas.1412626112
https://doi.org/10.1038/nrc2111
https://doi.org/10.1038/onc.2010.537
https://doi.org/10.1007/s004010050903

Nozuma and Jacobson

Neuroimmunology of HAM/TSP

Matsuura, E., Kubota, R., Tanaka, Y., Takashima, H., and Izumo, S. (2015).
Visualization of HTLV-1-specific cytotoxic T lymphocytes in the spinal cords
of patients with HTLV-1-associated myelopathy/tropical spastic paraparesis.
J. Neuropathol. Exp. Neurol. 74, 2-14. doi: 10.1097/NEN.0000000000000141

Matsuura, E., Yamano, Y., and Jacobson, S. (2010). Neuroimmunity of HTLV-I
Infection. J. Neuroimmune Pharmacol. 5, 310-325. doi: 10.1007/
s11481-010-9216-9

Matsuzaki, T., Nakagawa, M., Nagai, M., Usuku, K., Higuchi, I, Arimura, K,
etal. (2001). HTLV-I proviral load correlates with progression of motor disability
in HAM/TSP: analysis of 239 HAM/TSP patients including 64 patients followed
up for 10 years. J. Neurovirol. 7, 228-234. doi: 10.1080/13550280152403272

Meekings, K. N., Leipzig, J., Bushman, E D., Taylor, G. P, and Bangham, C. R.
(2008). HTLV-1 integration into transcriptionally active genomic regions is
associated with proviral expression and with HAM/TSP. PLoS Pathog.
4:€1000027. doi: 10.1371/journal.ppat.1000027

Melamed, A., Laydon, D. J., Gillet, N. A,, Tanaka, Y., Taylor, G. P, and Bangham,
C.R. (2013). Genome-wide determinants of proviral targeting, clonal abundance
and expression in natural HTLV-1 infection. PLoS Pathog. 9:€1003271. doi:
10.1371/journal.ppat.1003271

Moritoyo, T., Izumo, S., Moritoyo, H., Tanaka, Y., Kiyomatsu, Y., Nagai, M.,
et al. (1999). Detection of human T-lymphotropic virus type I p40tax protein
in cerebrospinal fluid cells from patients with human T-lymphotropic virus
type I-associated myelopathy/tropical spastic paraparesis. J. Neurovirol. 5,
241-248. doi: 10.3109/13550289909015810

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

Nagai, M., Yamano, Y., Brennan, M. B., Mora, C. A., and Jacobson, S. (2001).
Increased HTLV-I proviral load and preferential expansion of HTLV-I Tax-
specific CD8+ T cells in cerebrospinal fluid from patients with HAM/TSP.
Ann. Neurol. 50, 807-812. doi: 10.1002/ana.10065

Nagasato, K., Nakamura, T., Ohishi, K., Shibayama, K., Motomura, M., Ichinose, K.,
et al. (1991). Active production of anti-human T-lymphotropic virus type I
(HTLV-I) IgM antibody in HTLV-I-associated myelopathy. J. Neuroimmunol.
32, 105-109. doi: 10.1016/0165-5728(91)90002-O

Naito, T., Yasunaga, J. I, Mitobe, Y., Shirai, K., Sejima, H., Ushirogawa, H.,
etal. (2018). Distinct gene expression signatures induced by viral transactivators
of different HTLV-1 subgroups that confer a different risk of HAM/TSP.
Retrovirology 15:72. doi: 10.1186/s12977-018-0454-x

Nakagawa, M., Izumo, S., Jjichi, S., Kubota, H., Arimura, K., Kawabata, M.,
et al. (1995). HTLV-I-associated myelopathy: analysis of 213 patients based
on clinical features and laboratory findings. J. Neurovirol. 1, 50-61. doi:
10.3109/13550289509111010

Nakagawa, M., Nakahara, K., Maruyama, Y., Kawabata, M., Higuchi, I., Kubota, H.,
et al. (1996). Therapeutic trials in 200 patients with HTLV-I-associated
myelopathy/tropical spastic paraparesis. J. Neurovirol. 2, 345-355. doi:
10.3109/13550289609146899

Nejmeddine, M., Negi, V. S., Mukherjee, S., Tanaka, Y., Orth, K., Taylor, G. P,
et al. (2009). HTLV-1-Tax and ICAM-1 act on T-cell signal pathways to
polarize the microtubule-organizing center at the virological synapse. Blood
114, 1016-1025. doi: 10.1182/blood-2008-03-136770

Nose, H., Kubota, R., Seth, N. P, Goon, P. K., Tanaka, Y., Izumo, S., et al.
(2007). Ex vivo analysis of human T lymphotropic virus type 1-specific
CD4+ cells by use of a major histocompatibility complex class II tetramer
composed of a neurological disease-susceptibility allele and its immunodominant
peptide. J. Infect. Dis. 196, 1761-1772. doi: 10.1086/522966

Nozuma, S., Matsuura, E., Kodama, D., Tashiro, Y., Matsuzaki, T., Kubota, R.,
et al. (2017). Effects of host restriction factors and the HTLV-1 subtype
on susceptibility to HT'LV-1-associated myelopathy/tropical spastic paraparesis.
Retrovirology 14:26. doi: 10.1186/s12977-017-0350-9

Nozuma, S., Matsuura, E., Matsuzaki, T., Watanabe, O., Kubota, R., Izumo, S.,
et al. (2014). Familial clusters of HTLV-1-associated myelopathy/tropical
spastic paraparesis. PLoS One 9:e86144. doi: 10.1371/journal.pone.0086144

Oh, U, Grant, C., Griffith, C., Fugo, K., Takenouchi, N., and Jacobson, S.
(2006). Reduced Foxp3 protein expression is associated with inflammatory
disease during human T lymphotropic virus type 1 Infection. J. Infect. Dis.
193, 1557-1566. doi: 10.1086/503874

Olindo, S., Cabre, P, Lezin, A., Merle, H., Saint-Vil, M., Signate, A., et al.
(2006). Natural history of human T-lymphotropic virus 1-associated myelopathy:
a 14-year follow-up study. Arch. Neurol. 63, 1560-1566. doi: 10.1001/
archneur.63.11.1560

Osame, M., Usuku, K., Izumo, S., Jjichi, 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

Pessoa, R., Watanabe, J. T., Nukui, Y., Pereira, J., Casseb, J., de Oliveira, A. C.,
et al. (2014). Molecular characterization of human T-cell lymphotropic virus
type 1 full and partial genomes by Illumina massively parallel sequencing
technology. PLoS One 9:€93374. doi: 10.1371/journal.pone.0093374

Philip, S., Zahoor, M. A., Zhi, H., Ho, Y. K,, and Giam, C. Z. (2014). Regulation
of human T-lymphotropic virus type I latency and reactivation by HBZ
and Rex. PLoS Pathog. 10:€1004040. doi: 10.1371/journal.ppat.1004040

Pinto, L. A., Galvao Castro, B., Soares, M. B., and Grassi, M. E (2011). An
evaluation of the spontaneous proliferation of peripheral blood mononuclear
cells in HTLV-1-infected individuals using flow cytometry. ISRN Oncol.
2011:326719. doi: 10.5402/2011/326719

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

Poiesz, B. J., Ruscetti, E W.,, Gazdar, A. E, 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

Proietti, E A., Carneiro-Proietti, A. B., Catalan-Soares, B. C., and Murphy, E. L.
(2005). Global epidemiology of HTLV-I infection and associated diseases.
Oncogene 24, 6058-6068. doi: 10.1038/sj.0onc.1208968

Puccioni-Sohler, M., Rios, M., Bianco, C., Zhu, S. W,, Oliveira, C., Novis, S. A.,
et al. (1999). An inverse correlation of HTLV-I viral load in CSF and
intrathecal synthesis of HTLV-I antibodies in TSP/HAM. Neurology 53,
1335-1339. doi: 10.1212/WNL.53.6.1335

Puccioni-Sohler, M., Yamano, Y., Rios, M., Carvalho, S. M., Vasconcelos, C. C.,
Papais-Alvarenga, R., et al. (2007). Differentiation of HAM/TSP from patients
with multiple sclerosis infected with HTLV-1. Neurology 68, 206-213. doi:
10.1212/01.wnl.0000251300.24540.c4

Rende, E, Cavallari, I, Corradin, A., Silic-Benussi, M., Toulza, E, Toffolo, G. M.,
et al. (2011). Kinetics and intracellular compartmentalization of HTLV-1
gene expression: nuclear retention of HBZ mRNAs. Blood 117, 4855-4859.
doi: 10.1182/blood-2010-11-316463

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

Sabouri, A. H., Saito, M., Lloyd, A. L., Vine, A. M., Witkover, A. W,, Furukawa, Y.,
et al. (2004). Polymorphism in the interleukin-10 promoter affects both
provirus load and the risk of human T lymphotropic virus type I-associated
myelopathy/tropical spastic paraparesis. J. Infect. Dis. 190, 1279-1285. doi:
10.1086/423942

Saito, M. (2014). Neuroimmunological aspects of human T cell leukemia virus
type l-associated myelopathy/tropical spastic paraparesis. . Neurovirol. 20,
164-174. doi: 10.1007/s13365-013-0192-8

Saito, M., and Bangham, C. R. (2012). Immunopathogenesis of human T-cell
leukemia virus type-1-associated myelopathy/tropical spastic paraparesis: recent
perspectives. Leuk. Res. Treatment 2012:259045. doi: 10.1155/2012/259045

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

Sakaguchi, S., Sakaguchi, N., Shimizu, J., Yamazaki, S., Sakihama, T., Itoh, M.,
et al. (2001). Immunologic tolerance maintained by CD25+ CD4+ regulatory
T cells: their common role in controlling autoimmunity, tumor immunity,
and transplantation tolerance. Immunol. Rev. 182, 18-32. doi:
10.1034/j.1600-065X.2001.1820102.x

Sakai, J. A., Nagai, M., Brennan, M. B., Mora, C. A, and Jacobson, S. (2001).
In vitro spontaneous lymphoproliferation in patients with human T-cell
lymphotropic virus type I-associated neurologic disease: predominant expansion
of CD8+ T cells. Blood 98, 1506-1511. doi: 10.1182/blood.V98.5.1506

Frontiers in Microbiology | www.frontiersin.org

April 2019 | Volume 10| Article 885


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1097/NEN.0000000000000141
https://doi.org/10.1007/s11481-010-9216-9
https://doi.org/10.1007/s11481-010-9216-9
https://doi.org/10.1080/13550280152403272
https://doi.org/10.1371/journal.ppat.1000027
https://doi.org/10.1371/journal.ppat.1003271
https://doi.org/10.3109/13550289909015810
https://doi.org/10.3109/13550289809114225
https://doi.org/10.1002/ana.10065
https://doi.org/10.1016/0165-5728(91)90002-O
https://doi.org/10.1186/s12977-018-0454-x
https://doi.org/10.3109/13550289509111010
https://doi.org/10.3109/13550289609146899
https://doi.org/10.1182/blood-2008-03-136770
https://doi.org/10.1086/522966
https://doi.org/10.1186/s12977-017-0350-9
https://doi.org/10.1371/journal.pone.0086144
https://doi.org/10.1086/503874
https://doi.org/10.1001/archneur.63.11.1560
https://doi.org/10.1001/archneur.63.11.1560
https://doi.org/10.1016/S0140-6736(86)91298-5
https://doi.org/10.1371/journal.pone.0093374
https://doi.org/10.1371/journal.ppat.1004040
https://doi.org/10.5402/2011/326719
https://doi.org/10.3389/fmicb.2012.00378
https://doi.org/10.1073/pnas.77.12.7415
https://doi.org/10.1038/sj.onc.1208968
https://doi.org/10.1212/WNL.53.6.1335
https://doi.org/10.1212/01.wnl.0000251300.24540.c4
https://doi.org/10.1182/blood-2010-11-316463
https://doi.org/10.1186/s12977-014-0116-6
https://doi.org/10.1086/423942
https://doi.org/10.1007/s13365-013-0192-8
https://doi.org/10.1155/2012/259045
https://doi.org/10.1186/1742-4690-6-19
https://doi.org/10.1034/j.1600-065X.2001.1820102.x
https://doi.org/10.1182/blood.V98.5.1506

Nozuma and Jacobson

Neuroimmunology of HAM/TSP

Sato, T., Coler-Reilly, A., Utsunomiya, A., Araya, N., Yagishita, N., Ando, H.,
et al. (2013). CSF CXCL10, CXCLY9, and neopterin as candidate prognostic
biomarkers for HTLV-1-associated myelopathy/tropical spastic paraparesis.
PLoS Negl. Trop. Dis. 7:¢2479. doi: 10.1371/journal.pntd.0002479

Sato, T., Coler-Reilly, A. L. G., Yagishita, N., Araya, N., Inoue, E., Furuta, R,,
et al. (2018a). Mogamulizumab (anti-CCR4) in HTLV-1-associated myelopathy.
N. Engl. ]. Med. 378, 529-538. doi: 10.1056/NEJMoal704827

Sato, T., Yagishita, N., Tamaki, K., Inoue, E., Hasegawa, D., Nagasaka, M.,
et al. (2018b). Proposal of classification criteria for HTLV-1-associated
myelopathy/tropical spastic paraparesis disease activity. Front. Microbiol.
9:1651. doi: 10.3389/fmicb.2018.01651

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.0507631103

Shembade, N., and Harhaj, E. W. (2010). Role of post-translational modifications
of HTLV-1 Tax in NF-kappaB activation. World J. Biol. Chem. 1, 13-20.
doi: 10.4331/wjbc.v1.i1.13

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 I-specific cytotoxic T lymphocytes.
J. Gen. Virol. 90, 1806-1811. doi: 10.1099/vir.0.010199-0

Tamiya, S., Matsuoka, M., Takemoto, S., Shimizu, K., Yamaguchi, K., Mita, S.,
et al. (1995). Adult T cell leukemia following HTLV-I-associated myelopathy/
tropical spastic paraparesis: case reports and implication to the natural course
of ATL. Leukemia 9, 1768-1770.

Taylor, G. P,, Goon, P,, Furukawa, Y., Green, H., Barfield, A., Mosley, A., et al.
(2006). Zidovudine plus lamivudine in human T-lymphotropic virus type-
I-associated myelopathy: a randomised trial. Retrovirology 3:63. doi:
10.1186/1742-4690-3-63

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.

Umehara, E, Izumo, S., Nakagawa, M., Ronquillo, A. T., Takahashi, K,
Matsumuro, K., et al. (1993). Immunocytochemical analysis of the cellular
infiltrate in the spinal cord lesions in HTLV-I-associated myelopathy.
J. Neuropathol. Exp. Neurol. 52, 424-430. doi: 10.1097/00005072-199307000-00010

Umehara, E, Nose, H., Saito, M., Fukuda, M., Ogino, M., Toyota, T., et al.
(2007). Abnormalities of spinal magnetic resonance images implicate clinical
variability in human T-cell lymphotropic virus type I-associated myelopathy.
J. Neurovirol. 13, 260-267. doi: 10.1080/13550280701258431

Umehara, E, Okada, Y., Fujimoto, N., Abe, M., Izumo, S., and Osame, M.
(1998). Expression of matrix metalloproteinases and tissue inhibitors of
metalloproteinases in HTLV-I-associated myelopathy. J. Neuropathol. Exp.
Neurol. 57, 839-849. doi: 10.1097/00005072-199809000-00005

Valentin, H., Lemasson, I., Hamaia, S., Casse, H., Konig, S., Devaux, C,, et al.
(1997). Transcriptional activation of the vascular cell adhesion molecule-1
gene in T lymphocytes expressing human T-cell leukemia virus type 1 Tax
protein. J. Virol. 71, 8522-8530.

van der Pol, E., Boing, A. N., Harrison, P, Sturk, A., and Nieuwland, R.
(2012). Classification, functions, and clinical relevance of extracellular vesicles.
Pharmacol. Rev. 64, 676-705. doi: 10.1124/pr.112.005983

Verdonck, K., Gonzalez, E., Van Dooren, S., Vandamme, A. M., Vanham, G,
and Gotuzzo, E. (2007). Human T-lymphotropic virus 1: recent knowledge
about an ancient infection. Lancet Infect. Dis. 7, 266-281. doi: 10.1016/
S1473-3099(07)70081-6

Vine, A. M., Witkover, A. D., Lloyd, A. L., Jeffery, K. J., Siddiqui, A., Marshall,
S. E., et al. (2002). Polygenic control of human T lymphotropic virus type
I (HTLV-I) provirus load and the risk of HTLV-I-associated myelopathy/
tropical spastic paraparesis. J. Infect. Dis. 186, 932-939. doi: 10.1086/342953

Waldmann, T. A. (2015). The shared and contrasting roles of IL2 and IL15 in
the life and death of normal and neoplastic lymphocytes: implications for

cancer therapy. Cancer Immunol. Res. 3, 219-227. doi: 10.1158/2326-6066.
CIR-15-0009

WHO (1989). Human T lymphotropic virus type 1, HTLV-1. Wkly Epidemiol.
Rec. 64, 382-383.

Yamano, Y., Araya, N., Sato, T., Utsunomiya, A., Azakami, K., Hasegawa, D.,
et al. (2009). Abnormally high levels of virus-infected IFN-gamma+ CCR4+
CD4+ CD25+ T cells in a retrovirus-associated neuroinflammatory disorder.
PLoS One 4:e6517. doi: 10.1371/journal.pone.0006517

Yamano, Y., Cohen, C. J., Takenouchi, N., Yao, K., Tomaru, U, Li, H. C,
et al. (2004). Increased expression of human T lymphocyte virus type
I (HTLV-I) Tax11-19 peptide-human histocompatibility leukocyte antigen
A*201 complexes on CD4+ CD25+ T Cells detected by peptide-specific,
major histocompatibility complex-restricted antibodies in patients with HTLV-
I-associated neurologic disease. J. Exp. Med. 199, 1367-1377. doi: 10.1084/
jem.20032042

Yamano, Y., and Coler-Reilly, A. (2017). HTLV-1 induces a Thl-like state in
CD4(+)CCR4(+) T cells that produces an inflammatory positive feedback
loop via astrocytes in HAM/TSP. J. Neuroimmunol. 304, 51-55. doi: 10.1016/j.
jneuroim.2016.08.012

Yamano, Y., Nagai, M., Brennan, M., Mora, C. A, Soldan, S. S., Tomaru, U,
et al. (2002). Correlation of human T-cell lymphotropic virus type 1 (HTLV-1)
mRNA with proviral DNA load, virus-specific CD8(+) T cells, and disease
severity in HTLV-1-associated myelopathy (HAM/TSP). Blood 99, 88-94.
doi: 10.1182/blood.V99.1.88

Yamano, Y, and Sato, T. (2012). Clinical pathophysiology of human T-lymphotropic
virus-type 1-associated myelopathy/tropical spastic paraparesis. Front. Microbiol.
3:389. doi: 10.3389/fmicb.2012.00389

Yamano, Y., Takenouchi, N., Li, H. C., Tomaru, U, Yao, K., Grant, C. W,
et al. (2005). Virus-induced dysfunction of CD4+CD25+ T cells in patients
with HTLV-I-associated neuroimmunological disease. J. Clin. Invest. 115,
1361-1368. doi: 10.1172/JCI23913

Yamauchi, J., Coler-Reilly, A., Sato, T., Araya, N., Yagishita, N., Ando, H.,,
et al. (2015). Mogamulizumab, an anti-CCR4 antibody, targets human
T-lymphotropic virus type l-infected CD8+ and CD4+ T cells to treat
associated myelopathy. J. Infect. Dis. 211, 238-248. doi: 10.1093/infdis/jiu438

Yasuma, K., Matsuzaki, T., Yamano, Y., Takashima, H., Matsuoka, M., and
Saito, M. (2016). HTLV-1 subgroups associated with the risk of HAM/TSP
are related to viral and host gene expression in peripheral blood mononuclear
cells, independent of the transactivation functions of the viral factors.
J. Neurovirol. 22, 416-430. doi: 10.1007/s13365-015-0407-2

Yoshioka, A., Hirose, G., Ueda, Y., Nishimura, Y, and Sakai, K. (1993).
Neuropathological studies of the spinal cord in early stage HTLV-I-associated
myelopathy (HAM). J. Neurol. Neurosurg. Psychiatry 56, 1004-1007. doi:
10.1136/jnnp.56.9.1004

Yukitake, M., Sueoka, E., Sueoka-Aragane, N., Sato, A., Ohashi, H., Yakushiji, Y.,
et al. (2008). Significantly increased antibody response to heterogeneous
nuclear ribonucleoproteins in cerebrospinal fluid of multiple sclerosis patients
but not in patients with human T-lymphotropic virus type I-associated
myelopathy/tropical spastic paraparesis. J. Neurovirol. 14, 130-135. doi:
10.1080/13550280701883840

Conlflict of Interest Statement: 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.

Copyright © 2019 Nozuma and Jacobson. 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

April 2019 | Volume 10| Article 885


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1371/journal.pntd.0002479
https://doi.org/10.1056/NEJMoa1704827
https://doi.org/10.3389/fmicb.2018.01651
https://doi.org/10.1073/pnas.0507631103
https://doi.org/10.4331/wjbc.v1.i1.13
https://doi.org/10.1099/vir.0.010199-0
https://doi.org/10.1186/1742-4690-3-63
https://doi.org/10.1097/00005072-199307000-00010
https://doi.org/10.1080/13550280701258431
https://doi.org/10.1097/00005072-199809000-00005
https://doi.org/10.1124/pr.112.005983
https://doi.org/10.1016/S1473-3099(07)70081-6
https://doi.org/10.1016/S1473-3099(07)70081-6
https://doi.org/10.1086/342953
https://doi.org/10.1158/2326-6066.CIR-15-0009
https://doi.org/10.1158/2326-6066.CIR-15-0009
https://doi.org/10.1371/journal.pone.0006517
https://doi.org/10.1084/jem.20032042
https://doi.org/10.1084/jem.20032042
https://doi.org/10.1016/j.jneuroim.2016.08.012
https://doi.org/10.1016/j.jneuroim.2016.08.012
https://doi.org/10.1182/blood.V99.1.88
https://doi.org/10.3389/fmicb.2012.00389
https://doi.org/10.1172/JCI23913
https://doi.org/10.1093/infdis/jiu438
https://doi.org/10.1007/s13365-015-0407-2
https://doi.org/10.1136/jnnp.56.9.1004
https://doi.org/10.1080/13550280701883840
http://creativecommons.org/licenses/by/4.0/

	Neuroimmunology of Human T-Lymphotropic Virus Type 1-Associated Myelopathy/Tropical Spastic Paraparesis
	Introduction
	Human T-Lymphotropic Virus Type 1
	Current Topics: Extraordinary High Prevalence in Central Australia

	Risk Factors
	Proviral Load
	Host Genetic Factors
	HTLV-1 Genotype

	Host Immune Responese to HTLV-1
	Neuropathology
	Cytotoxic T Lymphocytes
	T Helper Cells
	Regulatory T-Cells
	Antibody Response
	Cytokine Expression
	Exosome

	Clinical Features
	Diagnosis
	Treatment
	Conclusion
	Author Contributions

	References

