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Schematic representation of the two modes of HTLV-1 amplification. Image
originally published in Pasquier et al. (2018), Figure 1.
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Human T-cell leukemia virus type 1 (HTLV-1) was the first human retrovirus discovered,
in 1980, by Gallo and co-workers. About 5-10% of HTLV-1-infected individuals are
at risk of developing either a fatal malignancy, adult T-cell leukemia (ATL), or a
chronic neuroinflammatory syndrome, HTLV-associated myelopathy/tropical spastic
paraparesis (HAM/TSP). Both diseases are incurable at present.

Many issues concerning HTLV-1's life cycle and pathobiology are still unsolved or
controversial, and new approaches for prognostic stratification of patients and
eradication of HTLV-1 infection are in high demand.

In this Research Topic, the focus has been centered on discussing two main themes:
the functional analysis and oncogenic potential of HTLV-1 regulatory proteins and
the control of HTLV-1-associated diseases. The 22 articles in this eBook cover many
different aspects of HTLV-1 infection and pathogenesis, providing new perspectives
and groundwork for future studies.

Citation: Bertazzoni, U., Ciminale, V., Romanelli, M. G., eds. (2019). Molecular Pathology
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Editorial on the Research Topic
Molecular Pathology of HTLV-1

Human T-cell leukemia virus type 1 (HTLV-1) was the first human retrovirus discovered. It is
estimated that 10-20 million people are infected worldwide by this oncogenic virus. About 5-10%
of HTLV-1-infected individuals are at risk of developing either a fatal malignancy, adult T-cell
leukemia (ATL), or a chronic progressive neuroinflammatory disease, called HTLV-associated
myelopathy/tropical spastic paraparesis (HAM/TSP). Both diseases are incurable at present.

Many issues concerning HTLV-1’s life cycle and pathobiology are still unsolved or controversial,
and new approaches for prognostic stratification of patients and eradication of HTLV-1 infection
are in high demand (Willems et al., 2017).

The present Research Topic is focused on the following themes:

1. Functional analyses and oncogenic potential of HTLV-1 regulatory proteins.
2. HTLV-1-associated diseases and new therapeutic developments.

FUNCTIONAL ANALYSES AND ONCOGENIC POTENTIAL OF
HTLV-1 REGULATORY PROTEINS

Baratella et al. discuss the possible role of HBZ in the progression toward HTLV-1-associated
diseases. One key finding of these authors is the exclusive cytoplasmic localization of HBZ in
cells from HAM/TSP patients, which is in striking contrast to its nuclear localization in ATL
cells. This finding suggests a correlation between HBZ’s intracellular compartmentalization and the
clinical outcome of HTLV-1 infection. The authors also propose that the cytoplasmic localization
of HBZ in PBMC of HAM/TSP patients could be exploited as a molecular marker of disease.
Kulkarni and Bangham Kulkarni and Bangham discuss the interplay between Tax and HBZ
as well the influence of micro-environmental changes on latency and reactivation kinetics of
the provirus. The authors present a comprehensive summary of factors that induce and inhibit
plus-and minus-strand transcription of the provirus and propose that the binding of the cellular
factor CTCF to the provirus produces abnormal chromatin loops, resulting in changes of cellular
gene expression and possibly favoring the development of ATL. A research article by Gazon et
al. sheds light on the long-standing hypothesis that Tax must be expressed in cycles to allow
cell survival (Yoshida, 1987). By analyzing viral expression in HTLV-1 infected individuals and
in sheep infected with bovine leukemia virus (BLV, a retrovirus closely related to HTLV-1 that
produces B-cell neoplasias), the authors provide evidence for alternating expression of the plus- and
minus proviral strands. They describe a model based on transient bursts of Tax-driven sense-strand
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transcription, followed by antisense RNA synthesis and silencing
of plus strand synthesis. This mechanism would allow cell
proliferation in the presence of a strong host immune response
against Tax. Tanaka and Matsuoka review the cellular targets of
HTLYV infection in vivo focusing on the evidence indicating that
HTLV-1 infects hematopoietic stem cells (HSC) in vivo and that
HBZ influences early stages of hematopoietic cell differentiation
and induces infected progenitor cells to abnormally differentiate
into Treg-like T-cells. The authors also highlight the ability of
HBZ to affect cell turnover by inducing genomic instability
through upregulation of miR-17 and miR-21, which inhibit the
expression of OBFC2A, a single-stranded DNA-binding protein
that protects genome stability. Using affinity-tagged protein and
shotgun proteomics, Panfil et al. identified the UBR5 E3 ubiquitin
ligase as a novel binding partner of HBZ. The authors show
that this interaction results in HBZ ubiquitination. Interestingly,
UBR5 was found to be overexpressed in T leukemia/lymphoma
cell lines and during the later stage of T-cell transformation
in vitro, while loss of UBR5 decreased cellular proliferation,
suggesting a role for UBR5 in maintaining the proliferative
phenotype of transformed T-cells. Gazon et al. discuss the effects
of Tax and HBZ on the transcription factors AP-1, ATF/CREB,
and Maf and the contribution of these pathways to HTLV-1-
induced cellular transformation. The authors dissect the intricate
mechanisms of AP-1 pathway activation and propose that AP-1is
activated in HTLV-1-infected T-cells through Tax-dependent and
Tax-independent mechanisms. Experimental evidence suggests
that HBZ interacts with all three members of the Jun family: while
sequestering c-Jun and JunB in HBZ-containing nuclear bodies,
it cooperates with JunD to enhance transcription of the 3'LTR
and hTERT. Several aspects of NF-kB pathway deregulation
mediated by Tax and HBZ are reviewed by Fochi et al. By focusing
on differences in the abilities of Tax-1/HBZ and their HTLV-2
homologs Tax-2/APH-2 to interact with host factors, the authors
summarize the distinct impacts of Tax and HBZ on NF-«kB
deregulation and their effects in cell survival and proliferation. In
an investigation of the influence of the microRNA network on the
turnover of HTLV-1 infected cells, Sharma et al. provide evidence
that HTLV-1 infection induces upregulation of miR-34a. Based
on their findings, the authors propose that high miR-34a levels
may provide a selective advantage to HTLV-1 infected cells in
vivo that persists during the transformation process. Recent
studies have shown that the p8 accessory protein of HTLV-1
induces T-cell conjugates and cellular conduits that may facilitate
virus transmission. Donhauser et al. have developed a novel
method based on flow cytometry for the automated quantitation
of p8 transfer between cells. Using this method in time course
experiments the authors show that p8 is rapidly transferred
between Jurkat T-cells and that actin polymerization affects this
process. Cavallari et al. present a review of the interactions
between mitochondria and proteins coded by HTLV-1 and
the human tumor viruses, Epstein-Barr virus (EBV), Kaposi’s
sarcoma-associated herpesvirus (KSHV), hepatitis viruses B
and C (HBV and HCV), and human papillomavirus (HPV).
The authors discuss how these interactions may contribute to
viral replication, persistence and transformation and how these
functions are connected to the crucial role of mitochondria in

cellular bioenergetics, apoptosis, innate immunity, and redox
balance.

CONTROLLING HTLV-1-ASSOCIATED
DISEASES

Tagaya and Gallo provide an insightful comparison of the
oncogenicity of HTLV-1, other human oncoviruses and
Helicobacter pylori. Interestingly, the lifetime risk to develop
a malignancy is markedly higher in patients infected with
HTLV-1—compared to EBV, KSHV, HBV, HCV, HPV, and H.
pylori. Furthermore, the oncogenic mechanism of HTLV-1
is more direct. These striking features of HTLV-1 are often
overlooked, possibly because of the low prevalence of the virus
in the US and Europe. Based on these considerations the authors
affirm the notion that this most carcinogenic virus deserves the
“leukemia” name. Based its high oncogenic potential, Gallo et al.
thus recommend to return to the virus’ original name, “Human
T-cell leukemia virus” in place of the more generic “Human
T-cell lymphotropic virus.”

Pasquier et al. discuss the difficulties in treating HTLV-1
patients and the current therapies available, in particular for ATL,
and provide a schematic representation of the two modes of
HTLV-1 transmission, i.e., through de novo by virus particles and
clonal expansion of cells harboring the provirus. Using a novel
in vitro assay, the authors screened an impressive number of
drugs, and showed for the first time that the acyclic nucleoside
phosphonates Adefovir dipivoxil and Tenofovir disporoxil are
much more effective at blocking HTLV-1 transmission compared
to the conventional nucleoside reverse transcriptase inhibitor
AZT. In their review, Marino-Merlo et al. provide an up-to-
date overview of recent efforts to understand the mechanisms
involved in current therapeutic regimens for ATL. Targeted
biological therapies for ATL are thoroughly described in the
prospective to find novel molecular targets in ATL therapy.
Based on the accumulated evidence, the authors point out
that the control of virus spread is a crucial aspect in ATL
therapy.

Yamagishi et al. provide an overview of the multiple genetic
and epigenetic aberrations that characterize in vivo HTLV-
1 infection in its initial stages, when both Tax and HBZ
are at work. The authors highlight the crucial, and apparent
transient role of Tax in shaping the host cell genome and
epigenome with the active, persistent role of HBZ, which further
potentiates initiation and progression to ATL and HTLV-1
associated diseases. Queiroz et al. investigated the inflammatory
response in HTLV-1 associated diseases and analyzed the relation
between the IFNG+-874A/T polymorphism and the progression
of HTLV-1 infection to symptomatic disease. Patients carrying
the polymorphic allele showed significantly higher levels of IFN-
gamma than those carrying the wild-type allele, suggesting that
asymptomatic carriers with the T allele of IFNG+-874A/T and a
high proviral load have a high probability of developing HTLV-
1 associated inflammatory diseases. Moodad et al. provide a
comprehensive review of the mouse models of ATL and HTLV-
I infection. Transgenic animals for Tax and HBZ, as well as
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knock-outs for key cellular regulators provide useful models to
understand the role of viral and host genes in the development
of ATL. In addition, models based on xenografts and humanized
immune-deficient mice provide a valuable platform to test new
therapies against ATL.

An interesting new murine preclinical ATL model is presented
in the original paper by Vicario et al.. The authors describe
experiments in which they injected an HTLV-1-immortalized T-
cell line either alone or together with normal primary fibroblasts
into NGS mice, and demonstrate that fibroblasts strongly
enhance HTLV-1 the growth of this cell line, which partly
recapitulates the in vivo pattern of the lymphoma variant of ATL.
This model may be useful to test novel therapeutic interventions
for the aggressive lymphoma subtype of ATL.

Enose-Akahata et al. review the role of Tax and HBZ in
the pathogenesis of HAM/TSP. They describe the infiltration of
HTLV-1-infected lymphocytes into the CNS and their chronic
release of Tax, which is capable of producing a neurotoxic effect
on the long axons of corticospinal tracts involved in progressive
neurological disease. It appears that HBZ expression is able
to confer a pro-inflammatory phenotype to infected T-cells, a
property that would position HBZ as an important factor in the
HAM/TSP disease process.

Sato et al. describe an analysis of 453 HAM/TSP patients
enrolled in the Japanese “AAM-net” registry. By measuring eight
candidate biomarkers in PBMCs, serum and cerebrospinal fluid
(CSF) samples, they demonstrate that the levels of neopterin
and CXCLI10 in CSF represent valuable markers to discriminate
among rapid, slow and very slow progressors. Based on these
results, the authors propose new classification criteria for disease
activity which will aid in optimizing treatment.
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Using an integrated ex vivo approach, Leal et al. show
that antiretroviral genes and HAM/TSP cluster in two distinct
“proviral/antiviral” classes, of which the TRIM5a/TRIM22/BST2
antiviral subset is selectively up-regulated by IFN-beta signaling
in HAM/TSP. These findings provide mechanistic evidence for
the in vivo immunovirological effect of IFN-§ treatment in
HAM/TSP and identify novel biomarkers as well as possible
therapeutic targets.

CONLUDING REMARKS

Nearly 40 years of research have yielded important insights
into diverse aspects of the biology of HTLV-1 infection and
pathogenesis. Nevertheless, we are still quite far from deciphering
the complexity of its associated diseases. We hope that the broad
range of issues addressed in this Research Topic will provide
new perspectives and groundwork for future studies aimed at
unraveling HTLV-1 pathogenesis and lead to the development of
novel tools to eradicate the virus and its diseases.
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Human T cell leukemia virus type 1 (HTLV-1) is an oncogenic human retrovirus
that has infected 10-15 milion people worldwide. After a long latency, 3-5% of
infected individuals will develop either a severe malignancy of CD4+ T cells, known
as Adult T-cell Leukemia (ATL) or a chronic and progressive inflammatory disease
of the nervous system designated Tropical Spastic Paraparesis/HTLV-1-Associated
Myelopathy (HAM/TSP). The precise mechanism behind HTLV-1 pathogenesis still
remains elusive. Two viral regulatory proteins, Tax-1 and HTLV-1 bZIP factor (HBZ) are
thought to play a critical role in HTLV-1-associated diseases. Tax-1 is mainly involved
in the onset of neoplastic transformation and in elicitation of the host’s inflammatory
responses; its expression may be lost during cell clonal proliferation and oncogenesis.
Conversely, HBZ remains constantly expressed in all patients with ATL, playing a role
in the proliferation and maintenance of leukemic cells. Recent studies have shown that
the subcellular distribution of HBZ protein differs in the two pathologies: it is nuclear
with a speckled-like pattern in leukemic cells and is cytoplasmic in cells from HAM/TSP
patients. Thus, HBZ expression and distribution could be critical in the progression
of HTLV-1 infection versus the leukemic state or the inflammatory disease. Here, we
reviewed recent findings on the role of HBZ in HTLV-1 related diseases, highlighting
the new perspectives open by the possibility of studying the physiologic expression of
endogenous protein in primary infected cells.

Keywords: HTLV-1, ATL, HAM/TSP, HBZ, Tax-1

TAX-1 AND HBZ: THE TWO KEY PLAYERS IN
HTLV-1-ASSOCIATED PATHOLOGIES

Human T-cell leukemia virus type 1 (HTLV-1) was the first oncogenic retrovirus identified in
humans (Poiesz et al., 1980; Yoshida et al., 1982). It is currently estimated that HTLV-1 infects
at least 10-15 million people worldwide. Large HTLV-1 endemic areas exist in Southern Japan,
the Caribbean, Central and South America, the Middle East, Melanesia, and equatorial regions of
Africa (Proietti et al., 2005; Gessain and Cassar, 2012). Although most HTLV-1 infected individuals
remain asymptomatic carriers (AC) lifelong, about 3-5% of them develop, after many years of
clinical latency, a severe malignancy of CD4+ T cells, known as Adult T-cell Leukemia (ATL).
Four clinical subtypes of HTLV-1 associated ATL are described: smoldering, chronic, lymphoma
and acute (Shimoyama, 1991). Depending on the subtype and symptoms, the treatment is different
and could include: ‘watchful waiting, chemotherapy, antiviral therapy, immunotherapy,
allogeneic hematopoietic stem cell transplantation (alloHSCT) and targeted therapies
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(Utsunomiya et al., 2015). However, despite the available
treatments, the prognosis is still extremely poor (Nasr et al.,
2017). HTLV-1 is also the causative agent of a neurological
disease called tropical spastic paraparesis/HTLV-1-associated
myelopathy (HAM/TSP) (Gessain et al., 1985), characterized
by different neurological features such as spasticity, muscle
weakness and sensory deficits. In general, the central function
and cranial nerves are strongly compromised and the clinical
course is progressive and without remission (Martin et al., 2014).
Due to the wide spectrum of symptoms and the inefficiency of
the antiviral therapies, the symptomatic treatment represents the
current standard of therapy of this disorder.

The pathogenetic mechanisms at the basis of HTLV-1
infection progressing toward ATL or HAM/TSP are not clearly
understood although there are sedimented indications that
interactions between the viral encoded proteins and a variety
of cellular targets are crucial. Two viral proteins, Tax-1 and
HTLV-1 bZIP factor (HBZ), encoded by the sense and antisense
viral transcripts, respectively, are largely responsible for the
malignant transformation and immortalization of the infected
T cells. Tax-1 is a potent activator of viral transcription and
is involved in neoplastic transformation through modulation of
the expression of cellular genes and deregulation of diverse cell
signaling pathways involved in cell proliferation, DNA damage
repair, and apoptosis (Hall and Fujii, 2005; Matsuoka and Jeang,
2007; Chlichlia and Khazaie, 2010; Tosi et al., 2011; Forlani et al.,
2013) The oncogenic properties of Tax-1 are strongly associated
to its ability to constitutively activate the nuclear factor kappa B
(NF-kB) pathway (Petropoulos et al., 1996; Forlani et al., 2016).
It is of note that the alteration of NF-kB signaling pathway could
also be involved in the inflammatory state observed in HAM/TSP
(Peloponese et al., 2006). Indeed, it has been suggested that
pro-inflammatory CD8+ T lymphocytes (CTL), specific for Tax-
1-expressing CD4+ T cells, could infiltrate the central nervous
system (CNS), kill the target cells and produce inflammatory
cytokines, in particular NF-kB-inducible cytokines, that may
participate to tissue damage (Asquith and Bangham, 2000). The
high immunogenicity of Tax-1 renders it the major target of
effectors CTL, and this event may be responsible for the loss of
Tax-1 expression during the long clinically latent period leading
to overt ATL (Asquith et al,, 2005). Genetic and epigenetic
modification in the proviral genome are also responsible of
Tax-1 silencing (Takeda et al.,, 2004). Indeed only 40% of ATL
patients can express Tax-1 mRNA suggesting that this viral factor
is dispensable for the maintenance of leukemia (Matsuoka and
Jeang, 2007). Similar data were reported for the inflammatory
diseases, in which it was found that 50% of HAM/TSP patiens can
express Tax-1 mRNA. (Usui et al., 2008; Saito et al., 2009; Andrade
et al., 2013). Interestingly, our recent findings in a restricted
sample of patients demonstrated that, at least at protein level,
Tax-1 is found in 75% of HAM/TSP cases and in 100% of HTLV-1
AGC, but not in ATL cases (Baratella et al., 2017).

At variance with Tax-1, HBZ mRNA (Matsuoka and
Green, 2009) and HBZ protein (Raval et al., 2015) are
constantly expressed all ATL cases and in HTLV-1 infected
individuals, indicating that HBZ is essential not only for cellular
transformation but also for the maintenance of leukemic state.

HBZ expression increases the proliferation of HTLV-1 infected
T cells in culture, and more importantly induces both T-cell
lymphomas and systemic inflammation in mice (Satou et al,
2006, 2011). Several studies have suggested a crucial function of
HBZ also in HTLV-1-associated inflammatory disorders as it is
always found at both mRNA and protein levels in TSP/HAM
patients (Andrade et al, 2013). Interestingly, and at variance
with Tax-1, most AC do express HBZ mRNA (Saito et al., 2009;
Andrade et al., 2013) but not the protein (Baratella et al., 2017).
The fact that HBZ protein is scarcely produced in infected cells
may explain why is not, or only marginally, discriminated by HBZ
specific CTLs in HTLV-1-infected individuals and in HAM/TSP
patients (Hilburn et al., 2011; Rowan et al.,, 2014). The lower
immunogenicity of HBZ compared to Tax-1, and the ability of
HBZ to inhibit most of Tax-1 activity, could favor the virus
immune escape, thus promoting the spreading of infection and
the persistence of viral latency. Several studies have indicated
a key function of HBZ in supporting and/or maintaining the
proliferation of HTLV-1 infected cells and by this, the initiation
and persistence of ATL. It has been reported that HBZ promotes
ATL cell proliferation by inhibiting apoptosis through different
mechanisms: it impairs the binding of AFT3 to p53, thus affecting
the activation of p53-mediated apoptosis signaling (Hagiya et al.,
2011); it inhibits the transcriptional activation of pro-apoptotic
genes as Bim and Fas Ligand, by interfering with FoxO3 (Tanaka-
Nakanishi et al., 2014). It was also reported that HBZ impairs
anti-viral immunity responses: it binds to NFAT and inhibits
the production of Th1 cytokines (particularly IFN-y); it induces
the expression of TIGIT on the cell surface in ATL (Yasuma
et al., 2016) and promotes cells migration and proliferation by
enhancing CCR4 expression on T-cell surface (Sugata et al,
2016).

Interestingly, several studies have demonstrated that HBZ
exerts opposite effects with respect to Tax-1 on signaling
pathways. Tax-1 activates while HBZ selectively inhibits the
classical NF-kB pathway by affecting the binding of p65-RelA
to its consensus DNA sequence and promoting its degradation.
This inhibition leads to the activation of the alternative NF-kB
pathway (Zhao et al., 2009). It suppresses Tax-1-mediated viral
transactivation by interacting with the KIX domain of p300/CBP
and impairing the binding of these cellular factors to Tax-1 (Clerc
etal., 2008). HBZ suppresses, while Tax-1 activates, Wnt pathway
by interacting with the disheveled-associating protein with a high
frequency of Leucine residues (DAPLE) (Ma et al., 2013).

Taken together, all these data emphasize the critical role of
HBZ in promoting cellular proliferation and the persistence of
the viral infection.

HBZ: BIOCHEMICAL ASPECTS AND
DISTINCT SUBCELLULAR
DISTRIBUTION OF ENDOGENOUS
PROTEIN IN ATL AND HAM/TSP

Since its discovery in 2002, HBZ has become a crucial hotspot
in HTLV-1 research. HBZ gene is encoded by the minus
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strand of the HTLV-1 RNA genome (Gaudray et al, 2002)
and transcribed by a functional promoter, contained in the U5
sequence of the 3’ Long Terminal Repeat (LTR) (Yoshida et al.,
2008).

Three major HBZ transcriptional isoforms have been
described: the unspliced (usHBZ) form and two alternative
spliced form (SP1 and SP2) (Cavanagh et al., 2006; Murata et al.,
2006). Regarding the two spliced HBZ isoforms, although both
of them have been found in HTLV-1 infected cells, the SP2
variant occurred less frequently than SP1 (Cavanagh et al., 2006).
The SP1 spliced and unspliced HBZ transcripts are translated
into polypeptides of 206 and 209 amino acids, respectively, and
they have almost identical sequences except for a stretch of
seven amino acids at the N-terminus of the protein (MAAS
for SP1 HBZ and MVNFVSA for usHBZ). However, the half-
life of usHBZ protein is much shorter than that of SP1 HBZ
(Yoshida et al., 2008) and the expression level of SP1 HBZ
is four times higher than that of usHBZ in ATL cells (Usui
et al., 2008). Nevertheless, it was reported that the two HBZ
protein variants exhibit similar functions (Ma et al., 2016), as
they were characterized by conserved functional domains: an
N-terminal activation domain (AD), a central domain (CD) and a
C-terminal basic ZIP domain (bZIP). HBZ contains three nuclear
localization signals (NLS) responsible for its nuclear localization
(Hivin et al., 2005; Zhao and Matsuoka, 2012) and two functional
nuclear export signals (NES) within its N-terminal region
(Mukai and Ohshima, 2014). Most of the reported sub-cellular
localizations, biochemical interactions and functional aspects
related to HBZ have been assessed in cells overexpressing tagged
HBZ. Through its bZIP domain, HBZ was reported to interact
with CREB/CREB-2, and this association was instrumental to
suppress Tax-mediated HTLV-1 viral transcription (Gaudray
et al.,, 2002). Similar experiments have shown that HBZ binds
to different proteins of the JUN family via its bZIP domain.
Upon binding to HBZ, JunB, and cJun were recruited in nuclear
bodies and degraded, thus HBZ reduces the cJun/JunB-mediated
transcriptional activation of a series of genes (Basbous et al., 2003;
Theébault et al., 2004). Conversely, the association of HBZ to JunD
did not inhibit the JunD-mediated transcriptional activation
of target genes; indeed HBZ-JunD complex was reported to
increase HBZ gene expression (Thébault et al., 2004; Gazon et al.,
2012).

Most of the reported HBZ interactions, however, were
assessed by artificial overexpressing systems (transfected cells)
and thus it has been hard to extrapolate these results to the
real situation encountered in infected cells or in leukemic
cells from patients. Only recently, the availability of an anti-
HBZ monoclonal antibody (mAb), 4D4-F3, isolated in our
laboratory, has made it possible to assess endogenous HBZ
expression, localization and interaction in vivo in HTLV-1
infected and in ATL patient (Raval et al, 2015). Indeed,
endogenous HBZ interacts and co-localizes with p300 and
JunD. Partial colocalization was observed also for CBP and
CREB2 (Raval et al, 2015). By using the 4D4-F3 mAb we
were able to quantify the HBZ protein demonstrating that
the amount of HBZ in ATL patients is around 0.45 x 1072
pg/cell corresponding to 17.461 molecules/cell, that is 20- to

ATL

HAM/TSP AC

FIGURE 1 | HTLV-1 bZIP factor (HBZ) distribution in PBMC from Adult T-cell
Leukemia (ATL), HAM/TSP and asymptomatic carriers (AC). HBZ protein
localizes in distinct subcellular compartments and with different percentage in
leukemic cells of ATL patients and PBMC of HAM/TSP patients. HBZ is
expressed in the nucleus of 90% and in the cytoplasm of 20% of cells isolated
from ATL or HAM/TSP patients, respectively. AC do not express detectable
levels of HBZ.

50-fold lower than the amount expressed in HBZ transfected
cells. Similar results were recently obtained by another group
(Shiohama et al., 2016). Interestingly, our recent data generated
by immunofluorescence with the 4D4-F3 mAb and careful
confocal microscopy studies have demonstrated that HBZ
protein is expressed in 80 to 100% of ATL cells, in 0.4 to 11%
of PBMC of HAM/TSP cells, and very rarely, if any, in PBMC of
asymptomatic HTLV-1 carriers (Raval et al., 2015; Baratella et al.,
2017).

These studies have also demonstrated that endogenous HBZ
protein is localized in the nucleus of ATL cells (Raval et al., 2015;
Shiohama et al., 2016) with a similar speckle-like distribution as
the one observed in cells transfected with tagged HBZ protein
(Gaudray et al.,, 2002). However, the HBZ nuclear aggregates
found in cells overexpressing tagged-HBZ, in particular GFP-
HBZ, were shown to be artifacts of chimeric proteins. Although
the composition of these nuclear structures containing HBZ
is still unknown it has been demonstrated that HBZ-specific
nuclear bodies did not overlap with Promyelocytic Leukemia
(PML) nuclear bodies (Raval et al., 2015), indicating that HBZ
did not co-localize with PML protein. Of note, PML bodies
were shown to act as co-activators of Tax-1, without binding
to or co-localizing with the viral transactivator (Ariumi et al.,
2003)

One of the most important finding of our studies was the
demonstration of the distinct subcellular localization of HBZ
protein in HAM/TSP as compared to ATL cells. Until now,
HBZ has been always assumed to have an exclusive nuclear
localization. Thus, it was relatively unexpected to find that HBZ
is exclusively localized in the cytoplasm of PBMC of HAM/TSP
patients (Figure 1). This cytoplasmic localization was not affected
by the presence of leptomycin B, a nuclear export inhibitor,
indicating that the viral factor did not shuttle in and out of
the nucleus (Baratella et al., 2017). Furthermore, cells expressing
cytoplasmic HBZ were almost exclusively found in the CD4+
T cell compartment, very rarely (less than 1%) in CD8+ T
cells, and never in B cells or NK cells. Interestingly, the CD4+
HBZ cells, did not expressed the CD25 T cell activation marker
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(Baratella et al., 2017), thus suggesting that they were either
not in rapid proliferation or, if resting, not included in the
classical regulatory T cell compartment. This goes in line with
recent findings showing that the HBZ-specific humoral immune
response correlated with reduced CD4+ T cell activation in
HAM/TSP patients (Enose-Akahata et al., 2013). Within this
context, the HBZ cytoplasmic localization in HAM/TSP patients
may not be appropriate to the generation of peptides that can
efficiently bind MHC class I molecules for presentation to, and
scrutiny by CTLs. Of further interest was the finding that, at least
in the patients’ sample analyzed in our studies, the expression
of HBZ and Tax-1 was mutually exclusive (Baratella et al,
2017).

Taken together, these observations let us to propose the
cytoplasmic localization of HBZ protein in PBMC of HAM/TSP
patients as the first molecular marker of disease, since until
now the only associative parameters with the neurological
disease were either clinical correlates or the rather non-
specific high proviral load (Nagai et al., 1998). Recently, it
has been reported that HBZ-transfected cell lines, including
the T cell line Jurkat, may partially segregate HBZ in the
cytoplasm as result of interaction with THEMIS (Kinosada
et al, 2017). With the limitations expressed above on the
physiological correlates of HBZ in overexpressing systems,
THEMIS may represent a potential HBZ interactor contributing
to the cytoplasmic segregation of HBZ also in HAM/TSP
patients’ cells. Future studies in patient settings should clarify this
point.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES: THE GROWING
RELEVANCE OF HBZ IN THE ONSET OF
HTLV-1 ASSOCIATED DISEASES

Although several studies have been focussed at clarifying the role
of HBZ in HTLV-1-associated diseases, much research is still
required to clearly define the molecular and cellular basis of the
distinct outcome of viral infection, whether evolving versus the
leukemia/lymphoma or versus the neuroinflammatory disorders.
In this review, we have summarized the basic molecular aspects
of HBZ expression and, importantly, the new findings related to
the distinct subcellular localization of HBZ in HTLV-1 infected
individuals, AC, affected by ATL or by HAM/TSP neurological
disease.

A new paradigm is emerging that suggests a possible
roadmap in the evolution of infection based on these new
findings (Figure 2). We may think that primary HTLV-1
infection is characterized by the expression of Tax-1 (this stage
may be observed in PBMC of still asymptomatic patients),
followed by the possible transient coexpression of HBZ (yet
to be demonstrated). As we have no specific demonstration
of this intermediate step, we do not know whether HBZ
protein can localize in the nucleus, cytoplasm or both cellular
compartments at these early stages of infection. Immediately
after, a compartmentalization of HBZ in the cytoplasm can take

HTLV-1
' infection
Tax-1 + >
HBZ — <
]
=
3
‘ E
2
3
@
s
[}
Tax-1 + ®
HBZ +

- Compartmentalization
of HBZ

cytoplasmic $ nuclear

HAM/TSP
1
TLV

FIGURE 2 | A hypothetical model of disease progression in HTLV-1 infected
people. The teory is based on the expression and localization of Tax-1 and
HBZ proteins at the single cell level. Primary HTLV-1 infection is associated to
the expression of Tax-1. The progression of the disease leads to a different
stage characterized by the concominant expression of Tax-1 and HBZ. The
subsequent localization of HBZ in the nucleus (nuHBZ) or cytoplasm (cyHBZ)
points the disease versus the leukemic or the inflammatory state, as more
detailed in the text.

place in case of evolution of the infection toward HAM/TSP.
At this stage, the evolving pathology can either present a
concomitant Tax-1 expression in the same cells (rare), or a
mutually exclusive expression of Tax-1 and HBZ in different
cells, as we observed in our patients. Conversely, in case of
evolution toward the leukemic stage, HBZ will be expressed
always and only in the nucleus with or without the coexpression
of Tax-1. This hypothetical scheme is useful to test several
additional hypotheses and investigate previously unforeseen
mechanisms. For example, can we pinpoint a stage in which
HBZ is compartmentalized in the cytoplasm still without clinical
signs of neurological disease and use this parameter also as
a prognostic marker of future development to HAM/TSP?
Moreover, what are the molecular mechanisms that drive the
distinct nuclear or cytoplasmic localization of the HBZ protein?
Are there specific interactors that retain HBZ in the two different
cellular compartments? Are these mechanism related to the onset
and/or the persistence of the distinct pathologies? These and
other fascinating questions’ are now, we believe, experimentally
amenable to scrutiny.
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HTLV-1 plus-strand transcription begins with the production of doubly-spliced tax/rex
transcripts, the levels of which are usually undetectable in freshly isolated peripheral
blood mononuclear cells (PBMCs) from HTLV-1-infected individuals. However, the
presence of a sustained chronically active cytotoxic T-cell response to HTLV-1 antigens
in virtually all HTLV-1-infected individuals, regardless of their proviral load, argues against
complete latency of the virus in vivo. There is an immediate burst of plus-strand
transcription when blood from infected individuals is cultured ex vivo. How is the HTLV-1
plus strand silenced in PBMCs? Is it silenced in other anatomical compartments within
the host? What reactivates the latent provirus in fresh PBMCs? While plus-strand
transcription of the provirus appears to be intermittent, the minus-strand hbz transcripts
are present in a majority of cells, albeit at low levels. What regulates the difference
between the 5- and 3'-LTR promoter activities and thereby the tax-hbz interplay?
Finally, T lymphocytes are a migratory population of cells that encounter variable
environments in different compartments of the body. Could these micro-environment
changes influence the reactivation kinetics of the provirus? In this review we discuss the
questions raised above, focusing on the early events leading to HTLV-1 reactivation from
latency, and suggest future research directions.

Keywords: HTLV-1, latency, virus, metabolism, hypoxia, glucose, epigenetic regulation, transcription

INTRODUCTION

Human T-lymphotropic virus type 1 (HTLV-1), also known as Human T-cell leukemia virus
type 1, is a retrovirus that mainly infects CD4+ T-cells in vivo. In ~5-10% of the infected
individuals, HTLV-1 infection leads to either an aggressive T-cell malignancy, adult T-cell
leukemia/lymphoma (ATL), or a chronic progressive neuro-inflammatory condition called HTLV-
1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). Both these conditions have
limited treatment options, and ATL in particular carries a very poor prognosis.

Initial infection is asymptomatic and occurs through breast milk, blood, or semen of infected
individuals (Bangham and Matsuoka, 2017). HTLV-1 replicates in the host through two distinct
routes: (i) Infectious spread: this mode of spread involves productive replication from the
integrated provirus followed by the transfer of newly produced virions through the virological
synapse (Igakura et al.,, 2003; Pais-Correia et al., 2010). This is the major route of viral spread
in the initial stages of infection when the proviral load - the percentage of infected PBMCs - is
low (Bangham et al., 2014). Infectious spread results in the formation of distinct T-cell clones,
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each clone carrying a single-copy HTLV-1 provirus integrated
in a unique genomic location within the host genome. (ii)
Mitotic spread: proliferation of HTLV-1-infected host cells
results in passive replication of the integrated HTLV-1 provirus
within their genome. The two daughter cells resulting from
mitosis of an HTLV-1-infected parent cell carry the provirus
in the same genomic integration site. In contrast to infectious
spread, the contribution of this mode to the proviral load
in infected individuals may be small in the early stages of
infection but gradually increases during the chronic stage of
infection (Bangham et al.,, 2014). Although the proviral load in
each host can fluctuate by a small factor (2- to 5-fold) over
time, the proviral loads can vary between infected individuals
by over 1000-fold (Nagai et al., 1998; Demontis et al., 2013).
Individuals with a higher proviral load are at greater risk of
developing either ATL or HAM/TSP (Matsuzaki et al., 2001;
Iwanaga et al, 2010). An infected individual typically carries
about 10% to 10° different T-cell clones, each with a unique
proviral integration site (Bangham et al.,, 2014). The extent of
proliferation of HTLV-1-infected T-cell clones, and thus their
respective contribution to an individual’s proviral load, both vary
greatly from one clone to another.

A peculiar characteristic of HTLV-1 is the absence of
detectable cell-free virions in infected individuals (Demontis
et al., 2015). HTLV-1 was previously considered to be latent
in infected individuals because there are no detectable plus-
strand viral structural RNA or protein products in the peripheral
blood mononuclear cells (PBMCs) freshly obtained from HTLV-1
infected individuals. Also, HTLV-1 is genetically stable, with
minimal sequence variation over evolutionary time (Gessain
et al, 1992), suggesting that de novo viral replication, which
generates sequence variation, contributes little to the long-
term persistence of HTLV-1 in vivo. However, a sustained
chronically active CTL response to HTLV-1 can be observed
in virtually all infected individuals (Jacobson et al, 1990;
Bangham, 2009). This observation suggests that the host immune
system routinely encounters viral antigens in vivo. Since the
HTLV-1 plus-strand appears to be latent in peripheral blood,
the implication is that plus-strand expression occurs either in
intermittent bursts, or outside the circulation, or both. Thus it is
necessary to understand the determinants of HTLV-1 latency and
reactivation in vivo (Figure 1) to devise effective preventive and
therapeutic approaches against HTLV-1-associated diseases such
as HAM/TSP and ATL.

Proviral Genomic Integration Site

HTLV-1 cannot be looked at in isolation because it is an
inseparable part of the chromatinized host genomic DNA.
Can we predict the behavior of the integrated provirus in
the context of its flanking host genome? HTLV-1 integration
favors transcriptionally active regions of the host genome
(Melamed et al., 2013). Recently, the host enzyme Protein
Phosphatase 2A (PP2A) was identified as a major host co-factor
for the HTLV-1 integrase, which could influence the selection
of genomic integration sites (Maertens, 2016). Furthermore,
plus-strand transcription is silenced when the viral DNA is
integrated downstream of a host gene promoter in the same-sense

orientation, possibly by transcriptional interference (Melamed
et al.,, 2013). Similarly, the presence of the SWI/SNF-associated
ATPase BRG-1 (identified by chromatin immunoprecipitation)
upstream of the integrated HTLV-1 provirus is associated
with silencing of plus-strand transcription, but its presence
downstream of the HTLV-1 sequence is associated with proviral
plus-strand expression (Melamed et al, 2013). Recently, it
was reported that integration of HTLV-1 in the vicinity of
cancer driver genes causes either premature interruption of
transcription or antisense-dependent cis-perturbation of these
genes, perhaps contributing to leukemogenesis (Rosewick et al.,
2017).

The discovery of a functional CTCF binding site within the
pX region of the HTLV-1 genome adds a new dimension to
the importance of the flanking genome to proviral transcription
(Satou et al., 2016). CTCEF is a critical host protein which binds
to an insulator motif in the DNA and appears to limit the
spread of epigenetic modifications (Merkenschlager and Nora,
2016). Consistent with this function, the CTCF binding region
in HTLV-1 is associated with the presence of a sharp epigenetic
border in several histone and DNA modifications. It is possible
that the epigenetic border formed by CTCF binding within the
HTLV-1 provirus allows unhindered minus-strand transcription
while reversibly inhibiting the plus-strand activity. Another
central function of CTCF is the formation of chromatin loops,
which regulate contacts between enhancers and promoters. It
is thus possible that the CTCF bound to the provirus produces
abnormal chromatin loops, resulting in aberrant cellular gene
expression (Cook et al., 2017). Experiments are now in progress
to test these hypotheses. Ultimately, this aberrant gene expression
may be an important factor in the development of ATL.

The Tax-HBZ Interplay

Gene transcription in HTLV-1 progresses in both the sense and
anti-sense directions, governed by promoters in the identical long
terminal repeats (LTRs) situated at each end of the genome.

Plus-Strand Transcription

This is regulated by the TATA-box-containing inducible
promoter in the 5-LTR (Miyazato et al., 2016). TATA boxes
are frequently observed in promoters of cellular genes which
are highly regulated and responsive to stress and extracellular
signals (Basehoar et al., 2004; Bahrami and Drablos, 2016).
The 5'-LTR contains three tandem 21-bp imperfect nucleotide
repeats called tax-responsive elements (TREs) which bind to the
ATF/CREB family of proteins to activate HTLV-1 plus-strand
transcription (Armstrong et al, 1993). The transactivator
protein Tax, encoded by the pX region of the HTLV-1 genome
by a double-splicing mechanism, is the most potent activator
of plus-strand transcription and initiates a positive-feedback
loop which induces transcription and promotes replication
(Beimling and Moelling, 1992; Anderson and Dynan, 1994). Tax
enhances the binding of CREB to the TRE, thereby promoting
the transactivation of the proviral plus-strand (Suzuki et al,
1993). In addition to ATF/CREB family, the 5-LTR also has
binding sites for several major transcription factors, namely
NF-kB, SRF and Spl, which play direct or indirect roles in
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FIGURE 1 | Determinants of HTLV-1 plus- and minus-strand transcription. A summary of currently known factors that induce (depicted by @) and inhibit (depicted
by @) plus- and minus-strand transcription of the HTLV-1 provirus. Italicized words denote hypothetical factors. The pink arrowhead marks the position of the CTCF

binding site in the provirus.
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activating plus-strand transcription (Armstrong et al., 1993).
In addition to Tax, the HTLV-1 pX region encodes another
regulatory protein, Rex, which regulates the stabilization of
unspliced and singly spliced viral mRNAs, their nuclear export
and subsequent effective translation of the viral proteins
(Nakano and Watanabe, 2012). The other HTLV-1 pX region
plus-strand products play accessory roles in vivo: p30 and
p13 promote infectivity in a rabbit model (Bartoe et al., 2000;
Silverman et al., 2004; Hiraragi et al., 2006), and p30 and p12/p8
enhance persistent infection in macaques (Valeri et al., 2010;
Pise-Masison et al., 2014). pl3 increases the production of
reactive oxygen species, selectively killing transformed cells,
and may favor persistence in vivo (Silic-Benussi et al., 2010).
However, these genes are not essential for viral replication or
T-cell immortalization (Derse et al., 1997; Robek et al., 1998),
and may not be required for transmission (Furukawa et al,
2004).

Minus-Strand Transcription

This is initiated at the 3’-end of the provirus and progresses in the
anti-sense direction (Gaudray et al., 2002). It is governed by the
TATA-less promoter in the 3’-LTR (Yoshida et al., 2008), which
contains three TREs and three Spl binding sites (Yoshida et al.,
2008; Ma et al., 2016). sHBZ is the major transcript driven by the
3’-LTR.

The interplay between the plus-strand and minus-strand
transcription is a critical and poorly understood aspect of the
HTLV-1 life cycle. We infer that Tax expression in vivo is
intermittent and highly regulated as it is a very immunogenic
protein (Jacobson et al., 1990; Parker et al, 1992). There is
no detectable plus-strand gene expression in freshly isolated

PBMCs from HTLV-1 infected individuals (Kinoshita et al., 1989;
Rende et al, 2011). HBZ, in contrast, is poorly immunogenic
and is expressed at a very low level; however, the presence
of a detectable cytotoxic T-lymphocyte (CTL) response to
HBZ is associated with a lower proviral load (MacNamara
et al., 2010). This constant, low-level hbz mRNA expression
is thought to be necessary for the persistence of HTLV-1
in vivo: hbz expression can be observed in all HTLV-1-
infected individuals, including those with HAM/TSP and ATL
(Yoshida et al., 2008). Tax and HBZ have strong effects on
a number of cellular processes and signaling cascades (Ma
et al., 2016); the effects of the two proteins frequently act in
opposition. Certain transcription factors including TCF1 and
LEF1 inhibit plus-strand transcription from the 5-LTR while
simultaneously enhancing minus-strand transcription from the
3-LTR (Ma et al,, 2015). In contrast, the histone deacetylase
inhibitor (HDACI) valproate activates plus-strand transcription
while inhibiting expression of the minus-strand (Lezin et al.,
2007; Belrose et al, 2011; Olindo et al., 2011). It is also
known that Tax activates minus-strand transcription through
binding of the TREs in the 3’-LTR (Landry et al, 2009).
Recently, it was shown by single-molecule RNA-FISH that, at
a single-cell level, both plus- and minus-strand transcription
occurs in bursts, albeit at different times and intensities.
HTLV-1 plus-strand mRNA transcription is enhanced in the
absence of minus-strand transcripts, while high-level plus-
strand transcription promotes transcription from the minus-
strand (Billman et al., 2017), generating a putative negative
feedback inhibition of plus-strand expression. Until now,
it was believed that all HTLV-1-infected cells express hbz
mRNA at all times; however, this study showed that, in
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naturally-infected T-cell clones isolated by limiting dilution
from HTLV-1-infected individuals, not all HTLV-1-infected cells
in each clone are hbz positive (Billman et al, 2017) at a
given time. Many questions remain unanswered. Most hbz
transcripts were found in the nuclei of cells, consistent with
previous observations (Rende et al, 2011) and with the low
level of protein expression of HBZ (Shiohama et al., 2016). HBZ
protein inhibits fax expression by competing for binding of the
transcription co-factor CREB (Gaudray et al., 2002; Lemasson
et al., 2007; Clerc et al., 2008). However, since HBZ protein
is expressed at such a low level in naturally-infected cells, the
importance of this mechanism is uncertain (Shiohama et al,
2016).

These observations raise important questions: does hbz
RNA also inhibit tax expression? What are the factors that
regulate minus-strand transcriptional bursts? It has been shown
that Spl co-operates with JunD to activate minus-strand
transcription, but how and when this happens in the context
of the cell cycle and viral replication are still unknown (Gazon
et al, 2012). Recently, Billman et al. (2017) showed at the
single cell level, in naturally-infected HTLV-1 positive T-cell
clones, that cells in S and G2/M phase of the cell cycle
have elevated tax and hbz mRNA levels, suggesting that the
cell cycle plays a role in regulating HTLV-1 transcription. It
is now becoming clear that the results of population-level
analyses can mask strong single-cell heterogeneity within the
population.

Epigenetic Regulation of HTLV-1

Transcription

Small-molecule inhibitors targeting epigenetic enzymes have
been widely used in HIV latency research. Indeed, reactivation
of the latent HIV-1 provirus occurs in response to HDACi
[e.g., suberanilohydroxamic acid (SAHA)], DNA methylation
inhibitors (e.g., 5-azacytidine) and histone methyltransferase
inhibitors (e.g., the EZH1/2 inhibitor GSK343) (Spina et al.,
2013; Tripathy et al,, 2015). Similarly, in the case of HTLV-1,
the HDACi valproate and DNA methyltransferase inhibitor
5-azacytidine have been shown to activate the latent HTLV-1
provirus (Koiwa et al., 2002; Belrose et al., 2011). These
observations suggest that epigenetic modulations in the
promoters, enhancers and gene bodies of the integrated
provirus play an important role in proviral transcription.
Cytosine methylation of the 5'-LTR of HTLV-1 is associated
with silencing of plus-strand transcription; the degree of this
5’-LTR methylation varies from individual to individual, whereas
the 3’-LTR is unmethylated in most individuals (Taniguchi
et al., 2005), consistent with the constitutive activation of the
promoter in the 3’-LTR. However, it is unclear how dynamic
the DNA methylation pattern of the provirus is. It is unlikely
that the highly regulated promoter in the 5-LTR of HTLV-1
would rely primarily on DNA demethylation for its reactivation.
Data are needed on the extent of DNA methylation during
bursts of gene expression from the plus-strand and minus-
strand, and whether this methylation is a cause or an effect of
promoter activation. Activation of plus-strand transcription
is associated with Tax-mediated recruitment of pCREB and

CBP/p300, resulting in histone acetylation and nucleosomal
remodeling through BRG-1-containing SWI/SNF complexes
(Sharma and Nyborg, 2008; Easley et al, 2010). Similarly,
HTLV-1 plus-strand transcription is associated with a significant
increase in the activatory histone epigenetic modifications
H3K4me3 and H3K36me3 in different regions of the HTLV-1
provirus (Kulkarni et al., 2017). It is likely that, as in host gene
expression, many epigenetic modifications are a cause as well
as consequence of viral reactivation. Most of the epigenetic
studies carried out so far have been in in vitro cellular models
where Tax expression is the primary mechanism of 5-LTR
activation through a positive feedback loop. However, evidence
from freshly isolated PBMCs from HTLV-1-infected individuals
indicates that there is little or no Tax protein expression
in vivo at steady state. Hence, it is important to examine
the earliest epigenetic changes that occur at the provirus in
freshly isolated PBMCs from HTLV-1-infected individuals to
provide clues to the changes that occur in vivo. It is still unclear
what primarily reactivates plus-strand transcription in ex vivo
PBMCs from HTLV-1-infected individuals. The answer to this
conundrum may elucidate the key question - what regulates
the rapidly reversible silencing of plus-strand transcription
in vivo?

Metabolic Regulation of HTLV-1

Transcription

The metabolic and functional activities of circulating PBMCs
depend directly on their micro-environment. What effects do
metabolic changes have on the integrated HTLV-1 provirus
within these cells? We recently showed that HTLV-1 reactivation
from latency is severely limited in the absence of glucose
in the surrounding medium (Kulkarni et al, 2017). In
support of this conclusion, we found that PBMCs treated
with glycolysis inhibitors - and to a lesser extent with
mitochondrial electron transport chain (ETC) inhibitors — show
a significant impairment in HTLV-1 plus-strand transcription
when they are cultured ex vivo. The importance of glucose
in the HTLV-1 life cycle is emphasized by the fact that the
glucose receptor GLUT-1 is a cellular receptor for HTLV-1
(Manel et al., 2003). Surprisingly, drugs that inhibit or
stimulate the TCA cycle do not alter HTLV-1 transcription
(Kulkarni et al.,, 2017). Indeed, it is known that different
subsets of T-cells use distinct metabolic pathways to satisfy
their energy requirements (Dimeloe et al., 2017). How glucose
metabolism influences HTLV-1 reactivation from latency is
not known. A plausible explanation is that inhibition of
glycolysis or the mitochondrial ETC reduces the availability
of Acetyl CoA and ATP. Acetyl CoA is an important acetyl
group donor in the process of histone acetylation, which
is associated with transcriptional activation. Similarly, the
SWI/SNF family of chromatin-remodeling complexes such as
BAF and PBAF rely on energy in the form of ATP for
their nucleosomal remodeling function. It has been shown
before that HTLV-1 plus-strand activation is intimately linked
with histone acetylation and chromatin remodeling at the
5-LTR promoter (Easley et al, 2010; Nyborg et al, 2010).
Another important question that arises from these results is
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the possible impact of high blood glucose levels on HTLV-
1 replication. Do HTLV-1-infected individuals with poorly
controlled diabetes have a higher proviral load of HTLV-I,
resulting in a significantly higher risk of HTLV-1-associated
diseases such as HAM/TSP or ATL? Further work is needed
to clarify the cause and effect relationships between metabolic
activity and proviral activation in HTLV-1-infected primary
CD4™ T-cells.

Anatomical Regulation of HTLV-1

Transcription

Lymphocytes are constantly exposed to highly variable stresses
during circulation through different body compartments. As
mentioned above, HTLV-1 appears to be latent in freshly
isolated PBMCs from the peripheral blood of HTLV-1
infected individuals. The presence of a chronically active
CTL response to HTLV-1 in all infected individuals raises
the possibility that HTLV-1 expression is more frequent in
different compartments like the bone marrow, lymph, and
lymph nodes (Bangham, 2008). Also, Yasunaga et al. (2016)
found that tax transcription in the bone marrow of STLV-1-
infected Japanese macaques was significantly higher than that
in other tissues. One factor that differs significantly between
these compartments is the oxygen tension. While the lymph,
lymph nodes, and bone marrow are highly hypoxic (~1%
oxygen), PBMCs in peripheral venous blood are exposed to
significantly higher levels of oxygen (~6-10%) (Tsai et al.,
2004; Hangai-Hoger et al., 2007). We recently reported that,
in primary PBMCs isolated from HTLV-1 infected individuals,
physiological hypoxia (~1% oxygen) enhances plus-strand
HTLV-1 transcription (Kulkarni et al., 2017). Again, further
work is needed to identify the molecular mechanism of
this effect, and the consequences of this observation on the
establishment and spread of viral infection within and between
individuals.
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In 1987, Mitsuaki Yoshida proposed the following model (Yoshida and Seiki, 1987): “...
T-cells activated through the endogenous p40x would express viral antigens including
the envelope glycoproteins which are exposed on the cell surface. These glycoproteins
are targets of host immune surveillance, as is evidenced by the cytotoxic effects of anti-
envelope antibodies or patient sera. Eventually all cells expressing the viral antigens,
that is, all cells driven by the p40x would be rejected by the host. Only those cells that
did not express the viral antigens would survive. Later, these antigen-negative infected
cells would begin again to express viral antigens, including p40x, thus entering into
the second cycle of cell propagation. These cycles would be repeated in so-called
healthy virus carriers for 20 or 30 years or longer....” Three decades later, accumulated
experimental facts particularly on intermittent viral transcription and regulation by the
host immune response appear to prove that Yoshida was right. This Hypothesis and
Theory summarizes the evidences that support this paradigm.

Keywords: HTLV, BLV, microRNA, cytotoxic T cells, long non-coding RNA, Leukemia

INTRODUCTION

At least 20 million people worldwide are infected with human T-cell leukemia virus type 1
(HTLV-1) (Gessain and Cassar, 2012; Bangham, 2017; Watanabe, 2017). This retrovirus is
prevalent in southwestern Japan, sub-Saharan Africa, the Caribbean islands, South America, the
Middle East and Austro-Melanesia. Transmission occurs principally from mother to child via
milk or between sexual partners through contaminated blood. Infected individuals are at risk
of developing a rapidly progressive malignancy, adult T-cell leukemia/lymphoma (ATLL), and
a debilitating neurologic condition, HTLV-1 associated myelopathy/tropical spastic paraparesis
(HAM/TSP) (Willems et al., 2017).

Although frequently neglected in the field, bovine leukemia virus (BLV) is a useful model to
address specific questions that cannot be answered in the HTLV-1 system (Rodriguez et al., 2011;
Polat et al., 2017). Both viruses are indeed closely related 8-retroviruses that induce hematological
diseases. In the bovine species, the most prevalent clinical manifestation in about one-third of
infected animals is persistent lymphocytosis, a benign accumulation of infected B-lymphocytes
(Gutierrez et al.,, 2014). In a minority of cases (about 5-10%), BLV infection can progress to
fatal leukemia/lymphoma whose most dramatic consequence is spleen hypertrophy and disruption
consecutive to tumor formation. BLV typically persists in less than 1% of peripheral blood cells,
leading to an asymptomatic infection in the majority of infected animals. BLV is transmitted
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horizontally by direct contact, iatrogenic procedures or insect
bites upon transfer of infected cells from milk, blood, and body
fluids from heavily infected dams (Barez et al., 2015).

THE PARADOX: HTLV-1 REPLICATION IS
DRIVEN BY ONCOGENIC PROTEINS
THAT EXPOSE THE INFECTED CELL TO
THE HOST IMMUNE RESPONSE

According to currently most accepted model, two viral proteins
(Tax and HBZ, HTLV-1 bZIP) are hypothesized to have the
highest impact on viral replication and cell transformation
(Matsuoka and Jeang, 2007; Carpentier et al., 2015). The modes
of action of Tax and HBZ are remarkably pleiotropic and
involve a variety of cell signaling pathways (CREB, NF-kB,
AKT, and TNF) (Twizere et al., 2003; Boxus et al., 2008).
Tax inhibits tumor suppressors (p53, Bcll11B, and TP53INP1)
and activates cyclin-dependent kinases (CDKs), both of
these mechanisms leading to accelerated cell proliferation.
Experimental evidence further shows that Tax drives tumor
formation in transgenic mouse models, supporting its oncogenic
potential. Through an interaction with the helicase complex
(mcm2-7), Tax accelerates S phase progression by initiating
additional replication origins. By promoting unscheduled cell
growth, Tax also induces genomic instability and generates
somatic alterations. Another viral protein, HBZ also favors
cell proliferation by inhibiting apoptosis/senescence and
modulating the cell cycle (Ma et al, 2016). In fact, the
HBZ protein counteracts a series of Tax-activated viral
and cellular pathways (such as NF-kB, Akt, and CREB).
Transgenic expression of HBZ in CD4 + T cells induced T-cell
lymphomas and systemic inflammation in mice, resembling
diseases observed in HTLV-1 infected individuals (Satou et al.,
2011).

A major issue of expression of viral proteins is initiation
of the host immune response. Indeed, Tax induces a strong
immune response that would be harmful to infected cells
(Nagai et al., 2001; Kannagi et al., 2005; Rowan et al., 2014).
In comparison, HBZ triggers a less efficient immunity that is
consistent with low expression low expression throughout HTLV-
1 infection (MacNamara et al., 2010). How does HTLV-1 persist
despite a strong immune response against viral oncogenes that
promote infected cell replication? The next paragraph lists the
experimental evidence pertaining to this paradox.

EXPERIMENTAL EVIDENCE AND
INTERPRETATIONS

Evidence 1: Infected Cells Proliferate

Faster to Undergo Clonal Expansion

The BLV model has been instrumental to quantify the dynamics
of cell turnover in vivo (Florins et al, 2007). Experiments
based on intravenous injection of bromodeoxyuridine (BrdU)
and carboxyfluorescein diacetate succinimidyl ester (CFSE)

demonstrate that B-lymphocytes are proliferating significantly
faster in BLV-infected sheep than in healthy controls (Debacq
et al., 2002, 2006). Excess of proliferation is compensated by
an increase in cell death, thereby maintaining homeostasis.
Increased cell proliferation is also reported in HTLV-induced
HAM/TSP using a similar strategy based on incorporation of
deuterated glucose (Asquith et al., 2007). In vivo, BLV and HTLV
infection is thus characterized by an increased cell turnover, likely
driven by viral oncogenes such as Tax and HBZ.

Evidence 2: 5’ LTR Directed Transcription

Is Extremely Low in Situ

The amount of viral RNA transcribed from the 5 LTR promoter
is extremely low in vivo. In primary tumor cells, only very
sensitive techniques such as RT-PCR can identify viral RNA
transcribed from the 5" LTR promoter (Lagarias and Radke, 1989;
Rovnak and Casey, 1999; Shimizu-Kohno et al., 2011; Demontis
et al,, 2015). It was initially concluded that the provirus is silent.
However, in situ experiments showed that rare cells expressed
large amounts of viral transcripts (Lagarias and Radke, 1989).

Evidence 3: Sense Transcription Can Be

Activated by Various Stimuli

The main regulatory element of the 5 LTR promoter that
is activated by Tax is a 21 bp enhancer that interacts with
CREB/ATF transcription factors (Suzuki et al., 1993; Adam et al,,
1996). This complex activates sense transcription when cells are
isolated ex vivo from HTLV-1 carriers or BLV-infected sheep.
This reactivation can further be increased by various stimuli such
as polyclonal activators, HDAC inhibitors or oxygen deprivation
(Kerkhofs et al., 1996; Achachi et al., 2005; Tajima and Aida, 2005;
Lezin et al., 2007; Olindo et al., 2011; Kulkarni et al., 2017).

Evidence 4: Immunity against Most Viral
Antigens Is Extremely Efficient While

HBZ Is Poorly Immunogenic

Persistent infection by BLV and HTLV-1 is characterized by
a permanent and vigorous immunity against viral antigens
(Kannagi et al., 2005; Burbelo et al., 2008; Bangham et al,
2009; Kattan et al,, 2009). This immune response efficiently
controls viral replication in vivo as demonstrated in the
BLV model (Florins et al., 2006, 2009, 2011; Gillet et al,
2013). Among viral proteins, Tax is the immunodominant
HTLV-1 antigen in the T-cell response (Kannagi et al, 1991;
Goon et al, 2004). In contrast, the HBZ protein is very
poorly immunogenic and expressed at very low levels in
infected cells (Suemori et al, 2009; Enose-Akahata et al.,
2013; Rowan et al., 2014; Raval et al, 2015; Baratella et al,
2017). Humoral immunity against HBZ protein is indeed
particularly weak (Raval et al, 2015; Shiohama et al., 2016).
However, cytotoxic T cells specific to HBZ but not to the
immunodominant Tax are the most effective in the control
of HTLV-1 (MacNamara et al, 2010). These results thus
focus attention on the extremely low expression and low
immunogenicity of HBZ.
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Evidence 5: Antisense Transcripts and
microRNAs Are Abundantly and

Permanently Expressed in Tumors

In contrast to 5 LTR directed transcription, antisense RNA
synthesis initiating at the 3" LTR is consistently identified in
primary ATL cells and BLV tumors (Usui et al., 2008; Saito
et al., 2009; Durkin et al., 2016). In contrast to HTLV-1, BLV
also abundantly transcribes a cluster of microRNAs from internal
pol III promoters (Kincaid et al., 2012; Rosewick et al., 2013;
Van Driessche et al., 2016). These microRNAs are required for
efficient viral replication and induction of pathogenesis (Gillet
etal, 2016).

Evidence 6: HBZ and AS RNAs Are
Mainly Localized in the Nucleus

Suggesting a Role in Epigenetics

The HBZ RNA is mainly localized in the nucleus, consistent
with a low rate of translation (Hivin et al., 2005; Rende et al.,
2011; Shimizu-Kohno et al.,, 2011; Li et al., 2012; Raval et al,
2015). Although the function of the HBZ protein has been
clearly evidenced, the dominant nuclear localization of the HBZ
RNA thus suggests other regulatory roles such as for example
epigenetic modulation of gene expression. In BLV, the antisense
transcripts are not predicted to be translated but are rather
primarily retained in the nucleus, hinting at a IncRNA-like role
(Durkin et al., 2016).

Evidence 7: Untranslated HBZ RNA Has

a Function

The oncogenic role of the HBZ RNA was revealed by an
untranslatable HBZ RNA (i.e., devoid of initiation codon) able
to induce the proliferation of a human IL-2-dependent T-cell
line (Kit225) (Satou et al., 2006). Microarray expression analysis
reveals that HBZ RNA and protein differentially modulate the
transcription of host genes. HBZ RNA activates the transcription
of survivin and cell-cycle related genes (Mitobe et al., 2015).
Thus, the HBZ gene has bimodal functions in two different
molecular forms as a polypeptide and a ribonucleic acid.
Notwithstanding important activities as protein, the scarcity of
the HBZ polypeptide in tumor cells contrasts with the expression
of the HBZ RNA. Therefore, main functions of HBZ are exerted
by its RNA form. Although the level of expression of HBZ protein
is unquestionably very low, the protein must nevertheless play
an essential role in the life-cycle of the virus because the coding
sequence has been conserved during evolution in presence of a
protective host immune response.

Evidence 8: Alternate Transcription of

Sense and Antisense Transcription

Single cell analysis shows that the Tax RNA is expressed
in bursts and is exported from the nucleus, whereas the
majority of hbz RNA is retained (Billman et al, 2017).
Time-lapse imaging of destabilized enhanced green fluorescent
protein indicates that Tax expression is transient, fluctuates
between on/off states and is detected only in HBZ-negative

microRNAs

e
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FIGURE 1 | Hypothetical model combining temporal regulation of viral
expression allowing escape from host immunity. Sense transcription (red
arrow) directed by the 5’ LTR promoter allows translation of the TAX protein
(red ellipse) and synthesis of the viral particle (red hexagon). The antisense
strand is transcribed in a HBZ (HTLV-1) and (AS) BLV RNA (green arrow) and
protein (ellipse hatched in red). BLV, but not HTLV, also encodes RNA
polymerase Il driven microRNAs (hatched green arrow). Burst of sense
transcription (red line on the time graph at the left) transiently exposes infected
cells to the immune response: cytotoxic T cells (CTL), antibodies from
B-lymphocytes (B) and macrophages (m¢). Silencing of sense transcription,
for example by initiating antisense RNA synthesis (graph on the right) allows
further cell proliferation.

cells (Jasunaga and Matsuoka, 2017; Mahgoub et al., 2017).
Viral persistence is thus characterized by successive cycles of
sense/antisense transcription. Evidence from single-molecular
RNA-FISH nevertheless indicates a more complex relationship
between expression of the two strands that are not transcribed
in strict alternation (Billman et al., 2017).

A MODEL FOR VIRAL PERSISTENCE
UNDER IMMUNE CONTROL

These experimental evidences are consistent with the model
presented in Figure 1 and support Yoshida’s paradigm.
BLV/HTLV proviruses are transcribed in both orientations.
Sense transcription from the 5" LTR (red arrow) generates
genomic and spliced subgenomic RNAs (e.g., Tax). Translation
of these RNAs into oncogenic proteins (Tax) triggers cell
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proliferation, mitosis, and clonal expansion of the infected cell.
Synthesis of structural (gag, env) and enzymatic (protease,
reverse transcriptase, and integrase) proteins are required
for assembly of the viral particle (red hexagon) that will
further colonize new target cells. The provirus is also
transcribed in the antisense orientation from the 3’ LTR
(green arrow) yielding HBZ and AS RNAs for HTLV and
BLV, respectively. HBZ is very poorly translated while the
coding potential of AS is ambiguous (hatched in red).
Furthermore, the immunogenicity of HBZ is weak compared
to all other viral antigens. BLV, but not HTLV, also encodes
RNA polymerase III driven microRNAs (hatched green
arrow). RNA synthesis from the 5 LTR is mostly silent but
burst of sense transcription (red line on the time graph)
transiently exposes infected cells to the immune response
(e.g., cytotoxic, humoral, and innate). The only option that
allows survival is to silence sense transcription, for example
by initiating antisense RNA synthesis (graph on the right).
This simplified model is nevertheless incomplete because
the infected cell is also exposed to the CTL response to
HBZ providing that the protein is expressed. Experimental
evidence indicates that the HBZ RNA is mostly nuclear
and is therefore not translated. Single cell kinetics of RNA
and protein expression would answer to this still unsolved
question. Another issue is the role of the intrinsic immunity
operating within virus-infected cells, i.e., restriction factors
(RFs) inhibiting Tax function or reverse transcription of viral
genome (Tosi et al., 2011; Bai and Nicot, 2015; Forlani et al,,
2016).

CONCLUSION

Yoshida predicted that the Tax oncogene should be expressed
in cycles to allow cell survival. Recent reports describing
bursts between sense and antisense transcriptions are consistent
with this hypothesis. Regular switches between 5 and 3’
transcription indeed allows transient Tax expression and fast
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Human T-cell leukemia virus type 1 (HTLV-1) was the first retrovirus to be discovered as
a causative agent of adult T-cell leukemia-lymphoma (ATL) and chronic inflammatory
diseases. Two viral factors, Tax and HTLV-1 bZIP factor (HBZ), are thought to be
involved in the leukemogenesis of ATL. Tax expression is frequently lost due to DNA
methylation in the promoter region, genetic changes to the tax gene, and deletion of
the 5’ long terminal repeat (LTR) in approximately half of all ATL cases. On the other
hand, HBZ is expressed in all ATL cases. HBZ is known to function in both protein form
and mRNA form, and both forms play an important role in the oncogenic process of
HTLV-1. HBZ protein has a variety of functions, including the suppression of apoptosis,
the promotion of proliferation, and the impairment of anti-viral activity, through the
interaction with several host cellular proteins including p300/CBP, Foxp3, and Foxo3a.
These functions dramatically modify the transcriptional profiling of host T cells. HBZ
MRNA also promotes T cell proliferation and viability. HBZ changes infected T cells to
CCRA4TTIGITTCD4T effector/memory T cells. This unique immunophenotype enables T
cells to migrate into various organs and tissues and to survive in vivo. In this review, we
summarize how HBZ hijacks the transcriptional networks and immune systems of host
T cells to contribute to HTLV-1 pathogenesis on the basis of recent new findings about
HBZ and tax.

Keywords: HTLV-1, HBZ, tax, viral oncogenesis, Regulatory T Cell

INTRODUCTION

The burden of viral infection in cancer is high, with estimates having more than 20% of cancer
cases caused by infection (Bouvard et al.,, 2009). One oncogenic virus, human T-cell leukemia
virus type 1 (HTLV-1), was identified in the United States and Japan almost 40 years ago (Poiesz
et al., 1980; Yoshida et al., 1982). Thereafter, HTLV-1 was found to be a causative agent of adult
T-cell leukemia-lymphoma (ATL) and HTLV-1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP) (Hinuma et al., 1981; Gessain et al., 1985; Gallo, 2005). Today, it is estimated that
HTLV-1 infects approximately 10 million people worldwide (Gessain and Cassar, 2012). HTLV-
1 transmits through cell-to-cell contacts (Igakura et al., 2003; Pais-Correia et al., 2010), while
the free virus shows poor infectivity with the exception of dendritic cells (DCs) that can be
infected without cell-to-cell contact (Derse et al., 2001; Jones et al., 2008; Mazurov et al., 2010;
Alais et al., 2015). Accordingly, HTLV-1 increases its copy number primarily by triggering the
proliferation of infected cells to facilitate its transmission (Etoh et al., 1997; Cavrois et al., 1998).
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These properties distinguish HTLV-1 from another well-known
human retrovirus, human immunodeficiency virus type 1
(HIV-1). The chemokine receptors CXCR4 and CCR5 function
as co-receptors for HIV-1 to infect host CD4" T cells.
Unlike HIV-1, HTLV-1 can infect a variety of cell types,
but more than 90% of infected cells are CD4" memory
T cells in vivo (Richardson et al, 1990; Rizkallah et al,
2017).

EXPRESSION AND FUNCTION OF TAX

The HTLV-1 provirus is 9 kb in length and contains multiple
coding regions for Gag, Pol, Env, p12, p30, p13, Rex, Tax,
and HBZ. Among the viral proteins of HTLV-1, Tax can
activate various signal pathways including the NF-kB and
AP-1 pathways (Grassmann et al., 2005; Gazon et al., 2018).
It also can induce T-cell leukemia or lymphoma in vivo
(Grossman et al., 1995; Hasegawa et al., 2006). However, Tax
expression is frequently undetectable in ATL cases due to genetic
and epigenetic aberrations (Takeda et al., 2004). Importantly,
nonsense mutations in the tax gene are often observed not
only in ATL cases but also in infected cells of asymptomatic
HTLV-1 carriers (Furukawa et al., 2001; Fan et al., 2010). Tax
was initially discovered as the viral trans-activator for HTLV-
1 RNA transcription from a promoter located in the 5° LTR
(Felber et al., 1985), thus its expression is essential for viral
replication. However, it is a major target antigen recognized by
cytotoxic T lymphocytes (CTL) (Kannagi et al., 1991). Therefore,
Tax expression is tightly controlled for the survival of HTLV-
1 infected cells in order to evade host immunosurveillance.
Tax expression is usually silenced in ATL cells, but a single
cell transcript analysis has revealed that Tax expression is not
completely suppressed and that a small percentage of MT-1
cells transiently express Tax (Mahgoub et al., 2018). Because
Tax expression is necessary for de novo infection, it may
play a key role in the spreading of HTLV-1. Taken together,
Tax expression is usually suppressed in order to escape from
CTL, but at the same time, Tax is transiently expressed to
maintain and expand HTLV-1 infected cells. These findings
suggest that another key regulator may contribute to the onset
of ATL.

HBZ AND ITS ROLE IN THE
ONCOGENESIS

The HTLV-1 bZIP factor (HBZ) was first identified in
2002 as a novel viral protein that contains a N-terminal
transcription activation domain and a leucine zipper motif
in its C-terminus (Gaudray et al., 2002). It has been reported
that HBZ mRNA is expressed in all ATL cases. Its mRNA
form promotes the proliferation of T-cells, and its protein
form induces the development of T-cell lymphomas in
transgenic mice, indicating that HBZ is critical for the
proliferation of ATL cells and leukemogenesis (Satou et al,
2006, 2011).

THE LOCALIZATION OF HBZ AND ITS
FUNCTION IN THE NUCLEUS AND
CYTOPLASM

HTLV-1 bZIP factor contains nuclear localization signals in its
central/bZIP domain and nuclear export signals in its N terminus
(Hivin et al., 2005). HBZ is mainly localized in the cytoplasm
of peripheral blood mononuclear cells (PBMCs) in HAM/TSP
patients, suggesting cytoplasmic HBZ as a possible biomarker
of the disorder (Baratella et al., 2017). In addition, cytoplasmic
HBZ interacts with GADD34 to suppress GADD34 function and
positively regulate the mechanistic target of rapamycin (mTOR)
signaling pathway (Mukai and Ohshima, 2014) (Figure 1).
Finally, the cytoplasmic localization of HBZ protein in T cells
depends on the host factor THEMIS (Kinosada et al., 2017). Since
THEMIS is expressed only in T cells, this function might explain
why HTLV-1 promotes the proliferation of T cells.

Compared to cytoplasmic HBZ, far more studies have focused
on the function of nuclear HBZ. HBZ in the nucleus makes a
complex with several important transcription factors including
p300, p65, LEF1, AP-1 transcription factors and forkhead family
proteins (Basbous et al., 2003; Thebault et al., 2004; Satou et al.,

HBZ
[AD [ cp | bzIP
Nucleus
Domain  Partner Result
CBP/p300

. smad2/3 Activates TGFB signaling
Up-regulates the expression of survivin

IRF1
and inhibits apoptosis

Promotes proteosomal degradation of c-
Jun

Enhances Treg cell differentiation, but

26S proteosome

hoxps suppresses Treg cell function
cD FoxO3a !ntgrferes with FonO3a function and
inhibits apoptosis
LEF1 Inhibits canonical Wnt pathway
c-Jun, JunB Inhibits partner function
bzIP  CREB Inhibits HTLV1 transcription
JunD Activates JunD function
Cytoplasm Transports HBZ outside the nucleus, up-
Themis regulates TCR signaling pathway, and
promotes cell proliferation
GADD34 Suppresses GADD34 function and

positively regulates mTOR signaling

FIGURE 1 | Cellular proteins that interact with HBZ in the nucleus and in the
cytoplasm. HBZ has three domains: activation domain (AD), central domain
(CD), and basic ZIP domain (bZIP). Each domain interacts with important
regulators and modulates cellular function.
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2011; Zhao et al., 2011; Ma et al., 2013; Tanaka-Nakanishi et al.,
2014) (Figure 1). For example, HBZ binds to p65 to diminish the
p65 affinity for DNA and thus suppresses the classical pathway of
NF-kB. Also, the interaction with c-Jun leads to a transcriptional
repression of AP-1 regulated genes. Overall, nuclear HBZ has
various functions necessary for the onset of ATL.

TARGET CELLS OF HTLV-1 INFECTION

HTLV-1 provirus is mainly detected in T cells in vivo.
In particular, most provirus (~90%) was found in
CD4 " effector/memory T cells, while the remaining 10% of
provirus was detected in CD8" T cells (Yasunaga et al., 2001).
HTLV-1 infected CD4™ T cells tend to express cell adhesion
molecule 1 (CADM1), C-C chemokine receptor type 4 (CCR4),
T cell immunoreceptor with Ig and ITIM domains (TIGIT),
CD45RO0, and sometimes CD25, indicating that these cells are
effector/memory T cells (Bangham and Matsuoka, 2017). These
findings suggest two scenarios for the transmission of HTLV-
1. First, HTLV-1 preferentially infects these subpopulations
of CD4™ T cells. It has been reported that Tax induces the
expression of CCL22, one ligand of CCR4 (Hieshima et al,
2008), which might attract CCR4™" T cells and transmit the virus
in the periphery. Second, HTLV-1 infection itself induces the
differentiation of T cells or modifies the immunophenotype to a
specific phenotype. To answer this question, we focus on HBZ
below.

HTLV-1 INFECTION IN HEMATOPOIETIC
STEM CELLS

Tax is essential for de novo infection since transcription of
the sense-strand of the provirus, which is responsible for the
generation of the viral genome and viral proteins such as Gag,
Env, and Pol, is Tax dependent. Tax expression in the bone
marrow cells of HAM/TSP patients was reported (Levin et al.,
1997), suggesting de novo infection occurs in this area. However,
it remains unknown whether hematopoietic stem cells (HSCs) are
truly infected with HTLV-1 or not. Recently, Furuta et al. (2017)
reported that identical integration sites were detected in multiple
hematopoietic lineage cells. This result indicates that HTLV-1
infects HSCs in vivo and that HTLV-1 infected HSCs differentiate
into diverse hematopoietic cell lineages (Figure 2). Since HTLV-
1 infected cells possess a similar immunophenotype, viral factors
are implicated to acquire the phenotype. Because HBZ is the only
viral gene that is consistently expressed in infected cells and ATL
cells, we consider its role.

HBZ INDUCES EFFECTOR/MEMORY
PHENOTYPE

Here we summarize how HBZ influences hematopoietic cell
differentiation to effector/memory CD4™ T cells by modulating
the function of key regulators (Figure 2).

1: Infection

HTLV il \
DNA/”' 2: Integration

\

Mono Neutro

3: Differentiation

cell-cell

transmission

4: Proliferation of T cells with specific markers
mediated by HBZ and Tax

Marker Effect of HBZ orTax
ATL CD45RO unknown
L CCR4 HBZ
CC/QJA CADM1 Tax
TIGIT HBZ
Foxp3 HBZ
CD25 HBZ

FIGURE 2 | Differentiation of hematopoietic cells and HTLV-1 infection HTLV-1
infected HSCs differentiate into diverse hematopoietic cell lineages, but only
memory CD4% T cells become predominant. HSC, hematopoietic stem cell;
CD4, CD4* T cell; CD8, CD8* T cell; B, B cell; Mono, monocyte; Neutro,
neutrophil, respectively.

Foxp3

As mentioned above, although HTLV-1 can infect many types
of cells including HSCs, most ATL cells and HTLV-1 infected
cells are CD4TCD45RO™ conventional memory T cells. It is
speculated that HBZ influences the differentiation of host T cells.
For instance, HBZ affects the expression and function of Foxp3,
a critical regulator for the development of Treg cells. In HBZ-Tg
mice, the number of CD4*Foxp3™ T cells is increased, suggesting
that HBZ induces Foxp3 expression (Satouetal., 2011). HBZ
promotes Foxp3 expression by activating the TGF-B/Smad
pathway (Zhao et al., 2011). Although HBZ induces Foxp3
expression, HBZ directly interacts with Foxp3 to interfere
with Foxp3 DNA binding activity and function. In addition,
HBZ increases the number of induced Treg cells, in which
Foxp3 expression is unstable, and converts them to Foxp3~ T
cells with increased interferon-y production (Yamamoto-Taguchi
et al, 2013). These results suggest that HBZ induces Foxp3™
T cells but hijacks their transcriptional network, which leads to
inflammatory disease in the host.

CCR4

It is well known that CCR4 is a hallmark of ATL cells
(Yoshie et al., 2002; Ishida et al., 2003; Igbal et al., 2010). CCR4
is not only a marker of Th2 cells, but it is also involved in the
suppressive function of Treg cells (Yuan et al., 2007). CCR4
mutations were frequently observed in ATL samples, with most
mutations being nonsense or frame-shift (Nakagawa et al., 2014;
Kataoka et al, 2015). A truncated mutant of the cytoplasmic
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region of CCR4 enhances PI3K/Akt signaling, the migration
and proliferation of ATL cells, but still many questions remain
about the mechanisms for the increased expression of CCR4 and
enhanced proliferation of cells even in cells expressing wild-type
CCR4. Sugata et al. (2016) studied the mechanisms and effects of
CCR4 expression on ATL cells. They found that both HBZ RNA
and HBZ protein increased the expression of CCR4 through the
induction of GATA3 expression, thereby activating transcription
of the CCR4 gene promoter. Upregulated CCR4 expression is
associated with enhanced T cell migration and proliferation,
which are implicated in the infiltration and proliferation of
HTLV-1 infected cells. They further showed that wild-type CCR4
also promotes the proliferation of T cells and that a CCR4
antagonist inhibits cell migration and proliferation effectively.
Thus, CCR4 induced by HBZ is implicated in proliferation and
migration of infected cells.

TIGIT AND THEMIS

One gene upregulated by HBZ is the co-inhibitory receptor
T cell immunoglobulin and ITIM domain (TIGIT)
(Yasuma et al.,, 2016). ATL cells and HTLV-1 infected cells
highly express TIGIT on their surfaces. Enhanced expression of
TIGIT induces IL-10 production, leading to the suppression of
host immune responses.

Although TIGIT is a co-inhibitory receptor that suppresses
T-cell activation, it does not inhibit the proliferation of ATL cells
or HTLV-1 infected cells (Kinosada et al., 2017). TIGIT exerts
inhibitory signal through the intracytoplasmic immunoreceptor
tyrosine inhibitory motif (ITIM) that interacts with a complex
of SHP-2, Grb2, and THEMIS. HBZ interacts with THEMIS
and hinders the inhibitory signal from THEMIS. Cytoplasmic
HBZ almost disappears after knock-down of THEMIS expression
while HBZ protein exists in the nucleus, suggesting that THEMIS
is responsible for cytoplasmic localization of HBZ. THEMIS is
a T cell-specific protein, this finding could explain why HTLV-
1 induces the proliferation of only T cells despite the fact that
HTLV-1 can infect many cell types.

Taken together, these studies suggest that HTLV-1 might
influence earlier stages of hematopoietic cell differentiation and
induce infected HSCs or other infected progenitor cells to
abnormally differentiate into CD4*" Treg-like cells.

ROLE OF TAXIN T CELL
DIFFERENTIATION

No direct evidence has associated Tax with T-cell differentiation.
Indeed, several HTLV-1 associated molecules, including Foxp3,
CCR4, and TIGIT, are not induced in Tax transgenic mice,
indicating that HBZ is closely linked to the expression of
these molecules (Satou et al., 2011). HTLV-1 targets CD4™"
effector/memory T cells. As described above, HBZ is mainly
responsible for immunophenotypes of HTLV-1 infected cells,
but Tax has also been implicated. Two T cell specific proteins,
TCF-1 and LEF-1, are highly expressed in thymocytes. It

has been reported that TCF1 and LEF1 perturb Tax function
(Ma et al,, 2015), leading to the inhibition of HTLV-1 replication
in the thymus. On the other hand, TCF-1/LEF-1 expression is
suppressed in peripheral T cells. Therefore, Tax is fully functional
in peripheral T cells.

GENETIC INSTABILITY INDUCED BY
HBZ

Some individuals infected with HTLV-1 succumb to ATL after
a long latency period (Grassmann et al., 2005). This effect
suggests that along with the viral proteins Tax and HBZ, the
accumulations of genetic or epigenetic alterations are required for
ATL onset. Indeed, gain-of-function alterations were frequently
observed in TCR/NF-kB signaling from integrated genetic and
transcriptomic analysis (Kataoka et al, 2015). Recently, it
has been reported that HBZ induces genomic instability in
an oncogenic miRNA-dependent manner. HBZ increases the
expression of miR17 and miR21, and these oncomiRs suppress
the expression of OBFC2A, which codes a single-stranded
DNA-binding protein that protects genome stability (Vernin
etal., 2014).

HBZ INTERFERES WITH THE HOST
TRANSCRIPTIONAL AND
TRANSLATIONAL MACHINERY

Detailed analysis of RNA-seq data has revealed that host
genes undergo frequent and provirus-dependent transcription
termination. The expression level of host-genome exons
located downstream of HTLV-1 was halved on average
(Rosewick et al., 2017). At the same time, systematic interaction
between the HTLV-1 antisense transcript corresponding to
HBZ and host genes located upstream of the provirus is
observed. This fusion is classified into four types depending
on the location and the direction of viral insertion (genic
or intergenic integration, and concordant or discordant
gene-provirus orientation). In this way, HBZ transcription
perturbs host gene transcription around HTLV-1 integration
sites.

Both RNA and DNA viruses are heavily dependent on the
host translational machinery to produce the polypeptides that
are necessary for replication. Most viral mRNAs recruit 40S
ribosomal subunit to initiate their translation. For example,
RPS25, a component of 408, is essential for the internal ribosome
entry sites (IRESs) of hepatits C virus (Landry et al., 2009).
This recruitment not only promotes viral protein synthesis, it
also impedes the host innate defenses that inhibit viral protein
production. It has been reported that HBZ disrupts the host
translational mechanism by negatively modulating RPS25. JunD,
a functional component of AP-1 has two isoforms, a full-length
isoform containing 341 amino acids (JunD-FL) and a truncated
isoform lacking 48 amino acids at the N terminus (AJunD)
(Yazgan and Pfarr, 2002; Terol et al., 2017). There is a functional
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difference between the two isoforms. JunD-FL is the more
potent transcriptional activator, but only AJunD induces the
proliferation and transformation of cells. HBZ induces the loss of
RPS25 protein, which leads to the down-regulation of JunD-FL
and up-regulation of AJunD. As a result, HBZ shifts the function
of JunD from growth suppressor to tumor promoter, a condition
advantageous for HTLV-1 infected cells to proliferate. Thus, HBZ
influences host transcriptional and translational machinery.

HBZ SUPPRESSES APOPTOSIS

To increase the number of infected cells, both HBZ and Tax
play a key role in maintaining clonal longevity. One mechanism
for this maintenance is achieved by inhibiting the apoptosis of
HTLV-1 infected cells. HBZ protein perturbs the localization
and function of FOXO3a to down-regulate the pro-apoptotic
genes Bim and FasL (Tanaka-Nakanishi et al., 2014). Similarly,
the N-terminal region of HBZ interacts with IRF-1 to inhibit
IRF-1 DNA binding/transcriptional activity and reduce the
number of cells undergoing apoptosis (Chopra et al, 1990;
Panfil et al,, 2016). Finally, in addition to HBZ protein, HBZ
mRNA inhibits apoptosis by upregulating the expression of
survivin by enhancing its promoter activity (Mitobe et al., 2015).

CONCLUSION AND FUTURE DIRECTION

HTLV-1 bZIP factor affects many aspects of host immunity
to promote the survival and proliferation of the infected cells
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Human T-cell leukemia virus type 1 (HTLV-1) encodes a protein derived from the
antisense strand of the proviral genome designated HBZ (HTLV-1 basic leucine zipper
factor). HBZ is the only viral gene consistently expressed in infected patients and
adult T-cell leukemia/lymphoma (ATL) tumor cell lines. It functions to antagonize many
activities of the Tax viral transcriptional activator, suppresses apoptosis, and supports
proliferation of ATL cells. Factors that regulate the stability of HBZ are thus important to
the pathophysiology of ATL development. Using affinity-tagged protein and shotgun
proteomics, we identified UBR5 as a novel HBZ-binding partner. UBR5S is an E3
ubiquitin-protein ligase that functions as a key regulator of the ubiquitin proteasome
system in both cancer and developmental biology. Herein, we investigated the role of
UBRS5 in HTLV-1-mediated T-cell transformation and leukemia/lymphoma development.
The UBR5/HBZ interaction was verified in vivo using over-expression constructs, as
well as endogenously in T-cells. shRNA-mediated knockdown of UBR5 enhanced
HBZ steady-state levels by stabilizing the HBZ protein. Interestingly, the related
HTLV-2 antisense-derived protein, APH-2, also interacted with UBR5 in vivo. However,
knockdown of UBR5 did not affect APH-2 protein stability. Co-immunoprecipitation
assays identified ubiquitination of HBZ and knockdown of UBR5 resulted in a
decrease in HBZ ubiquitination. MS/MS analysis identified seven ubiquitinated lysines
in HBZ. Interestingly, UBR5 expression was upregulated in established T lymphocytic
leukemia/lymphoma cell lines and the later stage of T-cell transformation in vitro. Finally,
we demonstrated loss of UBR5 decreased cellular proliferation in transformed T-cell
lines. Overall, our study provides evidence for UBR5 as a host cell E3 ubiquitin-protein
ligase responsible for regulating HBZ protein stability. Additionally, our data suggests
UBR5 plays an important role in maintaining the proliferative phenotype of transformed
T-cell lines.

Keywords: HTLV-1, HBZ, UBRS5, ubiquitin, proliferation, T-cell
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INTRODUCTION

Categorized as a tumorigenic virus, human T-cell leukemia virus
type 1 (HTLV-1) is a deltaretrovirus that infects and transforms
CD4+ T-cells. Approximately 10-15 million people worldwide
are infected, with areas of endemic infection in southwestern
Japan, Africa, South America, and the Pacific Islands (DeThe
and Bomford, 1993; Matsuoka and Jeang, 2005; Gessain and
Cassar, 2012). HTLV-1 is responsible for a highly aggressive
and chemotherapy-resistant peripheral T-cell malignancy called
adult T-cell leukemia/lymphoma (ATL) (Uchiyama et al,
1977; Poiesz et al, 1980; Yoshida et al, 1982) and a
chronic progressive neurodegenerative disease termed HTLV-1-
associated myelopathy/tropical spastic paraparesis (HAM/TSP)
(Gessain et al., 1985; Osame et al., 1986). As a blood borne
pathogen, HTLV-1 is primarily spread through breastfeeding,
blood transfusions, and sexual contact. Not all HTLV-1 carriers
will go on to develop disease. Disease penetrance is roughly
5% for the lifetime of an infected individual (Ishitsuka and
Tamura, 2014). The discrepancy between individuals with disease
development and lifelong healthy carriers is still not well
understood.

Studies have identified at least two viral genes, tax and hbz,
that are linked to oncogenic transformation and involved in the
pathogenic process (Cheng et al., 2012; Ma et al., 2016). Derived
from the sense strand of the proviral genome, Tax serves as a
transcriptional activator of both viral and cellular gene expression
(Bex and Gaynor, 1998). In addition, it deregulates the cell cycle,
which ultimately leads to the accumulation of cellular genetic
mutations (Marriott and Semmes, 2005). Although essential for
viral transformation, Tax is frequently absent from ATL tumor
cells through epigenetic silencing, 5" LTR deletion, or abortive
protein mutations in the tax gene (Takeda et al., 2004).

Conversely, a viral transcript that is consistently found in
ATL cells is the antisense-derived hbz transcript (Satou et al.,
2006). Hbz transcription initiates in the mostly epigenetically
unmodified 3’ LTR (Larocca et al., 1989; Satou et al., 2006).
Viral cAMP-responsive elements (CRE) and several SP1 binding
sites help regulate transcription of hbz (Yoshida et al., 2008).
Hbz mRNA exists in both a spliced and unspliced transcript
variant (Satou et al, 2006). The proteins encoded by these
transcripts have nearly identical amino acid sequence (with the
exception of the first several amino acids) and demonstrate
several functional differences in cells (Yoshida et al., 2008).
Spliced HBZ is more abundant in infected cells (Usui et al,
2008) and therefore most research to date has focused on
this isoform. The spliced hbz transcript encodes a 206-amino
acid nuclear protein comprised of 3 domains: an N-terminal
activation domain, a central basic region, and a C-terminal
bZIP domain (Gaudray et al., 2002; Zhao and Matsuoka, 2012).
Within the activation domain are two well-characterized LXXLL-
like motifs. These motifs have been shown to bind the KIX
domain of CBP/p300 and are also required for HBZ to activate
TGE-p signaling (Clerc et al., 2008; Zhao et al,, 2011). Through
its bZIP domain, HBZ is able to hetero-dimerize with cellular
bZIP proteins and affect their binding to DNA recognition sites
(Matsuoka and Green, 2009).

Deletion of HBZ expression in the context of the virus has
been studied using an HTLV-1 infectious molecular clone with
a premature stop codon in HBZ, termed HTLV-1 AHBZ (Arnold
et al., 2006). HBZ knockout had little effect on viral infectivity
and transformation of T-cells in cellular immortalization assays
in vitro. However, when the HTLV-1 AHBZ virus was injected
in rabbits, there was a significant decrease in antibody response
to the virus and proviral load, suggesting a positive role of
HBZ in viral infectivity or proliferation of infected cells in vivo.
In monkeys, the HBZ-KO clone gradually reverts to wild-type
during prolonged infection (Valeri et al., 2010), confirming the
importance of HBZ in viral infectivity and persistence in vivo.

A popular theory within the HTLV-1 field has been that Tax is
responsible for initiating transformation, while HBZ provides the
maintenance or cell survival signals later during transformation.
However, HBZ expression is found both in early and late stages
of viral infection (Li et al., 2009). In addition, it has been shown
that HBZ is able to sustain proliferative cellular signaling, evade
growth suppressors, resist cell death, cause genomic instability
and mutations, enable replicative immortality, induce tumor-
promoting inflammation, and has low immunogenicity (Ma et al.,
2016). Therefore, the view is shifting to appreciate the role of HBZ
throughout HTLV-1-mediated oncogenesis.

To date, little is known regarding the regulation of HBZ
protein expression. We therefore sought to identify cellular
proteins that regulate HBZ stability using affinity capture
coupled with shotgun proteomics. These experiments have
identified UBR5 as a novel HBZ-interacting partner. UBR5
is an E3 ubiquitin-protein ligase that functions as a key
regulator of the ubiquitin proteasome system in both cancer and
developmental biology. Through shRNA-mediated knockdowns
and cycloheximide pulse chase experiments, we found that UBR5
regulates HBZ protein stability. MS/MS analysis enabled us
to discover ubiquitination at seven lysine residues throughout
the HBZ protein. Interestingly, UBR5 protein is over-expressed
in T-cell lymphoma cell lines and using our HTLV-1-
mediated model of T-cell transformation, we determined this
dysregulation occurs late during the transformation process.
In addition, we found UBR5 positively regulates cellular
proliferation in T-cell lymphoma cell lines. Taken together, our
data identifies UBRS5 as an E3 ubiquitin-protein ligase responsible
for the regulation of HBZ protein stability. In addition, it suggests
UBR5 may play a role in maintaining the proliferative phenotype
of transformed T-cell lines.

MATERIALS AND METHODS

Cell Lines and Culture

HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (Gemini Bio-Products, Broderick, CA, United States),
2 mM glutamine, penicillin (100 U/mL), and streptomycin
(100 pg/mL). PBL-ACH (early passage HTLV-1-immortalized
human T-cells) were maintained in RPMI 1640 supplemented
with 20% FBS, 20 U/mL recombinant human interleukin-
2 (rhIL-2; Roche Applied Biosciences, Indianapolis, IN,
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United States), 2 mM glutamine, penicillin (100 U/mL), and
streptomycin (100 pg/mL). SLB-1 cells (HTLV-1-transformed
T-cell line) were maintained in Iscove’s medium supplemented
with 10% FBS, 2 mM glutamine, penicillin (100 U/mL), and
streptomycin (100 pg/mL). C8166, MT-1, MT-2, Hut-102
(HTLV-1-transformed T-cell lines), Hut-78, Jurkat (HTLV-
1-negative transformed T-cell lines), TL-Om1, ATL-43T, and
ATL-ED cells (ATL-derived T-cell lines) were maintained in
RPMI 1640 supplemented with 10% FBS, 2 mM glutamine,
penicillin (100 U/mL), and streptomycin (100 pg/mL). ATL-55T
(ATL-derived T-cell line) were maintained in RPMI 1640
supplemented with 10% FBS, 20 U/mL rhIL-2, 2 mM glutamine,
penicillin (100 U/mL), and streptomycin (100 g/mL). The
parental 729.B (uninfected) and derivative 729.ACH (HTLV-1
producing) cell lines were maintained in Iscove’s medium
supplemented with 10% FBS, 2 mM glutamine, penicillin
(100 U/mL), and streptomycin (100 pg/mL). All cells were
grown at 37°C in a humidified atmosphere of 5% CO; and air.
Human PBMCs were isolated using Ficoll-Paque PLUS (GE
Healthcare Life Sciences, Pittsburgh, PA, United States) and
naive T-cells were enriched using a Pan T-Cell Isolation Kit
(Miltenyi Biotec., Inc., Gaithersburg, MD, United States), while
memory CD4 T-cells were isolated using a Memory CD4+- T Cell
Isolation Kit (Miltenyi Biotec, Inc.)

Plasmids and Cloning

Plasmid DNA was purified on maxi-prep columns according
to the manufacturer’s protocol (Qiagen, Valencia, CA,
United States). The S-tagged APH-2 and HBZ expression
vectors and the pME-APH-2 and HBZ expression vectors were
generated and described previously (Arnold et al., 2006; Yin et al.,
2012; Panfil et al., 2016). pPCMV-Tag2B-EDD (Flag-UBR5) was a
gift from Darren Saunders & Charles Watts (Addgene plasmid
#37188) (Henderson et al., 2002). Flag-tagged ubiquitin was
provided by F. Nina Papavasiliou (The Rockefeller University,
New York, NY, United States) (Delker et al., 2013; Chesarino
et al, 2014). S-tagged-BR, bZIP, and BR/bZIP were cloned
by PCR amplifying the respective fragments from pME-HBZ
and inserting them into pTriEx™-4 Neo (Millipore Sigma,
Burlington, MA, United States) using BamHI and EcoRI
restriction sites. HBZ plasmids S-tagged-AD, AD-BR2, AD-
BR2-BR1, AD-BR2-BR1-BR3, and ADbZIP were constructed
using PCR-based site-directed mutagenesis to create stop
codons with the following primer sets: HBZ AD forward (5'- C
GCATCGTGATCGGTAGCGACGGGCTGAGGAG -3') and
reverse (5- CTCCTCAGCCCGTCGCTACCGATCACGATG
CG -3'); HBZ AD-BR2 forward (5'- GAGCGGGAGAAATAGGA
GGAAAAGCAGATTG -3') and reverse (5'- CAATCTGCTTT
TCCTCCTATTTCTCCCGCTC -3); HBZ AD-BR2-BR1
forward (5'- GTCGCCAGGAGAAAGTAGGAAGAGCAGGAG
CGC -3) and reverse (5- GCGCTCCTGCTCTTCCTACT
TTCTCCTGGCGAC -3'); HBZ-AD-BR2-BR1-BR3 forward (5'-
GCAGGAGTTGGGGTAGGATGGCTATACTAGACAGTTGG
-3")and reverse (5'- CCAACTGTCTAGTATAGCCATCCTACCC
CAACTCCTGC -3'); and HBZ-AbZIP forward (5'- GGAAG
GCGAGGTGTAGTCCTTGGAGGCTG -3') and reverse (5'- CA
GCCTCCAAGGACTACACCTCGCCTTCC -3'). HBZ cDNA

was cloned into the pCDH-EF1-MCS-T2A-copGFP lentiviral
expression vector (SBI, Mountain View, CA, United States) to
create an HBZ-GFP chimeric protein and used to generate the
Jurkat-HBZ cell line.

S-Tag Affinity Pulldown Assays

HEK293T cells were transfected with the indicated expression
vectors using Lipofectamine®2000 (Life Technologies, Carlsbad,
CA, United States) according to the manufacturer’s instructions.
Twenty-four hours post-transfection, cells were treated with
10 pM MG-132 (Sigma-Aldrich, St. Louis, MO, United States)
for 20 h. Cells were washed with 1x PBS and lysates
were prepared with NP-40 lysis buffer in the presence of
protease inhibitor (Roche Applied Biosciences) and 25 mM
N-Ethylmaleimide (Sigma-Aldrich). Cells were centrifuged at
maximum speed for 10 min at 4°C. S-tag purification was
performed by rocking cell lysates with S beads (Millipore Sigma)
overnight at 4°C. The S beads were washed twice with NP-
40 lysis buffer. An equal volume of 2x SDS-sample buffer
was added and proteins were extracted by heating at 95°C
for 10 min.

Mass Spectrometry and Proteomic
Analysis

The pulled-down proteins were subjected to SDS-PAGE and
visualized by GelCode Blue staining. For identification of
cellular binding partners of S-tagged HBZ and S-tagged APH-2
entire lanes were excised and cut into small pieces. For
identification of ubiquitination sites the prominent S-tagged
HBZ bands were excised. The gel pieces were then de-stained
with 50% acetonitrile and then subjected to in-gel proteolysis
using sequencing grade modified trypsin (Promega, Madison,
WI, United States). The resulting peptides were extracted in
acetonitrile by vortexing for 10 min and then desiccated in
Eppendorf® Vacufuge® Plus Vacuum Concentrator. The samples
were run on Thermo Scientific Q Exactive mass spectrometer
and analyzed with Mascot software (Matrix Science, Boston, MA,
United States). The data were visualized using Scaffold Viewer
(Proteome Software, Inc., Portland, OR, United States) using
1.0% FDR Protein Threshold, 2 Min. #Peptides, and 1.0% Peptide
Threshold.

Flag Immunoprecipitation Assays

HEK293T cells were transfected with the indicated expression
using  Lipofectamine®2000 (Life = Technologies)
according to the manufacturer’s instructions. Twenty-four
hours post-transfection, cells were treated with 10 M MG-132
(Sigma-Aldrich) for 20 h. Cells were washed with 1x PBS
and then incubated with gentle rocking at 4°C for 30 min in
0.5% NP-40 lysis buffer (150 mM NaCl, 0.5% NP-40, 50 mM
Tris-HCI, pH 8.0) in the presence of protease inhibitor (Roche
Applied Biosciences) and 25 mM NEM (Sigma-Aldrich).
Cells were centrifuged at maximum speed for 10 min at 4°C.
The lysates were then diluted to 0.1% NP-40 lysis buffer. Flag
immunoprecipitation was performed by rocking cell lysates
with ANTI-FLAG® M2 Affinity Gel (Sigma-Aldrich) overnight

vectors
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at 4°C. The FLAG resin was washed twice with 0.1% NP-
40 lysis buffer. An equal volume of 2x SDS-sample buffer
was added and proteins were extracted by heating at 95°C
for 10 min.

Immunoprecipitation Assays

Lymphocytes were treated with 10 uM MG-132 (Sigma-Aldrich)
for 20 h. Cells were washed with 1x PBS and then incubated
with gentle rocking at 4°C for 30 min in NP-40 lysis buffer in
the presence of protease inhibitor (Roche Applied Biosciences)
and 25 mM NEM (Sigma-Aldrich). Cells were centrifuged at
maximum speed for 10 min at 4°C. Antibody (1 to 2 pg
or no antibody for the direct load) was added to each
sample, and the samples were rocked overnight at 4°C. The
antibodies used were as follows: control rabbit IgG (Santa
Cruz Biotechnology, Dallas, TX, United States), rabbit anti-
HBZ antiserum, and rabbit anti-UBR5 (Bethyl Laboratories, Inc.,
Montgomery, TX, United States). Protein G Dynabeads (Fisher
Scientific, Hampton, NH, United States) were added and the
mixture was rocked at 4°C for 2 h. The beads were washed
twice in NP-40 lysis buffer. An equal volume of 2x SDS-sample
buffer was added and proteins were extracted by heating at 95°C
for 10 min.

Immunoblotting

Cell lysates were harvested in NP-40 lysis buffer containing
protease inhibitor cocktail (Roche Applied Bioscience) and
quantitated using a Pierce bicinchoninic acid protein assay
kit (Fisher Scientific). Equivalent amounts of protein were
separated in Mini-Protean TGX precast 4 to 20% gels (Bio-Rad
Laboratories, Hercules, CA, United States) and transferred
to nitrocellulose membranes. Membranes were blocked in
phosphate-buffered saline (PBS) containing 5% milk and 0.1%
Tween 20 and incubated with primary antibody. The following
antibodies were used: anti-S-tag (1:1000; Abcam, Cambridge,
MA), anti-UBR5 (1:1000; Cell Signaling Technology, Danvers,
MA, United States), anti-HBZ (1:1,000), anti-APH-2 (1:1,000),
anti-FLAG clone M2 (1:1,000; Agilent Technologies, Santa
Clara, CA, United States), anti-ubiquitin (1:250; Santa Cruz
Biotechnology), anti-p-actin (1:5,000; Sigma-Aldrich), and anti-
a-Tubulin (1:250; Santa Cruz Biotechnology). The secondary
antibodies used were horseradish peroxidase-labeled goat anti-
rabbit and goat anti-mouse immunoglobulin antibodies (1:5,000;
Santa Cruz Biotechnology). The blots were developed using
an ECL Western Blotting Substrate (Fisher Scientific). Images
were taken using an Amersham Imager 600 imaging system
(GE Healthcare Life Sciences), and densitometric data were
calculated using the ImageQuant TL program (GE Healthcare
Life Sciences).

Co-culture Immortalization Assays

Long-term immortalization assays were performed as detailed
previously (Green et al., 1995). Briefly, 2 x 10° freshly isolated
human PBMCs were co-cultivated at a 2:1 ratio with lethally
irradiated cells (729.B uninfected parental; 729.ACH HTLV-1-
producing) in 24-well culture plates (media was supplemented
with 10 U/mL rhIL-2).

Quantitative RT-PCR

Total RNA was isolated using an RNeasy Mini kit (Qiagen)
according to the manufacturer’s instructions. Isolated total RNA
was quantitated and DNase-treated using recombinant DNase
I (Roche Applied Biosciences). Reverse transcription (RT) was
performed using a SuperScript first-strand synthesis system for
RT-PCR (Life Technologies) according to the manufacturer’s
instructions. The instrumentation and general principles of
the CFX96 Touch real-time PCR detection system (Bio-Rad
Laboratories) are described in detail in the operator’s manual.
PCR amplification was carried out in 96-well plates with optical
caps. The final reaction volume was 20 pl and consisted of
10 pl iQ SYBR green Supermix (Bio-Rad Laboratories), 300 nM
each specific primer, and 1.5 pul of cDNA template. For each
run, standard cDNA, sample ¢cDNA, and a no-template control
were all assayed in triplicate. The reaction conditions were 95°C
for 5 min, followed by 40 cycles of 94°C for 30 s, 56°C for
30 s, and 72°C for 45 s. Primer pairs for the specific detection
of ubr5 and human glyceraldehyde-3-phosphate dehydrogenase
(hgapdh) were described previously (Subbaiah et al., 2016). Data
from triplicate experiments are presented in histogram form as
means with standard deviations. The total ubr5 copy number
for each cell line was determined using a plasmid DNA standard
curve and normalized to 10° copies of hGAPDH mRNA.

Cycloheximide Pulse-Chase Experiments
HEK293T cells were transiently transfected with empty or
untagged (pME) HBZ or APH-2 expression vectors using
Lipofectamine®2000 (Life Technologies) according to the
manufacturer’s instructions. Forty-eight hours later, the cells
were treated with 100 pg/ml cycloheximide (a translation
elongation inhibitor; Sigma-Aldrich) and then harvested at
different time points. Jurkat-HBZ cells were synchronized by
serum starvation in 0.1% FBS overnight prior to treatment with
100 pg/ml cycloheximide and then harvested at different time
points.

Infection and Packaging of Lentiviral

Vectors

Lentiviral vectors expressing five different UBR5-directed short
hairpin RNAs (shRNAs) (target set RHS4533-EG51366) and the
universal negative control pLKO.1 (RHS4080) were purchased
from Open Biosystems (Fisher Scientific) and propagated
according to the manufacturer’s instructions. HEK293T cells
were transfected with lentiviral vector(s) plus DNA vectors
encoding HIV Gag/Pol and vesicular stomatitis virus G in
10-cm dishes using Lipofetamine®2000 reagent according to
the manufacturer’s instructions. Media containing the lentiviral
particles were collected 72 h later and filtered through 0.45-
pm-pore-size filters (Fisher Scientific). Lentiviral particles were
then concentrated using ultracentrifugation in a Sorvall SW-
41 swinging bucket rotor at 90,000 x g for 1.5 h at 4°C.
Target cells were infected with the indicated lentivirus by
spininoculation at 2,000 x g for 2 h at room temperature. Three-
days post-transduction, the cells were selected with puromycin
for 7-10 days.
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Proliferation Assays

Cell Titer 96 Aqueous One Solution Cell Proliferation Assays
(Promega) were performed according to the manufacturer’s
protocol. Briefly, cells were counted and plated at 1,000 cells/well
in 96-well round-bottom plates on day 0 and monitored over
a 7-day time course. Cell Titer 96 reagent was added to each
well, agitated slightly, and incubated at 37°C, 5% CO; for 2 h.
The optical density absorbance at 490 nm was collected on an
enzyme-linked immunosorbent assay (ELISA) plate reader. For
each cell line, data represent three independent experiments
performed in triplicate.

Annexin V Staining
Cells were stained using the FITC Annexin V Apoptosis
Detection Kit I (BD Biosciences, San Jose, CA, United States)
according to the manufacturer’s instructions. Cells were analyzed
for apoptosis via flow cytometry using a Guava EasyCyte Mini
machine (Millipore Sigma).

RESULTS

HBZ Interacts with the Cellular E3
Ubiquitin-Protein Ligase, UBR5

HBZ has been linked to HTLV-1-mediated oncogenic
transformation and plays a role in the pathogenic process
(Ma et al., 2016). HBZ regulates several cellular functions and
signaling pathways (NF-kB, CBP/p300, TGF-B/Smad, CREB2,
c-Jun, JunB, JunD, CREB, MafB, ATF3, etc.) within the host cell
(Matsuoka and Green, 2009). However, less is known concerning
the regulation of HBZ expression. We therefore sought to
identify cellular factors that interact with HBZ using affinity
capture coupled with shotgun proteomics. For this, HBZ was
cloned into a CMV driven pTriEx4-Neo plasmid, which created
an amino terminal S-tagged HBZ expression vector. In addition,
the HTLV-2 equivalent to HBZ, APH-2, was also cloned into
pTriEx4-Neo. HTLV-1 and -2 are highly related retroviruses
(Ciminale et al., 2014). While both viruses transform T-cells
in vitro (Shoji et al., 2009; Imai et al., 2013; Romanelli et al., 2013),
they have distinct pathological outcomes in vivo (Arnold et al.,
2006; Yin et al, 2012). Consequently, comparisons of cellular
interacting partners of HBZ (HTLV-1) and APH-2 (HTLV-2)
may provide a better understanding of how HTLV-1, but not
HTLV-2, infection is associated with disease. S-tagged-HBZ,
APH-2, or empty expression vectors were ectopically expressed
in HEK293T cells. Proteins were purified using S-tag affinity pull
down assays. Samples were then run on a denaturing SDS-PAGE
gel (Figure 1A). Entire lanes were subjected to trypsin digestion
and analyzed by MS/MS. An abbreviated summary of the
identified interacting cellular partners is depicted (Figure 1A).
Several known cellular binding partners of both HBZ and APH-2
were identified, as well as the novel E3 ubiquitin-protein ligase
UBRS. The interaction of HBZ and APH-2 with UBR5 was
confirmed using S-tag affinity pulldowns in HEK293T cells
followed by immunoblot for endogenous UBR5 (Figure 1B).
Similar results were obtained using reciprocal coIPs in HEK293T

cells with Flag-tagged UBR5 and either S-tagged or untagged
HBZ expression constructs (Figure 1C). The interaction between
UBR5 and HBZ was also confirmed in the more physiologically
relevant cell lines Jurkat and SLB-1 (Figures 1D,E). Jurkat-
HBZ cells are a transformed HTLV-1-negative T-cell line that
ectopically expresses HBZ (see section “Materials and Methods”).
SLB-1 cells are an HTLV-1-transformed T-cell line and therefore
express physiologically relevant levels of HBZ protein. Taken
together, these results identify and confirm UBR5 as a novel
cellular binding partner of HBZ.

UBRS5 Regulates HBZ Protein Stability

UBR5 is a cellular E3 ubiquitin-protein ligase involved in
targeting proteins for ubiquitin-mediated proteolysis. We
therefore examined the steady-state levels of both HBZ and APH-
2 in the presence and with reduced amounts of endogenous
UBR5. HEK293T cells were transduced with three separate
shUBRS5 or control lentiviral vectors. After a brief selection in
puromycin (7-10 days), the cells were transfected with either
HBZ or APH-2 expression vectors. When the level of UBR5
is decreased, the steady-state levels of HBZ, but not APH-2,
are increased compared to control infected cells (Figure 2A).
Given the disparity between HBZ expression levels in the
presence and absence of UBR5, we next utilized cycloheximide
pulse chase experiments to examine HBZ protein half-life.
shControl and shUBR5 HEK293T cells were transfected with
an untagged HBZ expression construct and then treated with
the translation elongation inhibitor cycloheximide. Cell lysates
were collected at defined time points, and the expression level
of HBZ was examined by immunoblot analysis (Figure 2B). The
calculated half-life of HBZ in shControl cells was approximately
6.7 h, consistent with previous reports (Panfil et al., 2016),
whereas the calculated half-life in shUBR5 cells was greater
than 24 h. As expected, based on the results in Figure 2A,
the loss of UBR5 had no effect on the half-life of APH-2 in
HEK293T cells (data not shown). The half-life of HBZ was also
measured in Jurkat-HBZ cells transduced with either shControl
or shUBRS5 lentiviral vectors (Figure 2C). The calculated half-
life of HBZ in Jurkat-HBZ shControl cells was 2.7 h and this
increased roughly twofold to 5.8 h in Jurkat-HBZ shUBR5
cells. These results indicate that UBR5 regulates HBZ protein
stability.

UBRS5 Interacts with the Central Basic
Region of HBZ

HBZ is a nuclear protein with an N-terminal activation domain,
a central basic region, and a C-terminal basic leucine zipper
domain. In order to determine the region of HBZ which
interacts with UBR5, a series of mutants were created in the
S-tagged HBZ expression construct as depicted in Figure 3A.
HEK293T cells were transfected with FLAG-tagged UBR5 and
either S-tagged HBZ wild-type, S-tagged HBZ mutant, or empty
expression vector, as indicated. S-tag affinity pulldown assays
were performed followed by immunoblot for UBR5 expression
(Figure 3B). In addition to wild-type HBZ, the HBZ AD-BR2-
BR1, HBZ AD-BR2-BR1-BR3, HBZ AbZIP, HBZ BR, and HBZ
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FIGURE 1 | HBZ interacts with the cellular E3 ubiquitin-protein ligase, UBRS5. (A) (Left) S-tagged HBZ and APH-2 were purified from lysates of transfected HEK293T
cells using S beads. The purified APH-2 or HBZ and associated protein complexes were resolved by SDS-PAGE and visualized with GelCode Blue staining prior to
MS/MS analysis. Arrow indicates enriched S-tagged protein. (Right) Brief summary of HBZ and APH-2 interacting proteins identified by MS/MS. (B) HEK293T cells
were transfected with empty, HBZ, or APH-2 S-tagged vectors. Tagged proteins were purified by S-tag affinity purification 48 h after transfection. Pulldowns were
examined by immunoblot analysis using anti-S-tag and anti-UBR5 antibodies, as indicated. (C) HEK293T cells were transfected with FLAG-tagged UBR5 and
empty, S-tagged HBZ or untagged HBZ expression vectors, as specified. FLAG IPs were performed 48 h after transfection as described in the Section “Materials
and Methods.” Immunoprecipitated proteins were examined by immunoblot analysis using anti-FLAG antibody and anti-HBZ antisera, as indicated. Five percent of
the direct load was used for immunoblot analysis. (D) Jurkat-HBZ and (E) SLB-1 (HTLV-1-transformed; Right panel) cells were immunoprecipitated with a control
rabbit antibody or HBZ rabbit antisera. Immunoprecipitated proteins were then examined by immunoblot analysis using anti-UBR5 antibody or anti-HBZ antisera as

indicated. Five percent of the direct load was used for immunoblot analysis.

BR/bZIP mutants interacted with UBR5. These results indicate
the basic region, specifically BR1 of HBZ, is important for
interaction with UBRS5.

HBZ Is Ubiquitinated

As an E3 ubiquitin-protein ligase, UBR5 acts as a scaffold
between its protein substrate and an E2 ubiquitin-conjugating
enzyme that is loaded with ubiquitin. To determine whether
UBR5 acts as an E3 ligase for HBZ, we first examined whether
HBZ is ubiquitinated (Figure 4A). HEK293T cells were co-
transfected with either FLAG-tagged ubiquitin and/or S-tagged
HBZ expression constructs. FLAG co-IPs were then performed
to enrich all ubiquitinated proteins. Upon ubiquitin enrichment,
we observed HBZ expression by immunoblot, indicating HBZ
ubiquitination. Consistent with its role as an E3 ligase, we also
found UBR5 expression in the co-IP samples upon ubiquitin
enrichment. Next, FLAG-tagged ubiquitin and/or S-tagged HBZ
expression constructs were co-transfected into shControl and
shUBR5 HEK293T cell lines. S-tag affinity pulldowns were
performed to enrich total HBZ protein, followed by immunoblot
for ubiquitin (Figure 4B). HBZ is pulled down with equal
efficiency in both control and UBR5 knockdown cells as indicated
by arrow 1. However, in UBR5 knockdown cells, there is less
ubiquitinated HBZ present as indicated by arrow 2. Taken
together, our results confirm HBZ is ubiquitinated and UBR5
serves as its E3 cellular ubiquitin-protein ligase.

MS/MS Analysis of HBZ Ubiquitination
Sites

Using mass spectrometry, we analyzed the ubiquitination site(s)
within the HBZ protein. HEK293T cells were transfected with
FLAG-tagged ubiquitin, FLAG-tagged UBR5, and S-tagged
HBZ expression constructs. S-tag affinity pulldowns were
then performed to enrich all HBZ protein in the cells.
The sample was then run on a denaturing SDS-PAGE gel
followed by staining with GelCode Blue. The predominant
HBZ bands (35, 45 kDa) were excised and digested with
trypsin and subjected to MS/MS analysis, which identified
seven ubiquitinated lysine residues (K37, K119, K120, K153,
K155, K181, K186) in the HBZ protein (Figure 5C). The
representative MS/MS fragmentation spectra are shown in
Figures 5A,B, demonstrating the ubiquitination of the indicated
lysines.

UBRS5 Is Dysregulated in T-Cell
Leukemia/Lymphoma Cells

UBRS5 dysregulation has been implicated in various aspects
of cancer biology. UBR5 is overexpressed in both breast and
ovarian cancer due to an allelic imbalance, which results in an
increase in ubr5 mRNA levels (Clancy et al., 2003). In mantle
cell lymphoma, UBRS5 protein is recurrently mutated (Meissner
etal, 2013). To determine whether UBRS5 is important to HTLV-1
biology and pathogenesis, we examined the level of UBRS5 protein
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in a variety of transformed T-cell leukemia/lymphoma cell
lines (Figure 6A). We included naive primary T-cells, memory
CD4 T-cells, HTLV-1-negative T-cell lines (Jurkat, Hut-78),
HTLV-1-transformed T-cell lines (SLB-1, PBL-ACH, Hut-102,
C8166, MT-1, MT-2), and ATL-derived T-cell lines (TL-Oml,
ATL-55T, ATL-43T, ATL-ED). UBR5 protein was dramatically
upregulated in all T-cell leukemia/lymphoma cell lines compared
to both naive and memory CD4 T-cells. Interestingly, UBR5
RNA levels were decreased in all T-cell leukemia/lymphoma cell
lines compared to naive and memory CD4 T-cells (Figure 6B),
suggesting a post-transcriptional method of regulation. Using
an HTLV-1-based in vitro T-cell immortalization co-culture
assay, we determined whether UBR5 becomes dysregulated
and over-expressed during the T-cell transformation process.
Briefly, freshly isolated human PBMCs were co-cultured with
lethally irradiated HTLV-1-producer cells. As a control, PBMCs
were co-cultured with lethally irradiated HTLV-1-negative cells.

Over the course of 10-14 weeks, the PBMCs co-cultured with
HTLV-1-producer cells showed progressive growth indicative of
HTLV-1 infection and transformation, while the PBMCs co-
cultured with HTLV-1-negative cells were unable to sustain
progressive growth. Using this in vitro transformation assay,
T-cells were isolated at weekly time points and the levels
of UBR5 protein were examined. We were unable to detect
UBRS5 protein expression at any of the time points from weeks
1-12 post-infection (data not shown) suggesting UBR5 is not
upregulated early during T-cell transformation or as a result
of HTLV-1 viral infection. HTLV-1-infected T-cells that became
immortalized (termed HTLV-1 PBLs) continued to proliferate
and grow in culture indefinitely. Several PBL clones from our
in vitro transformation assay were kept in culture for up to 40
weeks. We examined the level of UBR5 protein expression in
these cells and found upregulated UBR5 protein expression in
2 of the clones (clones 13 and 15) at 20 weeks post-infection
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and in 5 of the clones at 40 weeks post-infection (Figure 6C).
Similar to T-cell leukemia/lymphoma cell lines, the level of
UBR5 RNA was decreased in all PBL clones compared to naive
and memory CD4 T-cells (Figure 6D). These results suggest
that UBR5 upregulation in T-cell lymphomas occurs late during
transformation.

UBR5 Enhances Cellular Proliferation in
T-Cell Leukemia/Lymphoma Cells

Recently, UBR5 has been shown to regulate proliferation
and colony formation of gastric cancer cells (Yang et al,
2016). To examine if UBR5 affects cellular proliferation of
T-cell lymphomas, we subjected both Jurkat (HTLV-1-negative)
and SLB-1 (HTLV-1-transformed) cells to shRNA-mediated
knockdown of UBR5. Knockdown of UBR5 inhibited cellular
proliferation of Jurkat cells, but not SLB-1 cells (Figure 7A).
Immunoblotting revealed knockdown of UBR5 in SLB-1 cells
caused an increase in HBZ steady-state levels. The level of
cellular apoptosis was also measured in Jurkat and Jurkat-
HBZ cells infected with shControl and shUBRS5 lentivirus. The
number of apoptotic cells increased 2.5-fold in shUBR5 Jurkat
cells compared to the lentiviral control (Figure 7B). However,
shUBRS5 Jurkat-HBZ cells had no difference in cellular apoptosis
compared to the shControl cells. These results suggest UBR5
enhances cellular proliferation in T-cell leukemia/lymphoma cell
lines.

DISCUSSION

HTLV-1 is a tumorigenic retrovirus that preferentially infects
and transforms CD4+ T-cells both in vitro and in vivo. The
virus is responsible for both an aggressive T-cell neoplasm

termed ATL (Uchiyama et al., 1977; Poiesz et al., 1980; Yoshida
et al., 1982) and a debilitating neurodegenerative disease called
HAM/TSP (Gessain et al., 1985; Osame et al., 1986). Disease
development occurs in roughly 5% of infected individuals after
a prolonged clinical latency period (Ishitsuka and Tamura, 2014).
During this time, it is believed that both genetic and epigenetic
events accumulate in the cellular environment that contributes
to disease development. The virus encodes an antisense-derived
protein termed HBZ, which has been shown to play a role in
oncogenic transformation and proliferation (Ma et al., 2016).
HBZ is the only viral gene consistently found in ATL tumors
(Satou et al., 2006). While many functions of HBZ protein
have been revealed, little is known regarding the regulation and
stability of HBZ protein. Given the importance of HBZ during
ATL development, factors that regulate the stability of HBZ are
of critical value.

Using an affinity capture coupled with shotgun proteomics
approach, we identified cellular factors that interact with and
regulate the stability of HBZ protein. These experiments have
identified a cellular E3 ubiquitin-protein ligase called UBR5
as a novel cellular interacting partner of HBZ (Figure 1A).
UBR5 is a member of the HECT domain family of E3 ubiquitin
ligases and has widespread expression in various cell types
(Mansfield et al., 1994). We confirmed interactions between
HBZ and UBRS5 using both expression vectors in HEK293T
cells and endogenous levels of HBZ/UBR5 in physiologically
relevant T-cell lines, Jurkat (HTLV-1 negative) and the HTLV-
1 positive, SLB-1 (Figures 1B-E). Using HBZ domain mutants,
we identified the central basic region, specifically BRI, as
essential for UBRS5 interaction (Figure 3). This region is the
site of a dominant HBZ epitope for antibody recognition
(Raval et al, 2015), therefore, predominantly exposed on
the HBZ protein. Of interest, UBR5 was also identified and
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confirmed to be an interacting partner of the closely related
HTLV-2 equivalent to HBZ, called APH-2 (Figures 1A,B).
HTLV-1 and HTLV-2 are closely related retroviruses with
drastically different pathological outcomes in vivo (Arnold
et al, 2006; Yin et al, 2012). While both viruses share
many similarities, HTLV-1 is associated with disease whereas
HTLV-2 has not been associated with any disease to date
(Ciminale et al., 2014).

A major function of UBR5 is to target cellular proteins for
ubiquitination and eventual proteasome-mediated degradation.
Using shRNA-mediated lentiviral vectors, we knocked down
UBR5 expression in HEK293T cells and found HBZ steady
state levels were increased in response to decreased UBR5

expression (Figure 2A). Conversely, APH-2 steady state levels
were unchanged regardless of UBR5 expression levels. As an
internal control, we also examined the expression level of a
cellular protein, PRMT5, and found loss of UBR5 did not result
in global increases in protein expression. We previously reported
the HBZ half-life to be approximately 6.4 h in HEK293T cells
and 2-3 h in Jurkat cells (Panfil et al., 2016). Using shRNA-
mediated UBR5 knockdown coupled with cycloheximide pulse
chase experiments, we found loss of UBR5 extended the HBZ
half-life to greater than 24 h in HEK293T cells and approximately
6 h in Jurkat cells (Figures 2B,C). Of note, loss of UBR5
had no effect on the half-life of APH-2 protein (data not
shown). It is possible there are additional E3 ligases that regulate
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FIGURE 5 | MS/MS analysis of HBZ ubiquitination sites. HEK293T cells were co-transfected with S-tagged HBZ, FLAG-UB, and FLAG-UBRS5 expression vectors.
S-tagged HBZ was purified from lysates of transfected HEK293T cells using S beads. The purified HBZ was resolved by SDS-PAGE prior to MS/MS analysis.
Representative MS/MS fragmentation spectra are shown for the following two HBZ peptides: (A) DK*EEEAVLDGLLSLEEES where lysine 37 is ubiquitinated. Mascot
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complete HBZ sequence is shown and the protein segments detected by MS/MS analysis are underlined. A schematic is provided to indicate ubiquitination sites on
HBZ with respect to individual protein domains.

APH-2 and APH-2 protein stability does not solely depend
on UBRS.

Given the difference in HBZ half-life in the presence and
absence of UBR5, we examined HBZ ubiquitination using both
colPs (Figure 4) and MS/MS analysis (Figure 5). Upon ubiquitin

enrichment, we identified both HBZ and UBR5 interaction
(Figure 4A). Likewise, upon HBZ enrichment, we identified
several higher molecular weight bands using ubiquitin antibody
(Figure 4B). The predominant ubiquitin band, indicated with
arrow 2, is decreased in UBR5 knockdown cells, indicating
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FIGURE 6 | UBRS5 is dysregulated in T-cell leukemia/lymphoma cells. (A) Total cell
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UBR5 is responsible for HBZ ubiquitination. The principal
ubiquitin bands, indicated with arrow 1 and 2, were subjected
to MS/MS analysis and 7 ubiquitinated lysine residues were
identified throughout the HBZ protein (K37, K119, K120,
K153, K155, K181, K186) (Figure 5). A high percentage of
the protein (45%) was covered in our analysis, especially the
important C-terminal bZIP region. shRNA-mediated knockdown
of UBR5 decreased the amount of ubiquitinated HBZ, again
confirming UBR5 ubiquitinates HBZ. In a recent report, we
found acetylation, phosphorylation, and methylation of the HBZ
protein (Dissinger et al., 2014). However, mutational analysis of
the modified residues failed to identify any effects on known
HBZ functions. Surprisingly, several of the methylated (K37,
K181, K186) and acetylated (K155) lysine residues in HBZ were
also identified as ubiquitinated. It is possible that methylation
or acetylation at these residues may inhibit the deposition
of other PTMs, such as ubiquitination (Caron et al., 2005;
Lanouette et al., 2014). Therefore, the role of HBZ methylation
and acetylation could be to prevent ubiquitination and stabilize
HBZ. Conversely, ubiquitination could prevent methylation
and/or acetylation of these residues. In addition to promoting
degradation, protein ubiquitination can also alter cellular
localization, affect protein activity, and promote or prevent
other protein interactions. The effect of HBZ ubiquitination on

these various activities is of interest and will require further
study.

UBRS5 has been implicated in several cancers such as lung,
breast and ovarian. UBR5 was upregulated in both breast and
ovarian cancer due to an allelic imbalance (Clancy et al., 2003).
The same report found a survival disadvantage for breast cancer
patients with UBR5 dysregulation. A recent study for mantle
cell lymphoma showed non-synonymous mutations in UBR5
in roughly 18% of MCL cases (Meissner et al., 2013). Most of
these mutations are near the carboxy-terminus of UBRS5, which
is associated with the E3 ubiquitin ligase function. Data from
The Cancer Genome Atlas (TCGA) shows UBR5 amplification
as a common alteration in many cancer types'. However, the
level of UBRS5 in T-cell lymphomas was not included. Here, we
report an upregulation of UBR5 in T-cell leukemia/lymphoma
cell lines (Figure 6). Surprisingly, UBR5 mRNA is decreased,
suggesting a post-transcriptional method of regulation. Upon
further examination, we found a steady increase in UBR5 protein
expression during in vitro T-cell transformation by HTLV-1. It
will be important to follow-up and determine whether UBR5
expression is correlated to disease progression in ATL and
HAM/TSP patients, as UBR5 may serve as a diagnostic marker.

'http://cancergenome.nih.gov/
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FIGURE 7 | UBR5 enhances cellular proliferation in T-cell leukemia/lymphoma cells. (A) 10° stable (Left) Jurkat and (Right) SLB-1 lentiviral control or shUBR5
infected cells were plated in normal growth medium in 96-well plates and MTS assays were performed on triplicate wells at 24-h intervals for a total of 7 days. The
average absorbance numbers are plotted and error bars denote SD. (Below) Immunoblot analysis was performed on total cell lysates to compare the levels of
endogenous UBR5 and HBZ expression. B-actin was used as a loading control. (B) Cellular apoptosis was measured using a FITC Annexin V Apoptosis Detection
Kit as described in the Section “Materials and Methods.” The percentage of cells undergoing apoptosis in lentiviral control infected cells was set at 1. The fold
increase in apoptosis was measured in Jurkat and Jurkat-HBZ cells infected with lentiviral shUBRS5. (Right) Immunoblot analysis was performed on total cell lysates
to compare the levels of endogenous UBR5 and HBZ expression. B-actin was used as a loading control.

Recent work has shown HBZ can localize in different subcellular
compartments depending upon the pathology associated to
HTLV-1 infection (Baratella et al., 2017). Although UBRS5 is
mainly localized to the nucleoplasm, it can also be localized to
the cytosol (The Human Protein Atlas). It will be of interest to
determine if UBR5 also affects the stability of HBZ when it is
segregated in the cytoplasm.

Recently, UBR5 was found to regulate gastric cancer cell
growth both in vitro and in vivo (Yang et al., 2016). Using shRNA-
mediated lentiviral knockdown, we found loss of UBR5 decreased
T-cell lymphoma proliferation in vitro (Figure 7A, Jurkat cells).
However, since UBR5 regulates the stability of HBZ, loss of UBR5
resulted in an increase in HBZ and therefore no difference in
cell proliferation in HTLV-1-transformed cells (Figure 7A, SLB-
1 cells). Upon further examination, we found that loss of UBR5

caused an increase in the level of apoptosis in Jurkat cells. Using
Jurkat-HBZ cells we were able to rescue this difference due to the
anti-apoptotic effects of HBZ (Figure 7B).

HBZ and Tax frequently have opposing effects on signaling
pathways and various cellular processes. Tax is able to
enhance viral transcription, whereas HBZ inhibits Tax-mediated
transcription (Gaudray et al., 2002; Lemasson et al, 2007).
Tax induces cell senescence whereas HBZ promotes cellular
proliferation (Arnold et al., 2006, 2008; Satou et al., 2006; Ho
etal,, 2012). Tax activates NF-kB signaling whereas HBZ represses
p65-mediated signaling (Ballard et al., 1988; Zhao et al., 2009).
By having opposing effects, the virus is ensuring homeostasis
within the cell. Thus far, the field has focused on regulation
of Tax functions without regard for regulation of HBZ protein.
Regulation of HBZ protein levels could very well have significant
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implications on Tax functional effects. A recent report details
the occurrence of Tax gene bursts in HTLV-1-infected T-cells
from patients (Billman et al, 2017). This result suggests
that Tax may indeed be expressed throughout infection and
highlights the relevance of HBZ regulation and the Tax/HBZ
interplay.

We now show HBZ is ubiquitinated, presumably by the
cellular E3 ubiquitin-protein ligase, UBR5. In addition, our
work demonstrates the importance of UBR5 on the proliferative
phenotype of transformed T-cell lines.
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Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of a fatal malignancy
known as adult T-cell leukemia (ATL). One way to address the pathology of the disease
lies on conducting research with a molecular approach. In addition to the analysis
of ATL-relevant signaling pathways, understanding the regulation of important and
relevant transcription factors allows researchers to reach this fundamental objective.
HTLV-1 encodes for two oncoproteins, Tax and HTLV-1 basic leucine-zipper factor,
which play significant roles in the cellular transformation and the activation of the host’s
immune responses. Activating protein-1 (AP-1) transcription factor has been linked to
cancer and neoplastic transformation ever since the first representative members of
the Jun and Fos gene family were cloned and shown to be cellular homologs of viral
oncogenes. AP-1 is a dimeric transcription factor composed of proteins belonging to
the Jun (c-Jun, JunB, and JunD), Fos (c-Fos, FosB, Fral, and Fra2), and activating
transcription factor protein families. Activation of AP-1 transcription factor family by
different stimuli, such as inflammatory cytokines, stress inducers, or pathogens, results
in innate and adaptive immunity. AP-1 is also involved in various cellular events including
differentiation, proliferation, survival, and apoptosis. Deregulated expression of AP-1
transcription factors is implicated in various lymphomas such as classical Hodgkin
lymphomas, anaplastic large cell lymphomas, diffuse large B-cell ymphomas, and adult
T-cell leukemia. Here, we review the current thinking behind deregulation of the AP-1
pathway and its contribution to HTLV-induced cellular transformation.

Keywords: AP-1, HTLV-1, antisense transcription, leukemia, HBZ, JunD

INTRODUCTION

The human T-cell leukemia virus type 1 (HTLV-1) was the first pathogenic retrovirus identified
in human (Matsuoka and Jeang, 2010). It is estimated that 10-15 million individuals are infected
with HTLV-1 around the world, with endemic areas in the Caribbean, southern Japan, Central and
South America, Iran, Melanesia, and sub-Saharan Africa (Sonoda et al., 2011; Gessain and Cassar,
2012). While the vast majority of HTLV-1-infected individuals remain clinically asymptomatic,
around 5% of them will develop a highly aggressive T-cell malignancy, termed adult T-cell
leukemia/lymphoma (ATL) (Matsuoka and Jeang, 2007; Kogure and Kataoka, 2017). ATL presents
four distinct clinical stages ranging from smoldering to acute leukemia. It generally occurs in
individuals infected around the time of birth eventually and it develops only after prolonged
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incubation periods ranging from 20 to 60 years (Matsuoka
et al., 1997). Although several studies have reported that the
proviral DNA load is a critical factor for promoting disease
progression in infected individuals (Olindo et al., 2005; Iwanaga
et al., 2010; Yoshida, 2010), 30 years after its characterization
in T-lymphocytes from leukemic patients, it is still not fully
understood how HTLV-1 transforms human CD4+4 T cells
in a stepwise fashion. The current view is that pleiotropic
functions of the HTLV-1 viral transcriptional transactivator Tax
(Peloponese et al., 2007; Journo et al., 2009), such as deregulation
of the signaling pathways AP-1 pathway (Fujii et al., 2000) and
NF-kB (Rosin et al., 1998; Peloponese et al., 2006; Chan and
Greene, 2012), and inactivation of tumor suppressors (Tabakin-
Fix et al., 2006) are promitotic events, which drive CD4+ T-cell
proliferation during the preleukemic stage (Matsuoka and Jeang,
2007). Paradoxically, fresh ATL cells lack Tax expression, due
to genetic and epigenetic modifications in the HTLV-1 provirus
(Tamiya et al., 1996; Kataoka et al., 2015). In contrast, HTLV-1
basic leucine-zipper factor (HBZ) mRNA which is encoded by
the complementary strand of the HTLV-1 genome is expressed
in all ATL cells (Mesnard et al., 2006; Matsuoka and Green,
2009). Recent studies have provided striking evidence for the
important role played by of HBZ and the AP-1 pathway in
HTLV-1 pathogenesis. In this review, we will limit our focus
to the role of AP-1 activation by Tax and HBZ and discuss,
in a non-exhaustive manner, how this activation relates to
oncogenesis and inflammation.

THE AP-1 PATHWAY, A KEY REGULATOR
OF CELLULAR TRANSFORMATION

Activating protein-1 (AP-1) transcription factor has been
linked to cancer and neoplastic transformation since the
first cloning of jun and fos proto-oncogenes were cloned
following their identification as cellular homologs of avian
sarcoma virus 17 (ASV 17)-encoded oncogenes vjun and
vfos 30 years ago (Curran and Franza, 1988). AP-1 is
composed of 18 dimeric complexes which included members
of four families of DNA-binding proteins: Jun family (c-Jun,
JunB, v-Jun, JunD), Fos family (c-Fos, FosB, Fra-1, and
Fra-2,) ATF/cyclic AMP-responsive element-binding (CREB)
(activating transcription factor: ATF1-4, ATF-6, b-ATF, ATFx),
and Maf family (musculoaponeurotic fibrosarcoma c-Maf,
MafA, MafB, MafG/F/K, and Nrl) (Efer] and Wagner, 2003;
Milde-Langosch, 2005; Hernandez et al, 2008; Figure 1).
Transcriptional activity of AP-1 is regulated by a wide array
of cellular stimuli including growth factors, bacterial and viral
infection, cytokines, UV radiation, and cellular stress (Efer]l and
Wagner, 2003; Milde-Langosch, 2005; Hernandez et al., 2008;
Figure 1). These transcription factors have critical functions
in wide variety of cellular processes, including inflammation,
proliferation, differentiation, and apoptosis (Eferl and Wagner,
2003; Milde-Langosch, 2005; Hernandez et al., 2008). The activity
of the different AP-1 dimer also depends on the cell type
and its differentiation state. In response to external stimuli,
MAPK activity increases and regulates both the abundance

and transactivating capacities of Jun, Fos, and ATF (Figure 2).
MAPKSs are a serine/threonine kinase superfamily that comprises
extracellular signal-regulated kinases (ERK), c-Jun NH2-terminal
kinases (JNK), p38, and c-Fos-regulating kinases (FRK) (Cavigelli
et al,, 1995; Karin, 1995; Srivastava et al., 1999). The regulation
of AP-1 is complex and occurs at multiple levels, ranging from
dimer composition, to transcriptional and post-translational
events, and to specific interactions between AP-1 proteins and
other transcription cofactors (Figure 2).

AP-1 Transcriptional Regulation

Activating protein-1 activity is modulated through its dimer
composition which is determined by the differential expression
of Jun, Fos, ATE, and Maf families (Figure 1) and through
the sequence of the AP-1 DNA-binding sites (Table 1).
The abundance of the subunits can be controlled either via
the regulation of the synthesis and stability of respective
mRNAs or via the regulation of protein stability (for example,
stimulus-dependent degradation via the ubiquitin pathway)
(Musti et al., 1996). Most of the genes that encode AP-1 subunits
behave as “immediate-early” genes. Indeed, they are rapidly but
transiently transcribed in response to extracellular stimuli, such
as growth factor (Ryder and Nathans, 1988; Karin et al., 1997)
and cellular stress (Angel and Karin, 1991; Zhou et al., 2007;
Figure 2). Among these, the transcriptional regulation of c-jun
and c-fos is well studied and characterized (Abate and Curran,
1990). The transcription of c-fos is induced in response to a
diverse spectrum of extracellular stimuli and its promoter is
composed of several transcription factor-binding sites, such as a
cAMP-response element (CRE), which can drive transcriptional
activation in response to elevation of intracellular Ca?>*+ or cAMP
concentrations under stimulation from neurotransmitters and
polypeptide hormones (Figure 2; Lucibello et al., 1993; Cavigelli
et al.,, 1995; Tulchinsky, 2000). It also contains a serum-response
element (SRE), which can drive transcription in response to
growth factors, cytokines, UV irradiation, and other stimuli.
SRE is recognized by a dimer composed of serum-response
factor (SRF) and Elk-1, the major component of ternary complex
factor (TCF) in human cells (Lucibello et al., 1993; Cavigelli
et al, 1995; Tulchinsky, 2000; Figure 2). The third major
element of c-Fos promoter is the v-Sis-inducible element (SIE)
(Wagner et al., 1990). SIE is mostly recognized by homodimers
and heterodimers of STAT1 and STAT3, two members of the
signal transducers and activators of transcription (STAT) family
(Sadowski et al., 1993). Tyrosine phosphorylation of these
factors in the cytoplasm is mediated by janus kinase/tyrosine
kinase (JAK/TYKs) and drives their dimerization. The dimerized
factor can then translocates to the nucleus, binds the SIE, and
participates in promoter activation. Finally, the c-Fos promoter
also contains a 12-O-tetradecanoyl-phorbol-13-acetate-response
element (TRE) (Figure 2; Lucibello et al., 1993; Cavigelli et al,,
1995; Tulchinsky, 2000).

The c-jun promoter is simpler, being mostly induced
through the TRE element that preferentially binds c-Jun/ATF2
heterodimers (Figure 2; Van Dam et al., 1993). Despite its
inducible expression, most cell types prior to their stimulation
contain basal levels of c-Jun protein. Like the c-fos SRE, the
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FIGURE 1 | Schematical presentation of the structure of AP-1 proteins. Activator protein 1 (AP-1) proteins include the JUN, FOS, activating transcription factor (ATF),
and musculoaponeurotic fiborosarcoma (MAF) protein families, which can form homodimers and heterodimers through their leucine-zipper domains. The AP-1
proteins exhibit several domains, including the bZIP domain (leucine zipper plus basic domain), transactivation domains, and docking sites for several kinases, such
as JNK or ERK. These kinases modulate the activity of those transcription factors by phosphorylation of serine and threonine residues.

c-jun TRE is constitutively occupied in vivo (Van Dam et al,,
1993). Thus, the expression of more than one AP-1 component is
under positive and negative AP-1 (auto-)regulation. For example,
c-jun and atf3 promoters can be activated by c-Jun/ATF2 and/or
ATF2/ATF2 via TRE-binding sites, whereas the atf3 promoter is
inhibited by ATF3 (Angel et al., 1988; Hai and Curran, 1991; Van
Dam et al., 1993). The c-jun promoter can be inhibited by JunB,
c-Jun itself, and c-Fos. This feedback control allows fine-tuned
regulation of AP-1 heterodimer activity over longer periods of
time (Chiu et al., 1988).

Post-transcriptional Regulation of AP-1
Transcription Factors

Phosphorylation of AP-1 components modulates the dimers
transcriptional activities (Karin and Hunter, 1995). Serum and
growth factors stimulation induces AP-1 by activating the ERK
which then directly phosphorylate c-Jun, Fra-1, and Fra-2
(Figure 2). While phosphorylation of c-Jun by ERK on one
serine located next to the C-terminal DNA-binding domain
inhibits c-Jun DNA-binding activity, phosphorylation of Fra-1
and Fra-2 enhances their DNA binding in conjunction with c-Jun
(Woodgett et al., 1993; Punga et al., 2006).

The induction of AP-1 by pro-inflammatory cytokines and
genotoxic stress is mostly mediated by the JNK and p38MAPK
pathways (Chang and Karin, 2001; Figure 2). Once activated,

JNKs translocate to the nucleus, where they phosphorylate
c-Jun on Ser 63/73 and Thr 91/93 and thereby potentiates
its ability to activate transcription upon homodimerization
or a heterodimerization with c-Fos (Woodgett et al., 1993;
Deng and Karin, 1994; Punga et al, 2006). The molecular
mechanisms underlying the capacity of JNK to control c-Jun
activity involve the modulation of interactions with histone
deacetylase complexes, sub-nuclear localization of AP-1 proteins,
and related factors required for c-Jun-dependent activity. JNKs
also phosphorylate ATF2 on Thr69/71 and potentiate its activity
after heterodimerization with c-Jun, leading to its binding to
divergent AP-1 sites in the c-jun promoter (Van Dam et al,
1993; Shaulian and Karin, 2002). Transactivation by ATF2 is
also potentiated by binding of retinoblastoma (Rb) or EIA,
to the DNA-bound ATF2 dimer (Lopez-Bergami et al., 2010).
Both EIA and Rb act in concert with phosphorylation of ATF2.
Although E1A induces c-jun transcription (Van Dam et al., 1993),
it concomitantly represses AP-1 activity through competition
for CREB-binding protein (CBP) in a similar manner to the
competitive effect of E1A binding on p300 (Offringa et al., 1990;
Arany et al., 1994).

The contribution of p38 to AP-1 induction can be mediated
by the direct phosphorylation and activation of ATF2 and TCFs
(Figure 2; Mendelson et al., 1996; Whitmarsh and Davis, 1996).
The PI3K/AKT pathway is activated in response to cytokine
receptors and T-cell receptor activation in normal T cells. Akt is
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FIGURE 2 | Transcriptional and post-translational activation of AP-1. AP-1 activity is stimulated by external stimuli like growth factors or inflammatory cytokines and
a complex network of kinase such as mitogen-activated protein kinases (MAPKSs) of the extracellular-signal regulated kinase (ERK), p38, and JUN amino-terminal
kinase (UNK) families. Posttranslational phosphorylation by various kinases regulates AP-1 activity, which includes its transactivating potential, DNA-binding capacity,
and the stability of AP-1 components. GSK-38, glycogen synthase kinase-3p; MAPKK, MAPK kinase; RSK2, ribosomal S6 kinase 2; TCF, ternary complex factor;
SRE, serum-response element; TRE, TPA-responsive element; CRE, cAMP-response element; SIE, Sis-inducible element.

a serine/threonine protein kinase activated by PI3K through
phosphorylation of Ser473, which acts as a regulator of cell
survival and proliferation (Warfel and Kraft, 2015). In addition,
glycogen synthase kinase-3 (GSK3), an effector kinase of the
PI3K pathway, has the capacity to negatively regulate AP-1
transcriptional activity (Koul et al., 2007; Warfel and Kraft,
2015). GSK3 is a ubiquitously expressed serine/threonine kinase
normally active in unstimulated cells. Upon stimulation by
growth factors, GSK3 is phosphorylated at Ser9 and Ser21 (for
GSK3p and GSK3a, respectively) by Akt and other kinases of
the AGC family (protein kinase A, protein kinase G, protein
kinase C) thus leading to an important decrease of its activity

TABLE 1 | The different AP-1-binding sites.

AP-1-binding sequence

TRE TGACTCA

MAREI TGCTGACTCAGCA
CRE TGACGTCA

MARE I TGCTGACGTCAGCA
ARE a/gtGACNNnGC

The main DNA response element is the TPA-responsive element (TRE), but different
dimers preferentially bind to elements such as the cAMP-response element (CRE),
the MAF-recognition elements (MAREs), and the antioxidant-response elements
(AREs).

(Koul et al., 2007; Venkatesan et al., 2010). GSK3 activity is
controlled mainly through the PI3K/AKT pathway upon AKT
phosphorylation on Ser473 (Koul et al., 2007). This complex
network of signaling pathways reveals that a particular stimulus
can evoke a specific “spectrum” of AP-1 activity and thereby
activate and/or repress distinct subset of AP-1-targetted genes.

The Janus (Dual) Role of AP-1 in Cancer

Development

A large amount of studies have shown that AP-1 components
play an important role in oncogenesis. c-jun and c-fos were first
identified as retrovirus-activated genes with oncogenic potential
in avian and mammalian cells (Abate and Curran, 1990; Verma
et al., 1990). Chronic exposure to carcinogens can promote
tumorigenesis through the activation of a wide array of signaling
pathways, ranging from inflammatory to pro-proliferative and
survival pathways. Furthermore, environmental or dietary
carcinogens have been shown to induce increased AP1 activity
(Abate and Curran, 1990; Verma et al., 1990).

Many human cancers exhibit overexpression of Jun family
members (Neyns et al., 1996; Langer et al., 2006; Kharman-
Biz et al, 2013). Consistent with the idea that c-Jun can
promote tumorigenicity, overexpression of this transcription
factor is observed in some of the more aggressive CD30-positive
lymphomas (Drakos et al., 2007; Mao et al., 2007). In breast
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cancer, alteration of RB, VEGF, and EGFR pathways has been
shown to induce c-Jun overexpression (Kharman-Biz et al,
2013). Interestingly, increased c-Fos expression is associated
with poor clinical outcome in osteosarcoma and endometrial
carcinoma, while loss of c-Fos expression is associated with tumor
progression and adverse outcome in ovarian carcinoma and
gastric carcinoma (Tulchinsky, 2000). On the other side, Fra-1
overexpression is associated with the development of thyroid,
breast, lung, brain, nasopharyngeal, esophageal, endometrial,
prostate, and colon carcinomas, along with glioblastomas and
mesotheliomas (Tulchinsky, 2000; Young and Colburn, 2006).
The studies are strongly suggesting that the role of Fos family in
tumors development depends on the tissue of origin.

Several studies have shown that AP-1 activity is crucial for
tumorigenesis, as its inhibition by dominant-negative c-Jun
mutants or AP-1 decoys strongly inhibits the growth of various
tumor cell lines both in vitro and in vivo (Angel and Karin,
1991; Kajanne et al., 2009; Eckert et al., 2013; Kharman-Biz et al.,
2013). These studies have also led to the identification of AP1
target genes involved in carcinogenesis (Efer] and Wagner, 2003;
Lopez-Bergami et al., 2010; Nakayama et al., 2012). In addition,
chronic exposure to environmental and dietary carcinogens such
as cigarette smoke or nicotine or ethanol, activates AP1 activity in
mouse brain or epithelial cell lines or neuroblastoma cells (Fried
etal,, 2001; Jochum et al., 2001; Manna et al., 2006). Interestingly,
increase in AP1 activity has been also reported in drug-resistant
cancer, suggesting that some chemotherapeutic agents can elicit
AP1 activation and favor tumor cell survival by making them
refractory to long-term treatments (Malorni et al., 2016; Fan et al.,
2017; Liou et al., 2017).

Overexpression of Jun and Fos proteins can also suppress
tumor formation (Eferl and Wagner, 2003; Hess et al., 2004;
Shaulian, 2010), thus revealing the double-edged activity of AP-1
transcription factors. These dual properties depend on the genetic
background of the tumor, its differentiation state, and tumor
stage (Eferl and Wagner, 2003; Hess et al., 2004; Shaulian, 2010).
Several studies have shown that increased AP-1 activity can lead
to apoptosis in human tumor cells but it can also antagonize
apoptosis in specific cell types, such as liver tumors (Eferl and
Wagner, 2003; Hess et al., 2004; Shaulian, 2010). This dual
effect of AP-1 on apoptosis can be further exemplified. Indeed,
increased c-Jun activity promotes apoptosis in neuronal cells
in vitro (Ham et al., 2000). When the activation of c-Jun is
impaired, either in Jnk3-null or JunAA mice, which express
a c-Jun insensitive to JNK-mediated activation, neurons are
protected from apoptosis (Behrens et al., 1999). In contrast, c-Jun
is required for the survival of fetal hepatocytes, which undergo
apoptosis in c-Jun-deficient mouse embryos (Eferl et al., 1999;
Hasselblatt et al., 2007). The cell-specific consequence of AP-1
activity over apoptosis is likely due to its differential regulation
of pro-apoptotic and anti-apoptotic target genes. In neurons,
c-Jun regulates the expression of Bim, a pro-apoptotic Bcl-2
family member that is crucial for neuronal apoptosis. While in T
cells, c-Jun regulates the expression of Fas ligand (FasL), which
upon binding to the Fas receptor triggers apoptosis (Efer] and
Wagner, 2003; Hess et al., 2004; Shaulian, 2010). Bcl-2 family
members are also part of the list of anti-apoptotic targets that

are regulated by AP-1 (Kirkin et al, 2004). In T cells, Jun
members exert a protective signal through the induction of Bcl-3,
while in myeloid cells, inactivation of JunB leads to reduced
apoptosis with increased expression of the anti-apoptotic Bcl-2
gene (Kyriakis, 1999; Srivastava et al., 1999; Kirkin et al., 2004)
have shown that hepatocytes deficient for c-Jun or JunD are
highly sensitive to tumor necrosis factor-a-induced apoptosis,
thus suggesting that c-Jun and JunD might regulate genes that
protect cells from TNF-a-induced-cell death. Those studies have
demonstrated that depending on the type of extracellular stimuli
and on the cellular context, activation of AP-1 can have a different
outcome on the cell fate. Therefore, the role and function of AP-1
in cancer development should be examined within the context
of a complex network of simultaneously triggered signaling
pathways.

REGULATION OF AP-1 DURING HTLV-1
INFECTION

Human T-cell leukemia virus type 1 can infect a variety of cell
types in vivo, including T cells, B cells, and macrophages (Jones
etal., 2008; Pique and Jones, 2012; Gross and Thoma-Kress, 2016;
Rizkallah et al., 2017). The HTLV-1 provirus is detected mainly in
CD4+ T cells and to lesser extent in CD8+ T cells (Richardson
et al., 1990; Iwahashi et al., 1991; Melamed et al., 2015). This
asymmetry in detection may be caused by recruitment of CD4+
T cells and induction of their proliferation following HTLV-1
infection in contrast to a delayed cell death in CD8+ T cells
(Sibon et al., 2006; Alais et al., 2015). A subset of HTLV-1-infected
individuals will develop ATL after an extended period of time
(Matsuoka and Jeang, 2007; Kannian and Green, 2011). Infected
cells, however, must initiate proliferation and evade apoptosis as a
prelude to immortalization and transformation. Virally encoded
oncogenic proteins are known to dysregulate various cellular
pathways or processes through the regulation of the activity of
target proteins. HTLV-1 transforms T cells via its transactivator
Tax, which interferes with pathways regulating cell growth
control through activation of various cellular transcription
factors (NF-kB, E2F, and AP-1) (Fujii et al., 2000; Peloponese
et al., 2006; Journo et al., 2009) and inactivation of p53 (Tabakin-
Fix etal,, 2006). Since AP-1 has been implicated in transformation
of T cells, it has been hypothesized that inappropriate activation
of AP-1 could contribute to the dysregulated phenotype of
HTLV-1-infected cells or to the development of ATL. Indeed,
ATL leukemic cells exhibit increased levels of mRNAs encoding
JunD and Fra-2 (Nakayama et al, 2008; Terol et al., 2017)
and high levels of AP-1-binding activity (Fujii et al, 2000;
Iwai et al., 2001), with in addition, AP-1, more specifically
c-Jun/c-Fos heterocomplex, induces HTLV-1 promoter activity
and thus participates in HTLV-1 basal transcription (Jeang et al.,
1991).

Activation of the AP-1 Pathway by Tax

during Acute HTLV-1 Infection

The phosphoprotein Tax is encoded within the pX region
of HTLV-1 genome and is a viral regulatory protein. This
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protein mainly localizes to the nucleus and is a well-known
trans-activator of the HTLV-1 long terminal repeat (LTR)
operating through three 21-bp repeats called Tax-responsive
elements (TxREs) (Meertens et al., 2004; Grassmann et al.,
2005). Its pleiotropic properties confer a pivotal role for Tax
toward viral pathogenicity and immortalization/transformation
of infected cells, causing the onset of HTLV-1-associated diseases
(Giam and Jeang, 2007; Peloponese et al., 2007). Indeed, the
protein is sufficient for immortalizing primary human T cells
and rodent fibroblasts as well as inducing tumors in nude mice
inoculated with Tax-transformed cells (Grassmann et al., 2005).
Furthermore, Tax interferes with important functions, leading to
cell cycle dysregulation and promoting in vivo clonal expansion
(Giam and Jeang, 2007; Peloponese et al., 2007). Moreover, Tax
can alter the expression of cellular proteins involved in cell
growth and proliferation such as cytokines (Grassmann et al,
2005; Matsuoka and Jeang, 2010). Importantly, this trans-acting
factor also acts as a transcriptional regulator of gene expression
by recruiting or modifying the activity of cellular transcription
factors (such as CREB protein, SRE, NF-«kB, and notably AP-1)
through direct or indirect interactions (Grassmann et al., 2005;
Matsuoka and Jeang, 2010).

Tax activates the transcription of cellular genes by activating
AP-1 DNA binding to promoter elements in T cells (Fujii et al.,
20005 Iwai et al., 2001; Figure 3). Thus, activation of AP-1 by
Tax is thought to contribute to the deregulated phenotypes and
leukemogenesis of T cells infected with HTLV-1. Among these
factors, c-Fos, Fra-1, c-Jun, JunB, and JunD genes have been
shown to be activated by Tax at the transcriptional level (Fujii
et al., 2000; Iwai et al., 2001; Figure 3). Interestingly, exogenous
expression of Tax in Jurkat cells induced AP-1-dependent
transcription of a reporter gene more efficiently than any
combinations of AP-1 proteins (Fujii et al,, 2000; Iwai et al.,
2001). Thus, the well-known induction of expression of multiple
Fos and Jun family members by Tax is known to be essential,
but may not be sufficient, for the transcriptional activation
of AP-1 sites mediated by Tax (Fujii et al, 2000; Iwai
et al, 2001). Since DNA-binding activity and transcriptional
activation of AP-1 are regulated at a post-translational level,
Tax might be involved in this regulation (Fujii et al., 2000;
Iwai et al, 2001). Tax contributes to the high activity of
AP-1 in HTLV-1-infected cells through different mechanisms
with intricate ramifications in cascade signaling (Figure 3).
A constitutive activation of JNK had initially been reported in
HTLV-1-infected cells, such as Tax-expressing MT-2 cells and
Tax-ATL primary cells. Furthermore, this activity seemed to
depend on the status of infection (Xu et al., 1996). Interestingly,
Tax is responsible for the constitutive activation of PI3K/Akt by
impairing the association between the catalytic (p110) and the
regulatory subunit (p85) leading to Akt Ser 47> phosphorylation
in HTLV-1-infected cell lines (Peloponese and Jeang, 2006;
Figure 3).

Pathways lying upstream of AP-1 are normally activated
in response to external stimuli whereas Tax overrides this
requirement (Figure 3). Additionally, the PI3K/Akt-AP-1
pathway had been involved in survival and is likely to be
required for the immortalization of HTLV-1-infected cells (Jeong

et al, 2005). Indeed, Tax even in the absence of NF-kB
signaling is able to activate the Akt/PI3K pathway, which
upon inhibition by dominant-negative mutants for Akt or for
c-Jun abolishes the proliferation of Tax-transfected cell lines
as well as the transformed phenotype (Peloponese and Jeang,
2006). AP-1 sites are Tax-inducible elements in different cellular
genes, which promote cell proliferation and are associated
with clinical characteristic features of ATL (Figure 3). Among
target genes regulated by AP-1-binding sites, Tax activates
growth-promoting cytokine genes, such as IL-2, IL-5, IL-13, as
well as proinflammatory cytokines, such as IL-8 and TNF-a,
and further induces the expression of immunosuppressors, like
TGEF-bl and proenkephalin (PENK). This deregulation implies
different combinations of dimerized AP-1 complex although they
have not all been characterized as to their targeted promoters
(Brady, 1992; Waldmann, 1996; Yamada et al., 1996; Jeang, 2001;
Hall and Fujii, 2005).

Tax does not always activate cellular promoters bearing
AP-1-binding site (for example, the collagenase gene) (Hall and
Fujii, 2005). Rather, another mechanism, by which promoter
could be regulated by Tax through AP1, is linked to the binding
of Tax and c-Jun to an overlapping region corresponding to
the KIX domain of CBP. This could induce a competition
between these two proteins for CBP interaction and lead to the
repression of c-Jun transcription activity by Tax (Van Orden et al.,
1999; Van Orden and Nyborg, 2000). Although Tax induces the
transactivation of the TGF-b1 promoter through AP-1 sites, Tax
inhibits TGF-b1 signaling by reducing DNA-binding activity of
Smad3 through a Smad3/c-Jun complex, which might be involved
in the resistance of TGF-b1-induced growth inhibition observed
in ATL cells, an important step in the pathogenesis of ATL
(Arnulf et al,, 2002). An opposite effect could be imputed to HBZ
which could overcome the repressing effect of Tax on TGF-bl
signaling (Zhao et al., 2011). Tax might not solely account for
the constitutive activity of AP-1, since a high activity of AP-1 has
been detected in primary Tax™ leukemia cells of ATL patients
(Fujii et al., 2000). These observations indicate that AP-1 is
activated in HTLV-1-infected T cells through Tax-dependent and
Tax-independent mechanisms.

Hijacking of the AP-1 Signaling Pathway
by HBZ

Within its antisense strand, HTLV-1 codes for a bZIP factor,
which was appropriately named HBZ (HTLV-I bZIP factor)
(Gaudray et al., 2002; Mesnard et al., 2006). HBZ can express
under three isoforms: one unspliced form (usHBZ) and two
alternatively spliced forms (HBZ-SP1 and HBZ-SP2) (Cavanagh
et al., 2006; Murata et al., 2006) with HBZ-SP1 (or sHBZ)
being the most abundant spliced variant. sHBZ is a 31-kDa
protein with an N-terminal transcriptional activation domain, a
central domain involved in nuclear localization, and a C-terminal
bZIP domain (Gaudray et al, 2002; Mesnard et al., 2006).
Sequence comparison between HBZ bZIP region and several
bZIP factors clearly indicates that HBZ possesses a c-Fos-like
bZIP domain although its DNA-binding domain lacks the
consensus amino acid sequence bb-bN-AA-b(C/S)R-bb thought
to be critical for DNA binding. HBZ interacts with all the
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FIGURE 3 | Mechanisms of Tax activation of AP-1 pathway. Pathways upstream of AP-1 are normally activated in response to external stimuli whereas presence of
Tax overrides this requirement. Indeed Tax is able to activate the Akt/PI3K pathway as well as the SRF pathways thus activating at the transcription of c-Fos, Fra-1,
c-Jun, JunB, and JunD genes. By interacting with the JNK inhibitor G-protein pathway suppressor 2 (GPS2), Tax also participate to the exhibited highly activity of
AP-1in HTLV-1 infected cells through a constitutive activation of JNK (Jin et al., 1997). Interestingly, AP-1 proteins such as c-Jun and c-Fos activate the transcription
through the 21 bp repeat in HTLV-1 LTR.

members of the Jun family (JunB, c-Jun, and JunD), and
differently regulates the transcriptional properties of the Jun
family (Basbous et al., 2003; Hivin et al., 2005, 2007; Clerc et al.,
2009).

Sequestration of JunB and c-Jun in HBZ
Nuclear Bodies Inhibits Their

Transcriptional Activities

HTLV-1 basic leucine-zipper factor is a nuclear protein,
which not only accumulates in specific nuclear bodies (called
here HBZ-NBs) but is targeted to nucleoli (Hivin et al,
2005). Using a fluorescence recovery after photobleaching
approach (FRAP) and an EGFP-tagged-HBZ, Hivin et al.
(2007) have observed that the deletion of its leucine-zipper
domain altered the rate of nuclear flux of HBZ, suggesting
that HBZ heterodimerization partners are involved in
controlling its own nuclear trafficking. Indeed, HBZ modifies
the localization of JunB and targets JunB to the HBZ-NBs.
Moreover, the relocalization of JunB into HBZ-NBs inhibits
its transcriptional activity (Hivin et al., 2007; Clerc et al., 2009;
Figure 4).

Although HBZ and c-Fos can both interact with c-Jun,
they differ greatly in their abilities to activate transcription
of AP-1-regulated genes. Indeed, the interaction of HBZ
with c-Jun prevents this transcription factor from activating

transcription of AP-1-dependent promoters by decreasing its
DNA-binding activity (Clerc et al., 2009). The generation of
different c-Fos/HBZ chimeras by region swapping indicates
that the HBZ DNA-binding motif has an important impact
on the transcriptional activity of both transcription factors
in the presence of c-Jun (Hivin et al, 2007; Clerc et al,
2009). Indeed, the mutant HBZ-mutMD/DBD, for which specific
residues present in the MD and DBD regions of HBZ were
substituted for corresponding amino acids of c-Fos, showed
a significant in vitro affinity for the AP-1-binding site TRE
but remained unable to stimulate promoter activity of the
AP-1-dependent collagenase gene in vivo. Like JunB, c-Jun is also
relocalized to HBZ-NBs in the presence of HBZ-mutMD/DBD,
while this transcription factor is diffusely distributed throughout
the nucleus in the presence of HBZ-H14F (a construction in
which the bZIP domain of HBZ-mutMD/DBD was replaced
by the corresponding ZIP domain of c-Fos), suggesting that
HBZ- inhibits c-Jun DNA-binding capacity in vivo mainly by its
sequestration to the HBZ-NBs (Hivin et al., 2007; Clerc et al,,
2009) (Figure 4 blue circle).

HBZ Promotes the Proteosomal

Degradation of c-Jun
HTLV-1 basic leucine-zipper factor can also decrease the stability
of c-Jun in cells and promote its degradation (Matsumoto et al.,
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FIGURE 4 | Differential effects of HBZ on the Jun family proteins. HBZ specifically interacted with all three members of the Jun Family (JunB, c-Jun, and JunD), but it
regulates differently the transcriptional properties of the Jun family. HBZ dramatically suppressed c-Jun- and JunB-induced transcriptional activation from the AP-1
element by sequestering c-Jun and JunB into HBZ-NB and by decreasing the steady-state level of c-Jun and the stability of c-Jun protein in cells through a
proteasome-dependent pathway. It is particularly interesting to note that HBZ has a different and opposite action on JunD expression. HBZ can stimulate the
transcription of JunD and by nuclear retention of RPS25, HBZ allows the expression of an alternative isoform of JunD called AJunD. Furthermore, HBZ cooperates
with JunD and sp1 to enhance transcription of the 3'-LTR and also the human telomerase reverse transcriptase gene (WTERT).

2005). Indeed, in cells transfected with usHBZ, Matsumoto et al.
(2005) observed that treatment with proteasome inhibitors but
not with calpain inhibitors prevented the reduction in the steady
state of c-Jun, suggesting that this HBZ-mediated reduction
in c¢-Jun abundance could also occur through a proteasome-
dependent pathway. It has also been suggested by Isono et al.
(2008) that HBZ could act as a tethering factor between the 26S
proteasome and c-Jun (Figure 4). However, c-Jun is less degraded
by sHBZ (also called HBZ-SP1) than by usHBZ (Isono et al.,
2008) and it remains unclear how both isoforms of HBZ could
inhibit c-Jun through two different mechanisms.

HBZ Activates the Transcriptional
Activity of JunD

It is particularly interesting to note that HBZ has a different and
opposite effects on c-Jun- and JunD-dependent transcription.
Indeed, these two proteins belong to the same family of
transcription factors, but they are very different proteins. In
JunD expressing cells, HBZ is diffusely distributed throughout
the nucleoplasm, while no HBZ-NBs are formed (Hivin et al.,
2007). Interestingly, JunD is the only Jun family member, which
can be activated by HBZ (Thebault et al, 2004; Kuhlmann
et al, 2007). It is worth noting that the presence of the
EQERRE motif in HBZ modulates JunD activity (Hivin et al,
2005). When the HBZ DNA-binding motif is substituted by the
c-Fos modulatory domain, HBZ is no longer able to stimulate
the transcriptional activity of JunD, although no alteration

in the JunD DNA-binding activity is observed (Hivin et al,
2005). It is important to note that the abundance and activity
of JunD increase in freshly isolated ATL cells concomitantly
with an increase of HBZ expression (Nakayama et al.,, 2008;
Terol et al, 2017). These observations suggest that HBZ
modulates its own expression through a positive-feedback loop
in resting cells that involves cooperation with JunD (Figure 4).
Indeed, in HTLV-1-infected cells, HBZ enhances expression of
JunD, which leads to the association of JunD and HBZ to
Sp-1 bound to the 3”-LTR-containing antisense promoter and,
ultimately, to the activation of hbz transcription (Gazon et al,
2012).

In association with JunD and Sp-1, HBZ also activates
the transcription of the human telomerase catalytic subunit
gene (hTERT) (Kuhlmann et al, 2007). Telomerase, a
ribonucleoprotein complex that extends telomeres which
are essential for protecting chromosomal ends against end-end
fusions or degradation (Cong et al., 2002; Brunori et al., 2005;
Segal-Bendirdjian and Gilson, 2008). While mouse telomerase
(mTERT) is activated in many normal tissues, human cells
rarely spontaneously reactivate expression of the telomerase
gene, as its expression is tightly regulated (Cong et al., 2002;
Brunori et al, 2005; Segal-Bendirdjian and Gilson, 2008).
However, 75-85% of cancer cells including ATL cells present
an increase in telomerase expression and activity (Uchida et al.,
1999; Brunori and Gilson, 2004; Brunori et al., 2005; Shay and
Wright, 2011). Human telomerase is composed of a structural
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RNA component (hTERC), which contains an 11-base sequence
complementary to the telomeric single-stranded overhang acting
as a template for the synthesis of telomeric DNA. The other main
component of the hTERT is its enzymatic reverse transcriptase
subunit (Cong et al., 2002; Brunori et al., 2005; Segal-Bendirdjian
and Gilson, 2008). Expression of hTERT is regulated mainly at
the transcriptional level. The proximal 180 bp of the hTERT
promoter, which does not contain any AP-1-binding site, is
important for maintaining basal transcriptional activity and
is thought to be the essential component for its regulation.
Interestingly, Kuhlmann et al. (2007) have observed an increase
in hTERT transcripts in cells co-expressing HBZ and JunD.
Chromatin immunoprecipitation (ChIP) assays revealed that
HBZ/JunD heterodimers interact with Spl and that activation
of hTERT transcription by this trimer is mediated through
Sp-1-binding sites present in the core region of the hTERT
promoter (Kuhlmann et al., 2007).

We recently uncovered an additional mechanism used by HBZ
to turn JunD from a growth suppressor to a tumor promoter
(Terol et al., 2017). JunD is an intronless gene and produces two
predominant isoforms by alternative initiation of translation, a
39-kDa protein (JunD-FL) through initiation from the first AUG
codon and a shorter, 34-kDa JunD protein (AJunD) through the
use of the second in-frame AUG codon (Hirai et al., 1989; Berger
and Shaul, 1994; Short and Pfarr, 2002). Several studies indicated
that JunD-FL and AJunD are differentially regulated through
interactions with other nuclear proteins (Hirai et al., 1989; Berger
and Shaul, 1994; Short and Pfarr, 2002). For example, menin,
the product of the tumor-suppressor MEN-1 gene, represses
JunD-FL transcriptional activity by interacting through its first
48 amino acids (Agarwal et al., 1999; Yazgan and Pfarr, 2001).
Loss of menin expression or lost the ability of menin to bind
JunD confers JunD with growth-promoting capabilities (Agarwal
et al,, 2003). AJunD does not bind menin, and its transcriptional
activity is unaffected by menin overexpression (Yazgan and Pfarr,
2001). In addition, JNK binds and activates JunD-FL more
efficiently than AJunD, even though both JunD isoforms contain
a JNK-docking domain and three JNK phosphorylation target
sites. It is interesting to note that freshly isolated ATL cells
and HBZ-expressing T lymphocytes express both JunD isoforms
(Yazgan and Pfarr, 2002).

JunD mRNA contains a third functional out-of-frame ORF
(uORFs) positioned between the ATG of JunD-FL and ATG
of AJunD (Short and Pfarr, 2002). Translation of downstream
ORFs by uORF appears to be a common translational regulatory
mechanism, as uORFs are present in two-third of mRNAs
encoding oncoproteins and proteins that regulate important
cellular processes. Alteration of protein expression levels by
disruption or creation of uORF has been associated with the
development of several human disease such as Alzheimer’s
disease, acute myeloid leukemia, and breast cancer (Short and
Pfarr, 2002; Zhou and Song, 2006; Wethmar et al., 2010; Barbosa
etal,, 2013). HBZ relieves uORF translational control by reducing
the cellular abundance of RPS25, a ribosomal protein known
to play a key role in several alternative translation mechanisms
(Nishiyama et al., 2007). Using an immortalized fibroblast cell
line model, we found that AJunD exhibits growth-promoting

and -transforming activities that are enhanced in presence of
HBZ (Terol et al.,, 2017). In summary, it has been proposed that
HBZ/JunD heterodimers induce down-regulation of lymphocyte
activation and viral transcription to favor viral latency and
persistence of the infected cells. Future studies will aim to clarify
how HBZ/JunD and/or HBZ/AJunD coordinately drive cell fate
toward cellular transformation.

PERSPECTIVES AND CONCLUSION

Activating protein-1 family members have both overlapping
and unique roles, and the transcriptional activity of the AP-1
dimer functions in a tissue-specific fashion (Shaulian, 2010).
With respect to this important fact, recent studies have included
the analysis of expression and/or activity of all Jun and Fos
family members. Thus, it has been demonstrated that malignant
transformation and tumor progression is accompanied by a
cell-type-specific shift in AP-1 dimer composition (Verma et al.,
1990; Radler-Pohl et al.,, 1993; Karin et al., 1997; Tulchinsky,
2000; Shaulian and Karin, 2002; Eferl and Wagner, 2003;
Milde-Langosch, 2005; Hernandez et al., 2008; Shaulian, 2010).
Those studies support a model, in which a shift in the
expression pattern of the Fos family members is a crucial
step in carcinogenesis and/or tumor progression (Tulchinsky,
2000; Milde-Langosch, 2005). Indeed, while uninfected CD4+
T-lymphocytes express mainly c-Jun and c-Fos proteins,
ATL-leukemic cells are expressing JunD and Fra-2 (Nakayama
et al, 2008; Terol et al., 2017). Due to their lack of a
trans-activating domain, it has been suggested that Fra-1 and
Fra-2 might exert anti-tumor effect and inhibit tumor cell growth.
Yet, recent studies point to a positive effect of Fra-1, and partly
Fra-2, on tumor growth (Young and Colburn, 2006; Milde-
Langosch et al, 2008; Nakayama et al, 2008; Davies et al,
2011; Higuchi et al, 2013; Wang et al, 2014; Gupta et al,
2015).

Indeed, gene substitution experiments in mice have shown
that growth retardation and osteoporosis observed in c-Fos null-
mice were rescued by Fra-1 overexpression, although Fra-1 failed
to induce expression of c-Fos target genes, such as MMP13 and
vimentin (Young and Colburn, 2006). This observation is in
line with results obtained in various cancer cell types, in which
Fra-1 alters the biological behavior of the cells without directly
activating AP-1-responsive promoters (Zerbini et al, 2003;
Young and Colburn, 2006). Surprisingly, in most of the clinical
tumor samples analyzed so far, Fra-1 expression is lower than in
normal cells, and the protein is poorly phosphorylated (Zerbini
et al., 2003; Young and Colburn, 2006). These observations
raised several interesting questions on the true role of Fra-1
in oncogenesis and tumor progression. Indeed, whether the
low level Fra-1 expression is due to tumor heterogeneity and
if expression Fra-1 in specific clones within the tumors have
a similar effect to what is seen in experimental systems and
contributes to local invasion and metastasis should be further
studied. In contrast to the bulk of data available on the function of
c-Fos and Fra-1 in carcinogenesis, far less is known on the role of
other Fos family members (FosB, FosB2, deltaFosB2, and Fra-2),
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which are often found expressed in high levels in cancer tissues.
Further study of the role of all Fos proteins in carcinogenesis will
be of great importance.
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Human T-cell lymphotropic virus type 1 (HTLV-1) is the causative agent of adult
T-cell leukemia (ATL), an aggressive CD47/CD25% T-cell malignancy and of a severe
neurodegenerative disease, HTLV-1 associated myelopathy/tropical spastic paraparesis
(HAM/TSP). The chronic activation or deregulation of the canonical and non-canonical
nuclear factor kappa B (NF-kB) pathways play a crucial role in tumorigenesis. The
HTLV-1 Tax-1 oncoprotein is a potent activator of the NF-kB transcription factors
and the NF-kB response is required for promoting the development of HTLV-1
transformed cell lines. The homologous retrovirus HTLV-2, which also expresses a
Tax-2 transforming protein, is not associated with ATL. In this review, we provide
an updated synopsis of the role of Tax-1 in the deregulation of the NF-kB pathway,
highlighting the differences with the homologous Tax-2. Special emphasis is directed
toward the understanding of the molecular mechanisms involved in NF-kB activation
resulting from Tax interaction with host factors affecting several cellular processes, such
as cell cycle, apoptosis, senescence, cell proliferation, autophagy, and post-translational
modifications. We also discuss the current knowledge on the role of the antisense viral
protein HBZ in down-regulating the NF-kB activation induced by Tax, and its implication
in cellular senescence. In addition, we review the recent studies on the mechanism of
HBZ-mediated inhibition of NF-kB activity as compared to that exerted by the HTLV-2
antisense protein, APH-2. Finally, we discuss recent advances aimed at understanding
the role exerted in the development of ATL by the perturbation of NF-kB pathway by viral
regulatory proteins.

Keywords: HTLV, NF-«kB, Tax, HBZ, APH-2, adult T-cell leukemia, cell proliferation, apoptosis

INTRODUCTION

Human T-cell lymphotropic/leukemia virus type 1 (HTLV-1) is the etiological agent of adult T-cell
leukemia (ATL), a malignancy of CD47/CD25% T cells and of a chronic inflammatory disease
called HTLV-1 associated myelopathy/tropical spastic paraparesis (HAM/TSP) (Poiesz et al., 1980;
Hinuma et al., 1981; Gessain et al., 1985; Gallo et al., 2017). It is estimated that at least 20 million
people worldwide are infected with HTLV-1 (Gessain and Cassar, 2012; Willems et al., 2017) and
approximately 5% of HTLV-1 carriers develop ATL after a latency of 20-50 years from infection
(Zhang et al., 2017). HTLV-1 provirus encodes, among others, a regulatory protein, Tax and an
accessory antisense strand product HTLV-1 bZip protein (HBZ), which are pivotal factors in
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HTLV-1 pathogenesis (Yasuma et al, 2016). Tax is a
transcriptional activator of the viral long terminal repeat
(LTR) with the capability to unsettle several cellular signal
transduction pathways. HBZ is an inhibitor of 5 LTR Tax-1
transactivation and is required for viral persistence (Barbeau
et al,, 2013). HBZ is a potent viral oncoprotein which plays
an important role in deregulating several cellular processes in
concerted action with Tax, affecting cell proliferation, apoptosis,
autophagy, and immune escape (Zhao, 2016). Both these viral
regulatory proteins promote T-cell proliferation. However,
the exact mechanism underlying their role in inducing cell
proliferation is still not clearly understood. The genetically
related HTLV type 2 virus, although its association with ATL
has not been established, encodes a homolog Tax-2 regulatory
protein that induces T-cell proliferation in vitro and an antisense
protein, named antisense protein HTLV-2 (APH-2) that, unlike
HBZ, is dispensable for HTLV-2 infection and persistence
(Yin et al,, 2012). Their structural properties are shown in
Figures 1A,B. Comparative studies between HTLV-1 and HTLV-
2 have contributed to highlight differences in the virus-host
interaction that may have key roles in tumorigenesis (Higuchi
and Fujii, 2009; Bertazzoni et al., 2011; Romanelli et al., 2013).

Persistent activation of NF-kB by Tax is a key event for the
T-cell transformation and development of ATL (Qu and Xiao,
2011; Zhang et al., 2017). Accumulating evidence indicates that
the HTLVs have evolved specific strategies mediated by Tax
and antisense proteins to deregulate NF-kB signaling pathways.
While HBZ is consistently expressed in all ATL cells, Tax is not
expressed in approximately 60% of them, even though the HTLV-
1 proviral genome is integrated and NF-kB is constitutively
activated (Zhao, 2016). This suggests that additional factors
contribute to sustain the persistent activation of NF-kB, in the
absence of Tax, in ATL cells (Matsuoka and Jeang, 2007). The
alteration of the NF-kB signaling pathway could also be involved
in the inflammatory state observed in HAM/TSP (Peloponese
et al., 2006). An interesting aspect of Tax and HBZ functions
is their opposite effect on the regulation of cellular signaling
pathways (Zhao and Matsuoka, 2012; Ma et al., 2016) as further
discussed here.

In this review, we summarize the recent advances in
understanding the molecular mechanisms involved in NF-«kB
deregulation, mediated by Tax and antisense proteins, through
the interaction with host factors and their roles in cell survival
and proliferation.

TAX-MEDIATED NF-kB ACTIVATION

Two distinct pathways lead to NF-kB activation, known as the
canonical and the non-canonical pathways that involve different
upstream, intermediate, and effector factors. A common step
of both pathways is the activation of a complex that contains
a serine-specific IkB kinase (IKK) composed by two catalytic
kinase subunits, IKKa and IKKP, and the regulatory non-
enzymatic scaffold protein NEMO (known as IKKy). In the
canonical pathway, adaptor proteins (TRAFs) are recruited to
the cytoplasmic domain of the cell membrane tumor necrosis

factor receptor (TNF-R) and activate the IKK complex thus
inducing the phosphorylation of IkB inhibitor and the seclusion
of NF-kB precursors within the cytoplasm (Sun, 2017). This
phenomenon leads to IkB degradation and nuclear translocation
of the p50/RelA transcriptional effectors. At variance with the
canonical pathway, the non-canonical one involves an IKK
complex that does not contain NEMO, but two IKKa subunits.
The NF-kB-inducing kinase (NIK) activates the IKK complex,
leading to p100 processing and the final release in the nucleus
of p52/RelB active heterodimer (Durand and Baldwin, 2017).

Based on the study of the molecular mechanisms of NF-kB
activation driven by Tax-1, two relevant aspects emerged: the
recruitment of Tax in cellular protein complexes (Bertazzoni
et al, 2011; Qu and Xiao, 2011) and their post-translational
modifications (Lavorgna and Harhaj, 2014). Studies comparing
Tax-1 and Tax-2 have highlighted relevant differences in their
activation of the NF-kB pathway as a result of protein interaction:
both proteins activate the classical pathway, but only Tax-1
activates the non-canonical one; Tax-1, unlike Tax-2, triggers the
activation of the non-canonical pathway recruiting NEMO and
IKKa to pl00, promoting the processing of p100 to p52 (Xiao
et al., 2001; Higuchi et al.,, 2007; Shoji et al., 2009); both Tax
proteins interact with TAB2 and NEMO/IKKy stimulating the
translocation of the p50/RelA heterodimers into the nucleus, but
only Tax-1 interacts with TRAF6, an E3 ligase that triggers the
ubiquitination and activation of the downstream NF-kB signaling
cascade (Avesani et al., 2010; Journo et al., 2013). Furthermore,
only Tax-1 interacts with the p52/p100 and RelB factors of the
non-canonical pathway, inducing the expression of OX40L, a T-
cell co-stimulatory molecule of the tumor necrosis factor family
implicated in the adaptive immunity (Motai et al., 2016).

We have recently shown that Tax-1 and Tax-2 form complexes
with two homologous non-canonical IkB kinases, IKKe and
TBK1, which are not component of IKK complexes, but are
implicated in the activation of NF-kB, STAT3 and induction of
IFNa (Shen and Hahn, 2011; Diani et al., 2015). An additional
study demonstrating the presence of Tax and TBK1 in lipid raft
microdomains along with canonical IkB supports the role of Tax-
1 as a promoter of the molecular crosstalk between the canonical
IKKs and additional signaling pathways involved in cell survival
and proliferation (Zhang et al., 2016). Interestingly, it has also
been reported that Tax-1 forms complexes with the ubiquitin-
conjugating enzyme Ubcl3, NEMO, Taxl binding proteinl
(TAX1BP) and NRP/Optineurin in the membrane lipid rafts
microdomain. In these complexes, the cell adhesion molecule 1
(CADM]1) acts as a molecular scaffold recruiting Tax-1 (Pujari
et al.,, 2015). This interaction contributes to the activation of
the IKK complex and the inactivation of the NF-kB negative
regulator A20 enzyme, thus maintaining a persistent NF-kB
activation. An additional consequence of the Tax reorganization
of the component of the lipid raft is the deregulation of
autophagy. Tax-1, in fact, participates to the connection of
the IKK complex to the autophagy molecular complexes by
interacting directly with Beclinl and PI3KC3 and contributing
to the assembly of autophagosomes (Ren et al, 2012, 2015;
Chen et al., 2015). Tax-1 induction of NF-kB also increases the
expression of inhibitors of apoptosis, such as the anti-apoptotic
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c-Flip gene, and of genes involved in cell cycle progression,
including cyclin D2, cyclin E, E2F1, CDK2, CDK4, and CDK6
(Wang et al., 2014; Bangham and Matsuoka, 2017; Karimi et al.,
2017).

It has been recently reported that Tax-activation of NF-kB can
be suppressed by host factors. Among them, the transcriptional
regulator of the major histocompatibility complex class II
(CIITA) impairs the nuclear translocation of RelA and directly
interacts with Tax-1/RelA in nuclear bodies, preventing Tax-
1 mediated activation of NF-kB-responsive promoters (Forlani
et al., 2013, 2016). In addition, the apoptotic regulator Bcl-3
has been demonstrated to inhibit RelA nuclear translocation
and its DNA binding activity, resulting in a downregulation of
Tax-induced NF-kB activation (Wang et al., 2013). The decrease

in Tax-NF-kB activation could also be due to Tax proteasomal
degradation induced by host factor interaction (Lavorgna and
Harhaj, 2014). Tax-1 interaction with the molecular chaperone
HSP90 was shown to protect Tax from proteasomal degradation
(Gao and Harhaj, 2013), whereas the interaction with PDLIM2
(PDZ-LIM domain-containing protein) within the nuclear
matrix induces its polyubiquitination-mediated proteasomal
degradation (Yan et al, 2009; Fu et al, 2010). Furthermore,
two tumor suppressor genes, MDFIC and MDE have been
recently identified as Tax-1 interactors that alter its subcellular
distribution and stability, reducing Tax-dependent activation of
NF-kB (Kusano et al., 2015).

The second major mechanism required for Tax-1 and
Tax-2 NF-kB activation is the process of post-translational
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modification, which includes ubiquitination, SUMOylation and
phosphorylation. It is well established that Tax phosphorylation
is required for its nuclear translocation and stabilization in the
nuclear bodies containing RelA (Bex et al., 1999; Turci et al,
2006). The requirements of ubiquitination and SUMOylation
are more complex to define. Both the E2 enzyme Ubcl3 and
the E3 Ring Finger Protein 8 (RNF8) promote Tax K63-linked
polyubiquitination and are essential for the activation of the
IKK complex (Shembade et al., 2007; Ho et al.,, 2015). Other
proteins, including E3 ubiquitin ligases, TRAF2, 5, or 6, can
potentiate Tax polyubiquitination (Yu et al., 2008). SUMOylated
Tax has been demonstrated to bind p300, RelA and NEMO in
nuclear bodies (Nasr et al., 2006). In addition, SUMOylation of
Tax may be involved in the regulation of Tax stability and NF-
kB pathway activation (Kfoury et al., 2011). We have described
that SUMOylation and ubiquitination influence Tax proteins
intracellular localization, as well as the interaction with NF-
kB factors and their transactivating activity (Turci et al., 2012).
However, the role of Tax SUMOylation in NF-kB activation
remains controversial, given that Tax-induced IKK activation has
been shown to correlate with the level of Tax ubiquitination,
but not with Tax SUMOylation (Bonnet et al., 2012; Péne et al,,
2014). A recent study suggests that Tax itself may function as
an ubiquitin E3 ligase that, in association with the ubiquitin-
conjugating enzyme E2, catalyzes the assembly of mixed polyUb
chains (Wang et al., 2016). However, a more recent study does
not attribute to Tax an E3 ligase activity, while suggesting that
multivalent interactions between NEMO proteins and Ub-chains
can lead to the formation of a macromolecular Taxisome and
consequently to the activation of the IKK complex (Shibata et al.,
2017).

An additional mechanism that operates within the cells to
maintain the NF-kB activation induced by Tax-1 is the positive
feedback loop derived by NF-kB target genes. A recent report
describes that the over-expression of the early growth response
protein 1 (EGR1) induced by Tax-1 activation of NF-kB, results
in the stabilization of EGR1 by direct interaction with Tax
and nuclear translocation of p65, enhancing NF-kB activation
(Huang et al, 2017). A similar positive loop is fostered by
the overexpression of the interleukin receptor IL-17RB. Tax-1
promotes the expression of IL-17RB by NF-kB activation and
establishes an IL-17RB-NF-kB feed-forward autocrine loop that
maintains persistent NF-kB activation (Lavorgna et al., 2014).

TAX AND HBZ INTERPLAY ON NF-«B
DEREGULATION

HBZ can promote viral latency by antagonizing many of
the activities mediated by Tax. HBZ inhibits the activation
of the HTLV-1 5 LTR preventing the formation of the Tax
transactivation complex (Gaudray et al., 2002; Clerc et al., 2008).
The activation of the classical NF-kB pathway by Tax is inhibited
selectively by HBZ expression (Zhao et al., 2009; Wurm et al.,
2012). This inhibition is connected to the following properties
of HBZ as shown in Figure 1C: (a) the interaction with p65; (b)
the inhibition of p65 DNA binding; (c) the enhanced degradation

of p65 through PDLIM2 E3 ubiquitin ligase; (d) the reduction of
p65 acetylation. All these processes result in the reduction of the
expression of several NF-kB target genes. A typical example is the
cyclin DI promoter gene, an essential regulator of the G1/S phase
transition of the cell cycle that is overexpressed by Tax-mediated
NEF-kB activation, while it is downregulated by HBZ interaction
with p65 (Ma et al., 2017).

The HBZ inhibition of NF-kB has been proposed to be a
critical step in the oligoclonal expansion of HTLV-1-infected cells
by downregulating the senescence process (Giam and Semmes,
2016). NF-kB hyper-activation induced by Tax leads to the
over-expression of the cyclin-dependent kinase inhibitors, p21
and p27, thus promoting an arrest of cell proliferation that
triggers senescence. The proposed model envisages that in HTLV-
1 infected cells, in which the p21/p27 functions is impaired,
the HBZ downregulation of NF-kB may contrast the senescence
induced by Tax hence promoting the expansion of the infected
cells (Kuo and Giam, 2006; Zhang et al., 2009; Zhi et al., 2011).

In contrast to HBZ, the HTLV-2 homolog protein APH-2 is
dispensable for HTLV infection and persistence and does not
promote T-cell proliferation in vitro (Yin et al., 2012; Barbeau
et al., 2013). In addition, APH-2 expression correlates with the
proviral load in HTLV-2 infected subjects and, contrary to HBZ,
does not promote lymphocytosis (Saito et al., 2009; Douceron
et al., 2012). Of note, HBZ and APH-2 also diverge in the
interaction with Tax, since HBZ does not bind Tax-1, whereas
Tax-2 interacts with APH-2 (Marban et al.,, 2012). A recent
study has shown that despite HBZ and APH-2 interact with
p65/RelA and repress its transactivation activity in transfected
cells, they diverge in the induction of p65 degradation since this
is not detected in the presence of APH-2 (Panfil et al., 2016).
This different effect suggests that the two proteins may adopt
different mechanisms to interfere with NF-kB activation. The
differences between regulatory proteins of HTLV-1 and HTLV-2
in deregulating NF-kB are outlined in Table 1.

ROLE OF TAX AND HBZ IN ATL
DEVELOPMENT

The opposite functions of Tax and HBZ in the regulation of
signaling pathways and their effects in survival and proliferation
appear as relevant steps during HTLV-1 cellular transformation
and tumorigenesis (Giam and Semmes, 2016; Bangham and
Matsuoka, 2017; Zhang et al, 2017). The absence of Tax
expression in the late stages of the infection is linked to tax
gene mutations and DNA methylation of the 5 LTR provirus
(Furukawa et al., 2001; Koiwa et al., 2002). On the opposite,
the 3’ LTR negative strand remains intact and non-methylated,
allowing HBZ to be systematically expressed in ATL cells
(Taniguchi et al., 2005; Miyazaki et al., 2007). Unlike HBZ, Tax-
1 is highly immunogenic and its inactivation may represent a
fundamental strategy to evade the host immune system, a critical
step in ATL development (Kogure and Kataoka, 2017). HBZ,
like Tax-1, deregulates cell proliferation by targeting key factors
implicated in cell survival. HBZ, in fact, binds to ATF3/p53
complexes and inhibits the p53 expression induced by ATF3, thus
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TABLE 1 | Comparative effects of HTLV regulatory proteins on NF-kB pathways.

Tax-1 Tax-2 References
Canonical NF-kB transactivation + + Sun et al., 1994
Non-canonical NF-kB + — Higuchi et al., 2007
transactivation
NF-kB transactivation (lipid raft + — Huang et al., 2009
translocation of IKK)
Interaction with p100/p52 + - Shoiji et al., 2009
Interaction with p65 + + Zhao et al., 2009; Panfil
etal.,, 2016
HBZ APH-2  References
Canonical NF-kB inhibition + + Zhao et al., 2009; Panfil
et al., 2016
Non-canonical NF-kB inhibition — nd Zhao et al., 2009
Interaction with p65 + + Zhao et al., 2009; Panfil
etal., 2016
Inhibition of Tax-mediated + nd Zhao et al., 2009
transactivation of NF-«kB
Binding to Tax - + Marban et al., 2012
Inhibition of p65 DNA binding + nd Zhao et al., 2009
capacity
P65 degradation + - Panfil et al., 2016
Inhibition of p65 acetylation + nd Wurm et al., 2012

nd, Not determined.

promoting ATL cells proliferation (Hagiya et al., 2011). HBZ also
induces the expression of the anti-apoptotic genes BCL2 and Flip,
interacting with C/EBPa and deregulating the C/EBP signaling
(Zhao et al., 2013). Both Tax-1 and HBZ are involved in the
inhibition of the tumor suppressor p53. In particular, Tax inhibits
p53 activity through the p65 subunit of NF-kB or by sequestering
p300/CBP from p53 (Ariumi et al., 2000; Karimi et al., 2017).
Recent studies revealed that HBZ, by binding p300/CBP, inhibits
p53 acetylation and decreases the p53 activity (Wright et al.,
2016).

The selectivity of HBZ in inhibiting the classical NF-kB
pathway opens an interesting area of investigation on the role of
the non-canonical NF-kB pathway in tumorigenesis. During ATL
development, HBZ might downmodulate the classical NF-kB
pathway more efficiently when Tax expression is silenced, leading
to predominant activation of the alternative pathway (Zhao
et al., 2009). It has also been demonstrated that freshly isolated
ATL cells display high expression levels of NIK, persistent
phosphorylation of IkBa, aberrant processing of p52, and nuclear
translocation of p50, p52, and RelB, despite the absence of Tax-1
expression (Chan and Greene, 2012).

Genetic and epigenetic alterations, including miRNAs
expression profile, have been intensively investigated in the
genome of ATL patients (Yeung et al., 2008; Bellon et al,
2009; Yamagishi and Watanabe, 2012; Watanabe, 2017). It
has been proposed that the genomic instability may derive
from Tax inhibition of DNA double-strand break repair and
induction of micronuclei formation. ATL cells are characterized
by frequent gain-of-function alterations of genes involved in
the T-cell receptor/NF-kB signaling pathway, such as PLCGI,

PKCB, and CARD11 or loss-of-function mutations in upstream
factors, such as TRAF3 (Cook et al., 2017; Kogure and Kataoka,
2017). Mutations or intragenic deletions of these genes result
in NF-kB induction in the absence of Tax-1. A progressive
epigenetic downregulation of miR-31 has been demonstrated
in ATL (Fujikawa et al, 2016). Of note, miR-31 negatively
regulates the expression of NIK and miR-31 loss in ATL
triggers the persistent activation of NF-kB, inducing apoptosis
resistance and contributing to the abnormal proliferation of
cancer cells (Yamagishi et al., 2012). In addition, Fujikawa et al.
(2016) showed that Tax-mediated NF-kB activation induces
the over-expression of the histone-lysine methyltransferase,
EZH?2, leading to host epigenetic machinery deregulation. It has
been proposed that EZH2 may contribute to NF-kB activation
through miR-31 silencing and consequently NIK induction, in a
positive feedback loop (Sasaki et al., 2011; Fujikawa et al., 2016).
Genetic mutations have been also suggested to cause IL-17RB
overexpression which triggers classical NF-kB activation by
an autocrine-loop in a subset of Tax-negative ATL cell lines
(Lavorgna et al., 2014).

CONCLUSIONS AND PERSPECTIVES

HTLV-1 appears to benefit from the antagonistic functions of
Tax and HBZ in the deregulation of cellular signaling pathways,
resulting in the loss of control of many biological processes
such as proliferation and survival of HTLV-1-infected cells. The
interplay between Tax and HBZ on NF-«kB regulation has a
prominent role in viral persistence in ATL cells, thus contributing
to leukemic transformation. The intensive studies conducted in
recent years aimed at understanding the effect of Tax constitutive
activation and HBZ inhibition of NF-kB have contributed to
further elucidate the molecular mechanism of NF-kB activation.
However, several open questions about its functional role in ATL
development still need to be addressed: the exact role of the
persistent NF-kB activation in ATL cells; the contribution to
tumorigenesis of the alternative pathway activation; the role of
the different mechanisms that are adopted by HBZ and APH-2
to interfere with NF-«kB activation; the dynamic organization of
lipid raft complexes in HTLV-1 infected cell. It is hoped that the
application of the CRISPR/Cas9 genome editing new technique
will offer a useful tool to investigate the requirement of specific
interactions of Tax and HBZ with cell factors that activate the
mechanisms driving to tumorigenesis.
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Human T-lymphotropic virus 1 (HTLV-1) immortalizes T-cells and is the causative agent
of adult T-cell leukemia/lymphoma (ATLL). HTLV-1 replication and transformation are
governed by multiple interactions between viral regulatory proteins and host cell factors
that remain to be fully elucidated. The present study investigated the impact of HTLV-1
infection on the expression of miR-34a, a microRNA whose expression is downregulated
in many types of cancer. Results of RT-PCR assays showed that five out of six HTLV-
1-positive cell lines expressed higher levels of miR-34a compared to normal PBMC
or purified CD4+ T-cells. ATLL cell line ED, which did not express miR-34a, showed
methylation of the miR-34a promoter. Newly infected PBMC and samples from 10
ATLL patients also showed a prominent increase in miR-34a expression compared to
PBMC controls. The primary miR-34a transcript expressed in infected cell line C91PL
contained binding motifs for NF-kB and p53. Pharmacological inhibition of NF-kB with
Bay 11-7082 indicated that this pathway contributes to sustain miR-34a levels in
infected cells. Treatment of infected cell lines with the p53 activator nutlin-3a resulted
in a further increase in mMiR-34a levels, thus confirming it as a transcriptional target of
p53. Nutlin-3a-treated cells showed downregulation of known miR-34a targets including
the deacetylase SIRT1, which was accompanied by increased acetylation of p53, a
substrate of SIRT1. Transfection of C91PL cells with a miR-34a mimic also led to
downregulation of mMRNA targets including SIRT1 as well as the pro-apoptotic factor
BAX. Unlike nutlin-3a, the miR-34a mimic did not cause cell cycle arrest or reduce cell
viability. On the other hand, sequestration of miR-34a with a sponge construct resulted
in an increase in death of C91PL cells. These findings provide evidence for a functional
role for miR-34a in fine-tuning the expression of target genes that influence the turnover
of HTLV-1-infected cells.

Keywords: HTLV-1, miR-34a, p53, nutlin-3a, adult T-cell leukemia/lymphoma

INTRODUCTION

Human T-lymphotropic virus 1 (HTLV-1) infects approximately 5-10 million people worldwide
(Gessain and Cassar, 2012). About 5% of infected individuals develop an aggressive malignancy
of mature CD44 T-cells termed adult T-cell leukemia/lymphoma (ATLL) or a progressive
demyelinating neurological disease termed tropical spastic paraparesis/HTLV-associated
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myelopathy (TSP/HAM) (Poiesz et al, 1980; Yoshida et al,
1982; Gessain et al., 1985; Osame et al., 1986). The transforming
potential of HTLV-1 is attributable primarily to the viral proteins
Tax (reviewed by Currer et al., 2012) and HBZ (reviewed by Ma
et al., 2016), which are each capable of inducing hematological
malignancies when expressed as transgenes in mice (Hasegawa
et al., 2006; Satou et al., 2011). However, the long clinical latency
and low penetrance of ATLL suggest that other viral and cellular
factors contribute to determine the fate of HTLV-1-infected cells
(for a recent review on HTLV-1, see Bangham, 2017).

The emerging importance of microRNAs (miRNAs) as fine-
tuners of gene expression has prompted studies of the interplay
between HTLV-1 and the miRNA network. The first such study
showed that HTLV-1-infected cell lines express high levels of
miR-21, miR-24, miR-146a, and miR-155 and reduced levels
of miR-223 compared to normal CD4+ T-cells and uninfected
T-cell lines (Pichler et al., 2008). ATLL cells also exhibit important
differences in miRNA expression compared to normal peripheral
blood mononuclear cells (PBMC) or CD4+ T-cells (Yeung et al.,
2008; Bellon et al., 2009; Yamagishi et al., 2012). The first miRNA
profiling study of ATLL samples revealed elevated expression
of miR-93 and miR-130b, which target the mRNA coding for
the pro-apoptotic protein TP53INP1 (Yeung et al, 2008). An
analysis of a large panel of ATLL samples revealed an overall
downregulation of miRNAs, including miR-31, an important
target of which is NIK, an activator of the NF-kB pathway
(Yamagishi et al., 2012). miR-145 is downregulated in HTLV-1-
positive cell lines and ATLL samples, a property that correlates
with poor ATLL patient survival; furthermore, miR-145 has
growth suppressive effects when expressed in an ATLL cell line
(Xia et al, 2014). Downregulation of miR-150 and miR-223
in HTLV-1-transformed cells results in loss of control of their
target STAT1 (Moles et al., 2015). The viral proteins Tax, Rex,
and HBZ interfere with the production of mature miRNAs by
promoting degradation of Drosha (Tax; Van Duyne et al., 2012)
and by inhibiting Dicer expression (HBZ; Gazon et al., 2016)
and Dicer activity (Rex; Abe et al.,, 2010). On the other hand,
Tax can upregulate expression of miR-130b (Yeung et al., 2008),
miR-146a (Pichler et al., 2008; Tomita et al., 2009), and miR-
155 (Tomita, 2012); TRAF6, an adaptor protein involved in a
variety of signal transduction pathways, was identified as a target
of miR-146a in HTLV-1-infected cell lines (Tomita et al., 2009).
HBZ upregulates miR-17 and miR-21, which target proteins that
control chromatin remodeling (Vernin et al., 2014). Binding of
the HTLV-1 genomic RNA by miR-28-3p interferes with reverse
transcription, thereby blocking productive infection (Bai and
Nicot, 2015).

In a previous analysis of small RNA libraries, we observed
that miR-34a, a highly conserved miRNA that is a component
of the p53 pathway and is downregulated in many types of
cancer (reviewed by Hermeking, 2010; Slabakova et al., 2017),
was more abundant in HTLV-1-infected cell lines C91PL and
MT-2 compared to control CD4+ cells (Ruggero et al., 2014).
As described below, further investigation of the expression of
miR-34a confirmed its upregulation in the context of HTLV-1
infection and identified targets with key roles in cell survival and
death.

MATERIALS AND METHODS

Cell Culture

HTLV-1-positive T-cell lines HUT-102 (Poiesz et al., 1980),
C91PL (Popovic et al, 1983), MT-2 (Popovic et al., 1983),
C8166 (Bhat et al., 1993), ATL-2 (Maeda et al., 1985), and ED-
40515(-) [an IL-2-independent subclone (Arima et al., 1992)
of ED-40515 (Maeda et al., 1985), referred to as ED in the
present study] and the T-ALL cell line Jurkat were maintained
in RPMI-1640 (Sigma-Aldrich or Euroclone) supplemented with
10% fetal bovine serum (FBS, Invitrogen), 100 units/mL penicillin
and 20 units/mL streptomycin (Euroclone, complete RPMI).
HeLa cells were maintained in Dulbecco’s Modified Eagles
Medium (DMEM, Sigma-Aldrich or Euroclone) supplemented
with 10% FBS and penicillin/streptomycin. Genetic profiling
was carried out on the cell lines with the PowerPlex 16 HS
kit (Promega, Raimondi et al., 2017). CD4+ cells were isolated
from normal peripheral blood mononuclear cells (PBMC)
using the MACS CD4+ T cell Isolation Kit II or MACS
CD4 Microbeads (Miltenyi Biotec). The resulting preparations
contained >90% CD44 cells measured by flow cytometry
using a PE-labeled anti-CD4 antibody (Becton Dickinson).
PBMC samples from ATLL patients (described in Pise-Masison
et al., 2009) were collected in the context of National Cancer
Institute Institutional Review Board-approved studies (IRB nos.
00-C-0030 and 03-C-0194) with informed consent obtained
from all subjects in accordance with the Declaration of
Helsinki.

Infection of PBMC

C91PL cells were lethally irradiated (69.5 Gy). PMBC from two
blood donors were cultured for 3 h and monocytes/macrophages
were depleted by adhesion. 2 x 10° irradiated C91PL cells
were cultured together with 2.5 x 10® PBMC in a total volume
of 45 mL complete RPMI supplemented with 500 pg/mL
phytohemagglutinin (PHA, Sigma-Aldrich). Control cultures
containing only irradiated C91PL cells or PBMC stimulated
with PHA were set up in parallel. After 2 days, cultures were
supplemented interleukin-2 (IL-2, 20 U/mL, Roche). The control
irradiated C9IPL cells were dead after 2 weeks. RNA was
isolated from aliquots of the stimulated PBMC after 8 days’
culture and from aliquots of the co-cultures at days 30 and 72.
Genomic DNA was isolated at the 72-day time point using a
salting-out method (Qiagen Flexigene kit) and analyzed by PCR
with primers specific for the HTLV-1 U5-gag region (Ruggero
et al, 2014); PCR with primers specific for the pri/pre-miR-
34a region (see below) served as a control. PCR products were
separated in non-denaturing polyacrylamide gels, stained with
GelRed (Biotium) and photographed using a Cambridge UVTEC
system.

RNA Isolation
Total RNA was isolated using TRIZol (Life Technologies) or
TriReagent (Sigma-Aldrich) according to the manufacturer’s
protocol and quantified using a Nanodrop or Implen
spectrophotometer.
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Sequencing of the TP53 Open Reading

Frame

Total RNA was reverse-transcribed using the Superscript VILO
cDNA Synthesis Kit (Invitrogen) according to the manufacturer’s
protocol. The resulting cDNA was PCR-amplified using TP53-
specific primers described elsewhere (Muscolini et al., 2008).
Amplicons were subjected to Sanger sequencing (Bigdye Kkit,
Applied Biosystems) and analyzed on a 3730x] DNA Analyzer
(Applied Biosystems). The resulting sequences were compared
to NCBI p53 transcript reference sequence NM_000546.5 using
Finch TV Version 1.4.0 (Geospiza).

miR-34a Promoter Methylation Analysis
Genomic DNA (500 ng) was subjected to bisulfite conversion,
desulfonation and column-purification (EZ DNA Methylation-
Gold kit, Zymo Research). One-tenth of the eluted DNA
was PCR-amplified using primers specific for methylated and
unmethylated CpG sites in a 170-bp segment spanning chrl nt
9182497-9182328 (complementary strand; Chim et al., 2010).
PCR products were separated by non-denaturing PAGE in 2%
agarose gels. The efficiency of bisulfite conversion was evaluated
by subjecting the methylated-MSP product obtained for cell line
ED to Sanger sequencing as described above.

RACE

Total RNA isolated from C91PL cells was subjected to RACE
(rapid identification of cDNA ends) using the FirstChoice RLM
RACE kit (Ambion) according to the manufacturer’s instructions.
The 5’RACE was carried out using outer primer 5RACE P1
(AGAGCTTCCGAAGTCCTGG) and inner primer 5RACE P2
(TTGCTCACAACAACCAGCTAAGA) described by Navarro
et al. (Navarro et al, 2009). 3’RACE was performed using
outer primer 3'RACE P1 (GGACTTCGGAAGCTCTTCTG)
and inner primer 3'RACE P2 (TGGGAAAGTGAGCTCCAGG).
Second-round PCR products were separated on non-denaturing
acrylamide gels. The most abundant product was eluted and
sequenced using primer 5 RACE P2 or 3'RACE P2.

Quantitative RT-PCR

Total RNA was subjected to reverse transcription and qPCR
using Taqgman microRNA assays (Applied Biosystems) and a
7900HT Fast (Applied Biosystems) or LightCycler 480 (Roche)
thermal cycler. RNU44 served as an endogenous control.
Results were analyzed by relative quantification using the
27 AACT method and a calibrator specified in the figure legends.
A threshold cycle (Cr) of 35 was considered “undetermined.”
For mRNA expression analysis, RNA was treated with DNase
I (Invitrogen) and then reverse-transcribed using SuperScript
IT reverse transcriptase (Invitrogen) and random hexamers
(Applied Biosystems) (Figures 5, 7 and Supplementary
Figures 1, 4) or with the Superscript VILO cDNA Synthesis
Kit (without DNAse treatment) (Supplementary Figure 3).
cDNA was PCR-amplified by using a SYBR Green master
mix (Roche or Thermo Scientific) and the following primer
pairs: CDKN1A-s (AGACTCTCAGGGTCGAAAAC) and
CDKNI1A-as (TTCCAGGACTGCAGGCTTC); pri/pre-miR-

34a-s (TGGCAGTGTCTTAGCTGGTTG) and pri/pre-miR-
34a-as (GGCAGTATACTTGCTGATTGCTT) (Jiang et al,
2005); TP53INP1-s (CTTCCTCCAACCAAGAACCAG) and
TP53INPI1-as (CAAGCACTCAAGAGATGCCG); BAX-s (GTC
TTTTTCCGAGTGGCAGC) and BAX-as (AGGAAGTCCAA
TGTCCAGCC); BIRC5-s (TTCTCAAGGACCACCGCATC)
and BIRC5-as (TGAAGCAGAAGAAACACTGGG); SIRTI-s
(ACATAGACACGCTGGAACAGG) and SIRT1-as (GATAGCA
AGCGGTTCATCAGC); TP53-s (TGGAAGGAAATTTGCGTG
TGG) and TP53-as (CCAGTGTGATGATGGTGAGG); ACTB-s
(AGCACAGAGCCTCGCCTTTG) and ACTB-as (GGAATCCT
TCTGACCCATGC); B2M-s (TGACTTTGTCACAGCCCAAG)
and B2M-as (TTCAAACCTCCATGATGCTG); GAPDH-s
(GAAGGTGAAGGTCGGAGTC) and GAPDH-as (GAAGAT
GGTGATGGGATTTC). PCR reactions were set up in duplicate
or triplicate and amplified in a LightCycler 480 thermal cycler;
ACTB (B-actin), B2M (B-2 microglobulin) or GAPDH was used
as an endogenous control. RT-PCR to detect viral transcripts was
performed as described elsewhere (Rende et al., 2011). Primers
were synthesized by Sigma-Genosys.

Plasmids and Transfections

Plasmid pGFP-miR-34a-sponge was constructed by inserting the
GFP coding sequence followed by four miR-34a target sequences
into pcDNA3.1 (Invitrogen); a control plasmid lacking the
miR-34a target sequences (GFP-control) was also cloned. The
inserts were obtained from previously described retroviral vectors
(Rao et al., 2010). In Figure 4C, HeLa cells were transfected
using PolyJet transfection reagent (SignaGen Laboratories). In
Figure 7, C91PL cells were electroporated as described (Silic-
Benussi et al., 2010). DNA transfection mixtures and incubation
times are indicated in the figure legends.

Drug Treatments

Bay 11-7082 and nutlin-3a (Sigma-Aldrich) were dissolved in
dimethyl sulfoxide (DMSO, Hybrimax; Sigma-Aldrich). Cells
were seeded in tissue culture plates at 300,000 cells/mL and
treated with the drugs or with the same volume of DMSO (final
dilution, 0.1%) for 48 h. Nutlin-3a was substituted with nutlin-3
(Tocris Bioscience) in some replicates; no substantial difference
was noted in the effects of the two preparations.

Immunoblotting

Cells were lysed in Cell Disruption Buffer (Ambion) containing
inhibitors of proteases and phosphatases (Complete and
PhosSTOP, Roche); samples to be analyzed for p53 acetylation
were supplemented with 10 mM nicotinamide (Sigma-Aldrich)
to inhibit deacetylases. Samples were analyzed with a Bradford
protein assay (Bradford, 1976), balanced for total protein
and subjected to SDS-PAGE followed by electrotransfer to
nitrocellulose membrane (GE Healthcare). Blots were saturated
in non-fat milk (Euroclone) and incubated with rabbit anti-
GAPDH antibody (Genetex), rabbit anti-B-actin polyclonal
antibody (Sigma-Aldrich), rabbit anti-acetylated p53 antibody
(Lysine-382, Cell Signaling), goat anti-p53 polyclonal antibody,
and rabbit anti-SIRT1 polyclonal antibody (both from Santa Cruz
Biotechnology) followed by horseradish peroxidase-conjugated
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secondary antibodies (Pierce or GE Healthcare). Immunoreactive
bands were detected using Femto (Pierce) or LiteAblot Turbo
(Euroclone) chemiluminescence reagent and a digital imager
(BioRad ChemiDoc XRS or Cambridge UVTEC).

Analyses of Cell Turnover

For cell cycle analysis, cells were fixed in ethanol (Sigma-
Aldrich), stained with propidium iodide (Sigma-Aldrich) in the
presence of RNase A (Qiagen) and analyzed by flow cytometry
using a FACSCalibur (BD, FL2-A setting) and ModFit software.
Uptake of Live-Dead Far Red (Molecular Probes) was measured
according to the manufacturers instructions. Conversion of
3-(4, 5-dimethylthiazol-3-yl)-2,5-diphenyl tetrazolium bromide
(MTT, Sigma-Aldrich) to blue formazan (MTT test; Mosmann,
1983) was measured using a standard protocol.

RESULTS

miR-34a Expression Is Increased in
HTLV-1-Positive Cell Lines and Samples

From ATLL Patients

Figure 1A shows the results of quantitative RT-PCR (qRT-PCR)
to detect miR-34a in normal PBMC samples and in the HTLV-
1-positive cell lines C91PL, MT-2, HUT-102, C8166, ATL-2,
and ED, and in the uninfected cell lines HeLa and Jurkat;
results were scaled against values measured in normal PBMC.
These assays revealed that, with the exception of ED cells,
all of the HTLV-1-positive cell lines expressed much higher
levels of miR-34a compared to PBMC, HeLa, and Jurkat cells.
Additional assays carried out on 11 samples of purified CD4+
cells from healthy donors indicated variable levels of miR-34a,
which were lower than those measured in unfractionated PBMC
(Figure 1B).

Results of qRT-PCR on PBMC isolated from 10 ATLL patients
(described in Figure 1C and Pise-Masison et al., 2009) revealed
increased levels of miR-34a in all of the patients samples
compared to the PBMC calibrator (mean 32-fold increase;
Figure 1C).

Analysis of miR-34a Promoter
Methylation Status in HTLV-1-Positive
Cell Lines

The miR-34a gene is coded on the complementary strand of
chromosome 1p36.22, a region that is frequently deleted in cancer
(Calin et al, 2004). The miR-34a primary RNA (pri-miRNA)
contains two or more exons. The region upstream of exon 1
contains many CpG dinucleotides that can be methylated, an
event that contributes to the silencing of miR-34a expression
in various tumor-derived cell lines and solid cancers, and in
some hematological malignancies (Lodygin et al., 2008; Chim
etal, 2010; Craig et al., 2011). The substantial difference in miR-
34a levels detected in the cell lines shown in Figure 1A led us
to investigate the methylation status of the miR-34a promoter
by performing methylation-specific PCR (MSP) on a 170-bp

segment of the miR-34a promoter region as described (Ng et al.,
2014).

Results of MSP showed that the miR-34a promoter was
substantially methylated in Jurkat and ED cells, but not in cell
lines C91PL, MT-2, HUT-102, C8166, or ATL-2 (Figure 2). HeLa
cells and normal PBMC also did not yield methylated products.
Sequencing analysis of the methylated PCR product obtained
for ED cells confirmed efficient bisulfite conversion and revealed
methylation of 13 CpGs lying internal to the MSP PCR primers
(data not shown).

miR-34a Is Upregulated in Newly
Infected PBMC

To further examine the link between HTLV-1 infection and miR-
34a expression, PBMC from two healthy donors were infected
with HTLV-1 through co-cultivation with lethally irradiated
CI1PL cells and then analyzed by qRT-PCR. Results showed
a progressive increase in miR-34a levels after 30 and 72 days
of culture compared to the uninfected PBMC (left-hand graph,
Figure 3A). The infected cultures also showed an increase in the
levels of miR-146a, a miRNA that is known to be upregulated
by Tax-mediated NF-kB stimulation (Pichler et al., 2008; Tomita
et al., 2009; right-hand graph, Figure 3A). Results of end-point
PCR on genomic DNA isolated at day 72 of the experiment
using primers specific for the HTLV-1 gag gene confirmed
that both co-cultures were HTLV-1-infected (Figure 3B). Short
tandem repeat (STR) analysis yielded distinct profiles for the
two co-cultures and the C91PL cell line, thus verifying that
the co-cultures no longer contained input C91PL cells (table in
Figure 3B).

Identification of a Spliced pri-miR-34a in

C91PL Cells

Alternatively spliced miR-34a pri-miRNAs have been identified
in different cell contexts. 5RACE and 3'RACE on total RNA
isolated from C91PL cells followed by sequencing analysis yielded
a 2-exon pri-miR-34a of 894 nt (Figure 4A). This pri-miRNA
is similar to a miR-34a precursor designated EF592573.1 that
was previously identified in HeLa cells (Figure 4A; Chang
et al,, 2007). It is noteworthy that exon 1 of this pri-miRNA
contains a binding site for NF-kB and a binding site for p53
that were shown to be engaged by these transcription factors
in other cell systems (Tarasov et al., 2007; Li et al, 2012).
Another miR-34a pri-miRNA designated EF570048.1, which was
identified in a lung cancer cell line induced to express p53
(Tarasov et al., 2007), does not contain the p53- and NF-«kB
binding sites in exon 1 and contains a longer exon 2 sequence
(Figure 4A).

The presence of an NF-kB binding site in the miR-34a pri-
miRNA identified in C91PL cells was of interest, as constitutive
activation of the NF-kB pathway is a hallmark of HTLV-1
infection/transformation (reviewed by Sun and Yamaoka, 2005).
This led us to test the effects of the NF-kB inhibitor Bay 11-
7082 (Pierce et al., 1997) on miR-34a expression in C91PL and
MT-2 cells. As shown in Figure 4B, treatment with Bay 11-7082
led to a dose-dependent reduction in miR-34a levels in both cell
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FIGURE 1 | Expression of miR-34a in normal CD4+ cells, HTLV-1-infected cell lines, and ATLL samples. miR-34a was detected by qRT-PCR as described in the
Section “Materials and Methods,” with values measured in PBMC samples from healthy donors used as a calibrator (set at 1 in graphs). Panel (A) shows miR-34a
levels in the indicated cell lines. Bars represent mean values from three to seven samples of cells with standard error. *miR-34a was below the limit of detection in
cell lines ED and Jurkat. Panel (B) shows the expression of miR-34a in 11 samples of normal unstimulated CD4+ cells. The mean relative expression value for
miR-34a in the CD4+ cell samples was 0.316 (bar labeled CD4+ mean). Panel (C) shows expression of miR-34a in 10 ATLL samples. The mean relative expression
value for miR-34a in the ATLL samples was 31.91 (bar labeled ATLL mean). The table reports characteristics of the ATLL patients. Patient number 24 had ATLL
manifested as a lymphoma. M, male; F, female; RIT, radioimmunotherapy; Zenapax, humanized monoclonal antibody against IL-2Ra; CHOP, cyclophosphamide,
doxorubicin, vincristine, and prednisone; CVP, cyclophosphamide, vincristine, and prednisone.

lines, thus suggesting that NF-kB contributes to sustain miR-34a
expression. A previous study showed that treatment of HTLV-
1-infected cell lines and primary ATLL cells with Bay 11-7082
caused a reduction in the expression of NF-kB-responsive genes,
accompanied by reduced cell viability and increased apoptosis
(Mori etal., 2002). In line with these findings, we observed a dose-
dependent loss of viability in the Bay 11-7082-treated C91PL and
MT-2 cultures (Figure 4B).

miR-34a was previously observed to be upregulated in
the Epstein-Barr virus (EBV)-infected B-cells through LMP1-
mediated stimulation of the NF-kB pathway (Forte et al., 2012).

The ability of Tax to activate NF-kB, CREB, and other
transcription factors led us to test its effects on the expression
of miR-34a in HelLa cells transfected with wildtype Tax and
Tax mutants defective for activation of NF-kB or CREB. Results
showed that miR-34a expression was increased by about twofold
by wildtype Tax, and by about 1.5-fold by NF-kB-pathway-
defective TaxM22, while TaxM47, defective for CREB activation,
did not substantially affect miR-34a levels (Figure 4C). In
contrast, miR-146a, known to be regulated by NF-kB, was
strongly induced by wildtype Tax and TaxM47, but not by
TaxM22.
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FIGURE 2 | miR-34a promoter methylation in cell lines. Genomic DNA from
normal PBMC and the indicated cell lines was subjected to MSP as described
in the Section “Materials and Methods.” Shown are resulting PCR products
after separation in 2% agarose gels. The first lane in each image contains a
100-bp DNA marker (Sharpmass 100, Euroclone). Identical results were
obtained for a second DNA sample of each cell type; Jurkat cells are shown
as an example.

p53 Activation Enhances miR-34a

Expression in HTLV-1-Positive Cell Lines
We next investigated the effects of activation of p53 on miR-
34a expression in C91PL and MT-2 cells, which were reported
to produce wildtype p53 that is however functionally defective
(Cereseto et al., 1996; Kamihira et al., 2001; Hasegawa et al., 2009).
To activate p53 we treated the cell lines with nutlin-3a, which
stabilizes p53 through inhibition of MDM2 (Vassilev et al., 2004).
Results of qRT-PCR showed that nutlin-3a treatment resulted in
increased expression of the p53 target genes CDKN1A (coding
for p21Wafl/Cipl), TP53INPI, pri/pre-miR-34a, and mature
miR-34a (Figure 5A).

qRT-PCR analysis to compare the expression of 12 other
miRNAs in C91PL cells (Supplementary Figure 1) revealed that
most of the tested miRNAs were downregulated by nutlin-3a,
including miR-93 and miR-130b, whose levels are elevated in
HTLV-1-positive cell lines and ATLL samples (Yeung et al,
2008). Of note, miR-125b, which is known to repress p53
expression in neuroblastoma cells and fibroblasts (Le et al,
2011), was upregulated with nutlin-3a treatment (Supplementary
Figure 1).

We next investigated the expression of miR-34a target mRNAs
coding for the NAD™-dependent protein deacetylase SIRT1
(Yamakuchi et al., 2008), the inhibitor of apoptosis (IAP) family
member BIRC5 (Survivin; Chen et al., 2010; Kaller et al., 2011;
Shen et al., 2012) and the pro-apoptotic protein BAX (Fan and
Wang, 2016). qRT-PCR results demonstrated a ~50% reduction
in the SIRT1 mRNA, a more substantial reduction in BIRCS,
and a marginal increase in the BAX mRNA (Figure 5B). The
strong reduction in BIRC5 was likely due to the combined effect

of miR-34a and transcriptional repression p53 (Hoffman et al.,
2002), while the modest increase in BAX could be explained by
the fact that BAX is both a target for repression by miR-34a
and for transcriptional upregulation by p53 (Miyashita et al.,
1994). Consistent with previous studies (Hasegawa et al., 2009)
and with its effects on CDKN1A expression, nutlin-3a caused a
block of C91PL and MT-2 cells in GO/G1 (Figure 5C), a reduction
in viability (measured using the MTT assay Figure 5D), and
increased staining with annexin V, a marker of apoptosis (data
not shown). Increased levels of CDKNIA and miR-34a and a
reduction in the levels of SIRT1 and cell viability were also
observed in nutlin-3a-treated HUT-102 cells (Supplementary
Figure 2). Results of cDNA sequencing confirmed that cell lines
C91PL, MT-2, and HUT-102 coded for wildtype p53 protein (data
not shown).

Engagement of the miR-34a-p53
Feedback Loop in Nutlin-3a-Treated

Cells

Substrates of SIRT1 include lysine 382 of p53 (Nakamura et al,,
2000; reviewed by Martinez-Redondo and Vaquero, 2013), whose
deacetylation interferes with the tumor suppressor’s functional
activity (reviewed by Reed and Quelle, 2014). We therefore
measured the effects of nutlin-3a on the levels of SIRT1 protein,
total p53, and lysine 382-acetylated p53. Results showed that
nutlin-3a treatment produced a reduction in the levels of SIRT1
(Figure 6A), and an increase in total p53 and acetylated p53
(Figure 6B), with a relative increase in acetylation on lysine
382 (graph, Figure 6B). This observation indicated that nutlin-
3a engages the p53-miR-34a-SIRT1 positive feedback loop in
infected cells.

Effects of an miR-34a Mimic and Sponge

in C91PL Cells

To verify that SIRT1, BIRC5, and BAX represent direct targets
of miR-34a in our cell system, we electroporated C91PL cells
with a synthetic miR-34a mimic or control RNA. Results of
RT-PCR revealed that the mimic-transfected cells had increased
levels of miR-34a and reduced levels of the SIRT1, BIRC5, and
BAX mRNAs (Figure 7A), thus providing direct evidence for
targeting of these mRNAs by miR-34a. Immunoblot analysis
confirmed the downregulation of SIRT1 protein in the miR-
34 mimic-transfected cells (Figure 7A, right panel). However,
the miR-34a mimic did not have a substantial effect on the
levels of mRNAs coding for the p53 targets CDKN1A and
TP53INPI, nor did it affect the cell cycle profile or cell viability
(Figure 7B).

Studies of miR-34a in EBV-infected cells showed that its
functional knockdown results in increased cell death (Forte
et al, 2012). In an analogous experiment, we electroporated
CI1PL cells with a GFP expression plasmid containing four
binding sites for miR-34a in its 3'UTR (“GFP-sponge”) or
with a control GFP plasmid lacking the miR-34a binding
sites; all transfections included a plasmid expressing LNGFR
as a transfection standard. Results of flow cytometry analyses
after 3 days of culture showed that while the control- and
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FIGURE 3 | Changes in miR-34a and miR-146a levels upon infection of PBMC. Panel (A) shows miR-34a and miR-146a levels in PBMC from two healthy donors
(distinguished by light- and dark gray bars) harvested 7 days after stimulation with PHA and IL-2 (Controls) and 30 or 72 days after PHA/IL-2 stimulation and
co-cultivation with lethally irradiated C91PL cells. Relative expression values were calculated using the control PBMC as calibrators (set at 1 in the graphs). Panel (B)
shows results of PCR to detect HTLV-1 sequences (lanes labeled HTLV-1) in the genomic DNA of infected PBMC cultures #1 and #2 at day 72. PCR to detect the
pre-miR-34a genomic region (lanes labeled pre-miR-34a) served as a control for amplification of genomic DNA, and genomic DNA from C91PL cells and from PBMC
of an uninfected donor (CTR) served as positive and negative controls for amplification of HTLV-1 DNA. The table reports values for selected short tandem repeat

markers that distinguished the infected PBMC cultures from input C91PL cells.

sponge-transfected cells expressed similar levels of LNGFR,
the expression of the GFP-miR-34a sponge was considerably
lower than that of the GFP control (Figure 7C, left panel),
an indication that endogenous miR-34a was silencing the
sponge construct. An analysis of Live/Dead Far Red staining
revealed an increase in death in the cultures transfected with
the miR-34a-sponge compared to cells transfected with the
control plasmid (Figure 7C, right panel). These observations
provide evidence that, in analogy to observations made in
EBV-infected B-cells, miR-34a favors the survival of C91PL
cells.

DISCUSSION

Accumulated data indicate that HTLV-1 infection has an
important impact on the pattern of microRNA expression in the
host cell (reviewed by Moles and Nicot, 2015). In the present
study we provide evidence indicating that HTLV-1 infection
results in a substantial upregulation of miR-34a expression
(Figure 3) that is sustained in most HTLV-1-positive cell lines
(Figure 1A). Interestingly, miR-34a is also elevated in primary
PBMC samples from ATLL patients (Figure 1C), suggesting that
high miR-34a levels provide a selective advantage to HTLV-1-
infected cells in vivo that persists during the complex process of
transformation.

The hypothesis that, rather than representing a functionally
irrelevant side effect of infection, upregulation of miR-34a
contributes a pro-survival advantage to HTLV-1-infected cells
is supported by the observation that its functional knockdown

resulted in an increase in death of C91PL cells (Figure 7C) and is
in line with observations made in EBV-infected cells (Forte et al.,
2012).

The presence of an NF-kB binding site in the spliced pri-
miR-34a identified in C9IPL cells (Figure 4A) along with
the observation that pharmacological inhibition of NF-kB with
Bay 11-7082 resulted in a reduction of miR-34a expression in
C91PL and MT-2 cells (Figure 4B) suggested that this pathway
contributes to sustain miR-34a levels in HTLV-1-infected cells.
However, we cannot exclude the possibility that the effect of Bay
11-7082 on miR-34a levels in part reflected a general inhibition
of gene expression that accompanied the substantial reduction in
cell viability (Figure 4B).

We considered Tax to be a likely candidate for activating
miR-34a, given its ability to activate the NF-kB pathway. It was
therefore surprising that both wildtype Tax and Tax defective
for NF-kB activation (TaxM22) produced a modest increase in
miR-34a in HeLa cells, while the CREB pathway-defective mutant
(TaxM47) did not induce miR-34a (Figure 4C). While this
result may reflect limitations of this cell line as an experimental
system for studying miR-34a regulation, we must also consider
the possibility that Tax affects miR-34a through its interactions
with CREB (reviewed by Nyborg et al,, 2010) or with other
transcription factor complexes such as AP-1 (reviewed by Gazon
et al., 2017). Furthermore, other viral and cellular factors besides
Tax are likely to play a role in miR-34a expression. This latter
possibility is supported by the fact that ATLL cells express
little or no Tax (Takeda et al., 2004; Yamagishi et al., 2012).
In contrast, ATLL cells consistently express HBZ (Satou and
Matsuoka, 2007). Results of qRT-PCR assays on five of the
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ATLL samples analyzed in the present study (nos. 1, 3, 14,
20, 31) confirmed the presence of HBZ mRNA in all of the
samples, while Tax/Rex mRNA was undetectable (Supplementary
Figures 3A,B). The levels of HBZ mRNA in these samples did not
appear to correlate with their differences in miR-34a expression
(Figure 1C).

Our experiments with nutlin-3a confirmed that miR-34a is
a transcriptional target of p53 in C91PL, MT-2, and Hut-102
cells (Figure 5A and Supplementary Figure 2), and provided
evidence that, by repressing SIRT1, miR-34a reinforces p53

activation (Figures 5B, 6). In contrast, treatment of ED cells
with nutlin-3a did not result in an increase in p53 protein, and
miR-34a remained undetectable (data not shown). This cell line,
which was derived from leukemic cells of an ATLL patient, is
defective for p53 expression (Ju et al., 2014) and contains a
premature stop codon in the Tax open reading frame (Takeda
et al., 2004). An analysis of ATLL sample nos. 1, 3, 14, 20, 31 for
p53 mRNA revealed varying levels of expression (Supplementary
Figure 3C) that did not appear to correlate with levels of miR-34a
(Figure 1C).
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Following the description of miR-34a as a transcriptional
target of p53 (Bommer et al, 2007; Chang et al, 2007;
He et al., 2007; Raver-Shapira et al, 2007; Tazawa et al,
2007), studies of the impact of p53 on the miRNA regulatory
network identified many miRNAs whose expression is increased
due to p53-mediated transcriptional upregulation or through
p53-enhanced processing of miRNA precursors (reviewed by
Hermeking, 2012). miR-145, a miRNA that is upregulated
by p53 through its effects on Drosha-mediated pri-miRNA
processing (Suzuki et al., 2009), is of interest, given its
downregulation in the context of HTLV-1 and ATLL (Xia
et al., 2014). Results of qRT-PCR experiments indicated that
miR-145 is not expressed in untreated or nutlin-3a-treated
C91PL and HUT-102 cells (data not shown). miR-107, which
is upregulated by p53 and regulates hypoxic signaling in
the colon cancer cell line HCT116 (Yamakuchi et al., 2010),
showed a slight reduction in nutlin-3a-treated C91PL cells
(Supplementary Figure 1). The lack of an increase in the levels
of miR-145 and miR-107 upon nutlin-3a treatment suggests
that p53 status might not be a major determinant controlling
expression of these miRNAs in the context of HTLV-1-infected
cells.

In addition to NF-kB and p53, other transcription factors
including the p53 family member TAp73 (Agostini et al., 2011),

ELK1 (Christoffersen et al., 2010), and transcription factors
induced by phorbol esters (Navarro et al., 2009) are capable
of upregulating miR-34a expression in different cell contexts
(reviewed by Slabakova et al., 2017). The possible impact of these
factors in HTLV-1-associated upregulation of miR-34a merits
further investigation.

Results of early studies of miR-34a demonstrated that its
ectopic expression induced cell cycle arrest or apoptosis in many
cell lines (Chang et al., 2007; He et al., 2007; Raver-Shapira et al.,
2007; Tarasov et al., 2007; Welch et al., 2007). These and other
studies prompted the development of strategies to employ miR-
34a to treat cancer (Beg et al, 2017; reviewed by Saito et al,
2015). Electroporation of a miR-34a mimic in C91PL cells led
to a reduction in the expression of SIRT1, BIRC5 (Survivin),
and BAX, thus providing evidence for a direct role for miR-34a
in fine-tuning these targets in the context of HTLV-1 infection
(Figure 7A). However, in our experiments the synthetic miR-34a
mimic was not able to rescue p53 function or reduce cell viability
(Figure 7B).

Studies of miR-34a have placed emphasis on its many
targets that have an impact on cell proliferation and survival,
such as MYC (Christoffersen et al., 2010) and MYCN (Cole
et al.,, 2008), MET (He et al., 2007; Li et al., 2009), CCND1
and CDK6 (Sun et al., 2008), BCL2 (Cole et al., 2008), and
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FIGURE 7 | Effects of a miR-34a mimic and sponge in C91PL cells. In Panels (A) and (B), C91PL cells (4 x 106 cells, 4 jug DNA in 100 wL Buffer R) were
electroporated with a miR-34a-mimic or a control synthetic RNA and analyzed 72 h later for changes in miR-34a and the indicated mRNAs (3-6 experimental
replicates), SIRT1 protein (four replicates), and cell cycle (five replicates). Cell viability measured with the MTT test (four replicates) at the indicated time points after
electroporation was scaled against values obtained for control-electroporated cultures at the corresponding time point. Graphs show mean values and standard
error bars. The immunoblots show a representative experiment to quantify the change in SIRT1 normalized against GAPDH protein. In Panel (C), C91PL cells were
electroporated with pGFP-control or pGFP-miR-34a-sponge (see section “Materials and Methods”) together with pMACS-LNGFR (Miltenyi Biotec, coding for
truncated nerve growth factor receptor) and pBluescript KS+ (included as carrier). Three days later, aliquots of cells were labeled with APC-conjugated anti-LNGFR
antibody (Miltenyi Biotec) or with Live/Dead Far Red (Invitrogen) and FITC-conjugated anti-LNGFR antibody (Miltenyi Biotec) and analyzed with a BD FACSalibur. The
left-hand plot shows the mean fluorescence intensities (MFI) measured for the LNGFR and GFP signals in the GFP+LNGFR double-positive populations from three
transfections with standard error bars. The right-hand plot shows mean % cell death values [=(% of Live/Dead Far Red+LNGFR-labeled cells/total % LNGFR-positive
cells) x 100] from 11 transfections with standard error bars (p = 0.021, Mann-Whitney rank sum test).
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NOTCHI (Ji et al.,, 2008). The possibility that miR-34a favors
survival of HTLV-1-infected cells by modulating expression of
BAX, a known tumor suppressor (Yin et al., 1997), merits further
investigation.

It is noteworthy that SIRT1 is upregulated in HTLV-1-
transformed cells, and particularly in acute ATLL (Kozako et al.,
2012). Experiments carried out in chronically infected cell lines
and ATLL cells showed that siRNA-mediated knockdown of
SIRT1 expression or treatment with sirtuin inhibitors results
in apoptotic death, suggesting that SIRT1 is important for
the survival of HTLV-I-transformed cells (Kozako et al.,
2015; Tang et al, 2015). On the other hand, another study
indicated that SIRT1 interferes with the ability of Tax to
transactivate the LTR promoter (Tang et al, 2015). It is
thus possible that, by modulating SIRT1 expression, miR-
34a might enhance transcription of the viral genome. Along
these lines, it is interesting to note that nutlin-3a substantially
increased the levels of viral mRNAs in C91PL and MT-
2 cells (Supplementary Figure 4A) and in HUT-102 cells
(Supplementary Figure 2B). However, such an increase was not
observed upon electroporation of the miR-34a mimic into C91PL
cells (Supplementary Figure 4B). A thorough understanding of
the impact of miR-34a on HTLV-1-infected T-cells is worthy of
further study, given the current interest in the use of miR-34a
mimics, nutlin-3a analogs, and SIRT1 inhibitors to treat various
cancers.
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The Human T-cell leukemia virus type 1 (HTLV-1)-encoded accessory protein p8 is
cleaved from the precursor protein p12 encoded by the HTLV-1 open reading frame |.
Both p12 and p8 are thought to contribute to efficient viral persistence. Mechanistically,
p8 induces T-cell conjugates and cellular conduits. The latter are considered to facilitate
transfer of p8 to target cells and virus transmission. Transfer of p8 between p8-
expressing T-cells and recipient cells has been analyzed by immunofluorescence and
live imaging. However, automatic quantitation of p8-transfer between cells has not been
studied yet. Here we developed a novel method allowing time saving quantitation of p8
transfer between cells by flow cytometry. After establishing a protocol for the detection of
intracellular p8 by flow cytometry and validation of p8 protein expression by western blot
and immunofluorescence, we set up a co-culture assay between p8-expressing donor
Jurkat T-cells and recipient Jurkat T-cells that had been prestained with a well-retained
live cell dye. Upon quantitating the amount of p8 positive recipient cells with regard to
the percentage of p8 expressing donor cells, time course experiments confirmed that
p8 is rapidly transferred between Jurkat T-cells. We found that p8 enters approximately
5% of recipient T-cells immediately upon co-culture for 5 min. Prolonged co-culture
for up to 24 h revealed an increase of relative p8 transfer to approximately 23% of
the recipient cells. Immunofluorescence analysis of co-culture experiments and manual
quantitation of p8 expression in fluorescence images confirmed the validity of the flow
cytometry based assay. Application of the new assay revealed that manipulation of actin
polymerization significantly decreased p8 transfer between Jurkat T-cells suggesting an
important role of actin dynamics contributing to p8 transfer. Further, transfer of p8 to co-
cultured T-cells varies between different donor cell types since p8 transfer could hardly
been detected in co-cultures of 293T donor cells with Jurkat acceptor cells. In summary,
our novel assay allows automatic and rapid quantitation of p8 transfer to target cells
and might thus contribute to a better understanding of cellular processes and dynamics
regulating p8 transfer and HTLV-1 transmission.

Keywords: HTLV-1, p8, virus transmission, protein transport, flow cytometry

Frontiers in Microbiology | www.frontiersin.org 84

March 2018 | Volume 9 | Article 400


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2018.00400
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2018.00400
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2018.00400&domain=pdf&date_stamp=2018-03-07
https://www.frontiersin.org/articles/10.3389/fmicb.2018.00400/full
http://loop.frontiersin.org/people/533252/overview
http://loop.frontiersin.org/people/436344/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Donhauser et al.

Quantitating p8 Transfer Between Cells

INTRODUCTION

Human T-cell leukemia virus type 1 (HTLV-1), a delta-retrovirus,
infects ca. 5-10 million people worldwide and is the etiologic
agent of adult T-cell leukemia/lymphoma (ATLL) (Poiesz et al.,
1980; Yoshida et al., 1982; Gessain and Cassar, 2012). The virus
is transmitted via cell-containing body fluids such as blood
products, semen, and breast milk (Gross and Thoma-Kress,
2016). Upon integration into the host cell genome, HTLV-1
persists mainly in its provirus form. In vivo, integrated HTLV-1
is mainly detected in CD4* T-cells, and to a less extent in CD8™
T-cells, dendritic cells (DC), or monocytes (Richardson et al,
1990; Macatonia et al., 1992; Nagai et al., 2001; Hishizawa et al.,
2004; de Castro-Amarante et al., 2015; Melamed et al., 2015).
Recent work shows that HTLV-1 infects hematopoietic stem cells
and that these cells differentiate into diverse cell lineages (Furuta
etal., 2017).

Replication of HTLV-1 occurs either by infection of new
cells, or by mitotic division and clonal proliferation of infected
CD4™" T-cells (Carpentier et al., 2015; Turpin et al., 2017). Cell-
cell contacts are a prerequisite for efficient infection of CD4™
T-cells, while DC can be infected cell-free with viral biofilms
(Alais et al., 2015). For infection of CD4™" T-cells, the following
mechanisms have been described: On the one hand, it is proposed
that the virus is transmitted at tight cell-cell contacts via the
virological synapse or via cell surface transfer of viral biofilms
(Igakura et al., 2003; Pais-Correia et al., 2010). On the other hand,
cellular conduits induced by the accessory protein p8 seem to be
important for HTLV-1 transmission (Van Prooyen et al., 2010b).

p8 is a 70 amino acid (aa) protein that is proteolytically
cleaved from the precursor protein p12 encoded by the HTLV-
1 open reading frame I (Fukumoto et al.,, 2009): First, p12 is
cleaved between amino acid (aa) 9/10 to remove an ER-retention
signal. Second, a cleavage between aa 29/30 results in the p8
protein (Fukumoto et al., 2009). While the precursor protein
p12 localizes to the endoplasmatic reticulum (ER) and to the
cis-Golgi apparatus (Koralnik et al., 1993; Ding et al., 2001), p8
lacks an ER-retention signal and localizes to the cytoplasm and
the cell membrane (Fukumoto et al., 2007, 2009). Both p12 and
p8 are thought to contribute to efficient viral persistence (Valeri
etal., 2010; Pise-Masison et al., 2014). Mechanistically, p8 induces
T-cell conjugates and cellular conduits. The latter are considered
to facilitate transfer of p8 to target cells and virus transmission
(Van Prooyen et al., 2010b). The transfer of p8 to neighboring
cells is supposed to induce T-cell anergy by decreasing T-cell
receptor signaling (Fukumoto et al, 2007). Together, these
potential functions of p8 could favor viral persistence in an
immune competent host (Van Prooyen et al., 2010a,b; Edwards
etal, 2011).

Thus far, little is known about the transfer of the mobile
protein p8 between cells. Although immunofluorescence analysis
and live imaging revealed that p8 transfer occurs within minutes
(Van Prooyen et al., 2010b), p8 transfer between cells has not
been automatically and quantitatively evaluated yet. Here, we
developed a novel and simple method allowing a time saving
quantitation of p8 transfer between co-cultured cells by flow
cytometry. Manual quantitation of p8 expression in fluorescence

images confirmed the validity of the assay. Application of the
newly developed protocol indicated that transfer of p8 between
cells depends on proper polymerization of the actin cytoskeleton
and varies between different cell types. Summed up, use of
this assay may contribute to a better understanding of cellular
processes and dynamics regulating p8 transfer and HTLV-1
transmission.

METHODS
Cell Culture

CD4™ Jurkat T-cells (from acute lymphoblastic leukemia) were
cultured in RPMI 1640 with L-glutamine (0.35 g/l; GIBCO,
Life Technologies, Darmstadt, Germany) supplemented with
45% Panserin 401 (PAN-Biotech, Aidenbach, Germany), 10%
fetal calf serum (FCS; Sigma-Aldrich, Darmstadt, Germany) and
penicillin/streptomycin (0.12 g/l each; Sigma-Aldrich). 293T cells
were cultured in DMEM (GIBCO, Life Technologies), 10% FCS,
L-glutamine and penicillin/streptomycin.

Expression Plasmids

Plasmids p8-HA (pME18S-p12I-A29) and the respective control
pPME (pME18S) were kindly provided by Genoveffa Franchini
and have been described earlier (Fukumoto et al., 2009; Edwards
et al., 2014). Constructs were checked for integrity by automated
sequencing.

Transient Transfections

Jurkat T-cells (1¥*107) were transiently transfected by
electroporation with a total amount of 100 pg of plasmid
DNA using the Gene Pulser Xcell™ Electroporation System
(BioRad, Munich, Germany) at 290 V and 1500 pF (exponential
pulse). 293T cells were seeded at 5 x 10° cells per six-well. One
day later, cells were transfected using GeneJuice® Transfection
Reagent (Merck Millipore, Darmstadt, Germany) according to
the manufacturer’s protocol using a total amount of 2 ug DNA.

Western Blot

At day 2 post transfection, 293T or Jurkat T-cells were washed
in phosphate-buffered saline (PBS without Ca?* and Mg?™)
and lyzed in 150 mM NaCl, 10 mM Tris/HCI (pH 7.0), 10 mM
ethylene-diamine tetra-acetic acid (EDTA), 1% Triton X-100,
2 mM dithiothreitol (DTT) supplemented with the protease
inhibitors leupeptin, aprotinin (20 pg/ml each) and 1 mM
phenyl-methylsulfonyl fluoride (PMSF; 1 mM) as described
earlier (Mohr et al., 2014). Briefly, after repeated freeze-and-thaw
cycles in liquid nitrogen, lysates were centrifuged at 14.000 rpm
(15 min, 4°C), and supernatants containing cellular proteins were
denatured in sodium dodecyl sulfate (SDS) loading dye [10 mM
Tris/HCI (pH 6.8), 10% glycerine, 2% SDS, 0.1% bromphenole
blue, 5% B-mercaptoethanol] for 10 min at 95°C. Subsequently,
samples (50 pg) were subjected to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) using the XCell SureLock™
Mini-Cell Electrophoresis System (Thermo Fisher Scientific,
Waltham, MA, United States) and transferred to nitrocellulose
membranes (Whatman®, Protran®, Whatman GmbH, Dassel,
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Germany). Membranes were probed with rat monoclonal anti-
HA-Peroxidase antibodies (clone 3F10; Roche, Mannheim,
Germany), mouse monoclonal antibodies anti-B-actin
(ACTB; Sigma-Aldrich/Merck, Darmstadt, Germany), or
anti-glyceraldehyde-3-phosphate  dehydrogenase = (GAPDH;
Sigma Aldrich/Merck). Secondary antibodies (anti-mouse) were
conjugated with horseradish peroxidase (HRP; GE Healthcare,
Little Chalfont, United Kingdom) and peroxidase activity was
detected by enhanced chemoluminescence (ECL) using INTAS
Advanced Fluoreszenz und ECL Imager (INTAS Science Imaging
Instruments, Géttingen, Germany).

Flow Cytometry

To detect p8-HA expression, 293T cells or co-cultured cells
were washed in PBS and fixed in 2% paraformaldehyde (PFA;
20 min, 20°C). After one washing step in wash buffer (PBS,
0.5% FCS and 2 mM EDTA), cells were permeabilized in
wash buffer containing 0.5% saponin (Sigma-Aldrich/Merck)
and stained in the same buffer using anti-HA-APC or the
respective isotype-matched control antibody mouse IgG1-APC
(both Milenty Biotech, Bergisch Gladbach, Germany; 1:40,
10 min, 20°C). After two washing steps in wash buffer containing
0.3% saponin, cells were resuspended in wash buffer and at least
3-5 x 10° events were analyzed using the BD™ LSR II or the
BD LSRFortessa™ flow cytometer (Becton Dickinson GmbH,
Heidelberg, Germany). Both devices were equipped with 405
and 633 nm laser. For evaluation of data, FCS Express V3 (De
Novo Software, Glendale, CA, United States) was used. In some
experiments as indicated in the figure legend, cells were either
stained without permeabilization in wash buffer, or cells were
stained using Inside Stain kit (Miltenyi Biotec) according to the
manufacturer’s instructions.

To evaluate the vitality of Jurkat T-cells, cells were spun down,
resuspended in PBS and analyzed using the BD™ LSR II flow
cytometer. The size of the cells (FSC, forward scatter) was plotted
against the granularity (SSC, side scatter) and the percentage of
living cells was assessed by gating.

Chemicals

To manipulate polymerization of the actin cytoskeleton,
Jurkat T-cells transfected with p8-HA or pME (control)
were pooled, respectively, at 24 h post transfection and
incubated with increasing concentrations of cytochalasin D
(Sigma-Aldrich/Merck; 0.5 pM, 1 M, 2.5 uM, 5 M), a potent
inhibitor of actin polymerization, or the solvent control DMSO.
Chemicals were added for 24 h and cells were incubated at 37°C.
After one washing step in Jurkat T-cell culture medium (see Cell
Culture), cells were used for co-culture assays (see Co-culture
Assays).

Co-culture Assay Between
p8-Expressing Donor Cells and
Prestained Acceptor Jurkat T-Cells
Prestaining of Recipient Jurkat T-Cells

The live cell dye CellTracker™ Blue CMAC (CMAG; 7-amino-
4-chloromethylcoumarin; Thermo Fisher Scientific, Waltham,

MA, United States; 10 mM in DMSO) was diluted in serum-free
medium to a 20 pM working solution. To label acceptor T-cells,
1¥10° Jurkat T-cells per experimental condition were spun down
(1200 rpm, 5 min, 20°C) and resuspended in 1 ml of prewarmed
CellTracker™ Blue CMAC (20 pM). After 45 min at 37°C, cells
were spun down, washed in serum-free medium for three times,
and directly used in co-culture assays (see Co-culture Assays).

Co-culture Assays

In time course experiments, 1*10° Jurkat donor cells that had
been transfected with p8-HA or pME (control) 48 h earlier
were co-cultured with equal amounts of Jurkat acceptor cells
prestained with CellTracker™ Blue CMAC (Jurkat-CMAC) in
1 ml of Jurkat T-cell culture medium (see Cell Culture). For
the time point 0 min, individual cell populations were fixed in
2% PFA prior to mixing of the donor and the acceptor cells.
Co-cultures were incubated at 37° C for different time points (5,
30, 60 min, 24 h).

In experiments wusing cytochalasin D to manipulate
cytoskeleton ~dynamics, 1¥10° transfected Jurkat T-cells
pretreated with cytochalasin D or DMSO at one day post
transfection for 24 h (see Chemicals) were co-cultured with
equal amounts of Jurkat-CMAC in 1 ml fresh Jurkat T-cell
culture medium (see Cell Culture) for another 24 h at 37°C. As
a negative control for p8 transfer (time point 0 h), Jurkat donor
cells transfected with p8-HA and pretreated with DMSO for 24 h
were fixed in 2% PFA prior to mixing with fixed Jurkat-CMAC
cells.

In co-cultures between 293T and Jurkat cells, transfected 293 T
cells were overlaid with equal amounts of Jurkat-CMAC acceptor
cells (3*10°) in 3 ml fresh culture medium at 37°C for either
5 min or for 24 h.

In experiments using fixed Jurkat donor cells, 24-well plates
were coated with poly-L-lysine (Sigma-Aldrich) according to the
manufacturer’s instructions. Thereafter, 1¥10° transfected Jurkat
T-cells were cultured in uncoated wells or they were allowed
to adhere on poly-L-lysine-coated wells for 1 h (37°C). In the
latter case, suspending cells were removed prior to adding equal
amounts of Jurkat-CMAC for another 24 h at 37°C.

In all experiments, co-cultured cells were spun down at the
end of the respective co-culture period (4°C, 1200 rpm, 5 min),
washed in PBS, fixed in 2% PFA (20°C, 20 min) and subjected to
intracellular staining using saponin (see Flow Cytometry).

Flow Cytometry and Quantitation of p8 Transfer After

Flow Cytometry

After fixation and staining of co-cultured cells (see Flow
Cytometry and Co-culture Assays), living cells were gated in dot
plots displaying the forward scatter (FSC) plotted against the
side scatter (SSC). Thereafter, CMAC-specific fluorescence was
plotted against the SSC to discriminate between CMAC-negative
donor cells (either Jurkat or 293T) and CMAC-positive Jurkat
acceptor cells. Finally, HA-specific fluorescence was plotted
against the SSC within the CMAC-negative Jurkat or 293T donor
cells, representing the efficiency of transfection (Et). In parallel,
plotting of HA-specific fluorescence against the SSC within the
CMAC-positive Jurkat acceptor cells, represented the transfer of
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p8 (Tps) to the CMAC-positive Jurkat acceptor cells. To calculate
the relative transfer of p8 [Tpg(relative)] between cells, Tpg was
divided by Et. To subtract background fluorescence of the HA-
APC antibodies, gates were set according to labeling with isotype
matched control antibodies and, additionally, co-cultures of cells
transfected with the control plasmid pME were analyzed and
considered in the evaluation. To quantitate the relative transfer
of p8 T'pg(relative)> @ Mathematic equation was developed, which is
described in more detail in the results section (see p8 Is Rapidly
Transferred between Jurkat T-cells)

Tps(ps,) — Tps(pMEy)

T ive) =

p8(relative) ET(pS‘) — ET(pMEt)
Tpg shows the transfer of p8, which corresponds to the percentage
of p8-HA positive cells within CMAC-positive acceptor cells
(Tps(ps,)) at a given time point ¢ and which was normalized
on background fluorescence of the respective control cells
transfected with pME (Tps(pme,))- ET represents the efficiency
of transfection at a given time point t and corresponds to the
percentage of p8-HA positive cells within CMAC-negative donor
cells (Er(ps,)), which is corrected by background fluorescence of
the respective control cells transfected with pME (Et(pMmE,))-

Immunofluorescence and Confocal Laser Scanning
Microscopy

At 48 h post transfection, p8-expressing donor Jurkat T-cells
or control cells (Jurkat + pME) were co-cultured with acceptor
Jurkat T-cells prestained with CellTracker™ Blue CMAC (see
Prestaining of Recipient Jurkat T-cells). At different time points
post co-culture (5, 30, 60 min, 24 h), cells were spotted on
poly-L-lysine-coated glass slides and were fixed with 2% PFA
(60 min, 20°C). Cells were washed three times with PBS
and permeabilized with 0.2% Triton X-100 (20 min, 4°C).
After three washing steps, unspecific binding was prevented
by 5% FCS/1% BSA in PBS (1 h, 20°C). Cells were stained
with primary antibodies rabbit anti-HA (BioLegend, Eching,
Germany; 1:100, 1 h, 20°C) followed by secondary antibodies
anti-rabbit AlexaFluor 647 (Life Technologies/Thermo Fisher
Scientific; 1:200, 30 min, 20°C). Slides were covered with ProLong
Gold antifade reagent without DAPI (Molecular Probes/ Thermo
Fisher Scientific) and analyzed by confocal laser scanning
microscopy. All images were acquired using a Leica TCS SP5
confocal laser scanning microscope (Leica Microsystems GmbH,
Wetzlar, Germany) equipped with a 63 x 1.4 HCX PL APO
CS oil immersion objective lens. Images were analyzed using
LAS AF software (Leica Microsystems GmbH). The numbers of
cells expressing p8 in the CMAC-negative donor and CMAC-
positive acceptor Jurkat T-cells were counted in 20 optical
fields per experimental condition. Tpg(relativey Was calculated by
normalizing the mean percentage of p8-HA positive cells within
CMAC-positive acceptor cells on the mean percentage of p8-HA
positive cells within CMAC-negative donor cells. In total, 6125
cells were analyzed manually.

To stain p8 in transfected Jurkat T-cells, p8-HA-expressing
Jurkat T-cells or control cells (Jurkat + pME) were spotted on
glass slides with marked rings (Medco, Munich, Germany), fixed
with 2% PFA (60 min, 20°C) and washed with PBS for three

times. The staining protocol was performed as described above,
except that cells were either permeabilized with 0.2% Triton X-
100 (20 min, 4°C) or they were stained without permeabilization.
Upon staining, slides were covered with Vectashield® Antifade
Mounting Medium with DAPI (Vector Laboratories/Biozol,
Eching, Germany) and analyzed by confocal laser scanning
microscopy.

Statistics

The means of at least three independently performed experiments
were compared using t-tests as indicated in the figure legends.
P-values were calculated using Microsoft Excel. P < 0.05 was
considered to be significant (*), P < 0.01 was considered as highly
significant (**).

RESULTS

p8 Protein Expression Is Detectable by
Flow Cytometry

Expression of p8 has been analyzed by western blot,
immunofluorescence or live cell imaging (Fukumoto et al., 2007,
2009; Van Prooyen et al.,, 2010b). To also establish a protocol
to detect p8 expression by flow cytometry, we transfected 293T
cells with p8-HA, a p8 expression plasmid C-terminally tagged
with HA, and the respective control plasmid pME. At 48 h post
transfection, cells were fixed and permeabilized with saponin,
followed by staining with APC-labeled anti-HA-antibodies and
the respective isotype-matched control antibodies. After setting
gates that considered living cells and a marker that took into
account the isotype control antibodies (Figure 1A, upper and
lower left dot plots) and the low background fluorescence of
pME-transfected control cells (Figure 1A, upper right dot plot),
we found that ca. 61% of transfected 293T cells were p8-positive
(Figure 1A, lower right dot plot). We tested several dilutions
of the anti-HA-specific antibodies (ranging from 1:10 to 1:40),
however, we could detect p8 expression at every concentration
with a comparable frequency and sensitivity (data not shown).
In control experiments of the same samples, we could also detect
robust expression of p8-HA by western blot analysis (Figure 1B).

Next, we asked whether p8 can also be detected in T-cells,
the natural cell type of HTLV-1 infection, and whether detection
of p8 expression requires permeabilization of the cells. For this
purpose, Jurkat T-cells were transfected with the C-terminally
tagged p8-HA plasmid or the respective control plasmid
PME. At 48 h post transfection, cells were subjected to flow
cytometry (Figure 1C) or immunofluorescence (Figure 1D).
For flow cytometry, cells were split and stained either in
absence or presence of a permeabilization buffer. In the latter
case, our homemade buffer with 0.5% saponin was compared
to a commercially available intracellular staining kit (kit).
In all experiments, markers were considered that took into
account the isotype control antibodies and the low background
fluorescence of pME-transfected control cells (data not shown).
Flow cytometry of non-permeabilized cells revealed that ca.
15.5% (£3.6%) of Jurkat T-cells expressed p8-HA on their
surface (Figure 1C, black bar). Permeabilization of cells using
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0.5% saponin (Figure 1C, red bar) or an intracellular staining
kit (Figure 1C, blue bar) resulted in 23.1% (£4.8%) or 23.7%
(£5.9%) (blue bar) of p8-HA-positive cells, respectively. First,
these results show that transfection of T-cells is less efficient
than transfection of 293T-cells. Second, the data suggest that the
C-terminal part of p8-HA is oriented outside the cell membrane,
otherwise surface staining of the HA-tagged p8 would not result
in the detection of HA-positive cells. Third, these data support
earlier observations that p8 is not only located intracellular, but
also at the cell surface (Fukumoto et al., 2007, 2009; Edwards
et al,, 2014). Although staining upon permeabilization of cells
resulted in a higher proportion of p8-positive cells than surface
staining of p8, this difference was not statistically significant
(p > 0.05). Next, we performed confocal microscopy of p8-
transfected Jurkat T-cells either with or without permeabilization
(Figure 1D). Imaging confirmed our results obtained by flow
cytometry that p8 is detectable in both permeabilized and
non-permeabilzed Jurkat T-cells. In more detail, p8 localized

diffusely in dots in the cytoplasm and near the plasma membrane
confirming earlier observations (Fukumoto et al., 2007, 2009;
Edwards et al., 2014). Hence, to quantitate the total amount of
p8 expression in cells by flow cytometry, we decided to stain
p8 upon permeabilization of the cells with saponin in the next
experiments. Taken together, p8 protein expression is not only
detectable by immunofluorescence, but also by flow cytometry,
thus, allowing automatic quantitation of p8 expression.

A Flow Cytometry-Based Co-culture
Assay Allows to Quantitate the Transfer

of p8 Between Cells

Since p8 is transferred rapidly to other cells, most likely via
cellular protrusions (Van Prooyen et al., 2010b), we sought
of establishing an experimental setup, which allows automatic
quantification of p8 transfer between T-cells by flow cytometry
(Figure 2). Moreover, we asked whether the cell-to-cell transfer of
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FIGURE 2 | Experimental setup of the co-culture assay. Jurkat T-cells were
transfected with p8-HA expression plasmids or the control plasmid pME for
48 h. Transfected p8-donor or control (DME) cells were either subjected to
immunoblot analysis or co-cultured with equal amounts of Jurkat acceptor
cells (1*10°) that had been prestained with Cell Tracker Blue CMAC Dye
(Jurkat-CMAC). At different time points post co-culture at 37°C (0, 5, 30,

60 min, 24 h), cells were fixed in 2% paraformaldehyde (PFA), permeabilized,
stained and analyzed by flow cytometry.

p8 increases upon prolonged co-culture. For this purpose, Jurkat
T-cells were transfected with p8-HA or the control plasmids
pME. After 2 days, a part of the transfected donor cells was
lyzed for a control western blot, while the remaining cells were
co-cultured with equal amounts of Jurkat acceptor T-cells that
were prestained with the fluorescent CellTracker™ Blue CMAC
(Jurkat-CMAC). Briefly, after entering living cells, CellTracker™
Blue CMAC is converted into a membrane-impermeable dye,
which is well retained in living cells for several generations,
transferred to daughter cells, but not to neighboring cells
(King et al., 2004). Thus, use of this dye allows for a proper
discrimination between p8-positive, CMAC-negative donor cells
and Jurkat-CMAC acceptor cells. At different time points post
co-culture (0, 5, 30, 60 min, 24 h), co-cultured cells were subjected
to flow cytometry.

Co-cultured cells were analyzed by setting different gates,
which are shown exemplarily for dot plots obtained at 60 min
post co-culture (Figure 3A). First, the forward scatter (FSC)
was plotted against the side scatter (SSC) and living cells were
gated (Figure 3A, first line, red gates). Next, CMAC-specific
fluorescence was plotted against the SSC (Figure 3A, second
line) to discriminate between CMAC-negative Jurkat donor
cells (purple gates) and CMAC-positive Jurkat acceptor cells
(Jurkat-CMAG; blue gates). Finally, HA-specific fluorescence was
plotted against the SSC to detect the efficiency of transfection
(ET) within the CMAC-negative donor cells (displayed on the
left) or the transfer of p8 (Tps) within the CMAC-positive
acceptor cells Jurkat-CMAC (displayed on the right). Next
to co-cultures of Jurkat-CMAC with p8-HA-expressing donor
cells, co-cultures of Jurkat-CMAC with pME-transfected control
cells were analyzed and background fluorescence of these cells
was subtracted in the following evaluations. To quantitate the
amount of p8 expressing recipient cells with regard to the
percentage of p8 positive donor cells - the relative transfer
of p8 [Tpg(relative)] between cells - a mathematic equation was
developed (Figure 3B). Exemplarily, transfection of Jurkat T-cells
with p8 resulted in 16.23% (16.59% - 0.36%) of p8-HA-expressing
donor cells (Er = 16.23%; Figure 3A), while transfer of p8-HA

was detectable in 1.43% (1.85% - 0.42%) of all Jurkat-CMAC
acceptor cells (Tpgs = 1.43%) at 60 min post co-culture.
Normalization of transferred p8 on the transfection efficiency
using the equation (Figure 3B) resulted in Tpgrelative)) = 8-8%.

p8 Is Rapidly Transferred Between
Jurkat T-Cells

Earlier work using real time live imaging techniques had shown
that p8 is transferred within minutes between cells (Van Prooyen
et al,, 2010b). Using our flow cytometry-based approach, we
analyzed the transfer of p8 between cells over time (Figure 3C).
Cells that were fixed before co-culture served as negative
control (0 min). Compared to the negative control, Tpgrelative)
significantly increased post co-culture compared to the negative
control. At 5 min post co-culture, Tpg(relative) Significantly
increased up to 4.95% (41.73%) while prolonged co-culture for
30 and 60 min only led to a gradual enhancement of Tpg(relative)
ranging from 7.34% (4:2.44%) to 8.48 % (£4.85%), which was not
significantly increased when compared to the value obtained at
5 min post co-culture. This suggests that p8 is rapidly transferred
within the first minutes of co-culture between cells confirming
earlier findings (Van Prooyen et al., 2010b). However, prolonged
co-culture of cells for 24 h resulted in a sharp and significant
increase of Tpg(relative) reaching values of approximately 23.17%
(££5.55%). Thus, p8 is transferred over longer periods and it
accumulates over time in co-cultured cells. The expression of
p8-HA was also checked by western blotting using lysates of
transfected donor cells that were obtained before co-culture
(Figure 3D). Taken together, flow cytometry allows automatic
quantitation of p8 transfer between Jurkat T-cells, revealing that
p8 is rapidly transferred between cells and accumulates over time.

Comparison of Flow Cytometry and
Immunofluorescence to Quantitate

p8-Transfer

To evaluate the validity of the flow cytometry-based assay, we
performed an immunofluorescence analysis of the co-culture
experiments in parallel to flow cytometry similar to the
experimental setup shown earlier (Figure 2). Thereafter, we
manually quantitated p8 expression in fluorescence images at
different time points post co-culture (5, 30, 60 min, 24 h;
Figure 4). Briefly, co-cultures of donor Jurkat T-cells transfected
with expression plasmids p8-HA or pME and acceptor cells
Jurkat-CMAC were spotted on poly-L-lysine coated glass slides
and stained with HA-specific antibodies and the respective
secondary antibodies. A cutout of a fluorescent image depicting
cells co-cultured for 24 h is shown exemplarily (Figure 4A).
Imaging revealed that the p8 protein localized diffusely in dots in
the cytoplasm and near the plasma membrane in Jurkat T-cells
confirming earlier observations (Fukumoto et al., 2007, 2009;
Edwards et al., 2014). Moreover, we could also confirm that p8 is
transferred to other cells by immunofluorescence (Van Prooyen
et al.,, 2010b) since we detected p8 (Figure 4A; red dots) not only
in transfected donor cells, but also in co-cultured Jurkat-CMAC
acceptor cells (Figure 4A; blue cells; see blow up for details). To
calculate the relative transfer of p8 [Tpg(relative)] based on the
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FIGURE 3 | Detection of rapid p8 transfer between Jurkat T-cells by flow cytometry. Jurkat donor T-cells were transfected with p8-HA or the control plasmid pME
and co-cultured with prestained acceptor T-cells Jurkat-CMAC according to the experimental setup displayed in Figure 2. (A) Flow cytometry. At 48 h post
transfection, equal amounts of donor and acceptor cells (1*10° cells each) were either directly fixed in 2% PFA and mixed (time point: O min), or they were
co-cultured at 37°C for 5, 30, 60 min, or 24 h before fixation. After intracellular staining using HA-specific, APC-labeled antibodies or the respective isotype-matched
control antibodies, flow cytometry was performed. Representative dot plots at 60 min post co-culture are shown. First line: Dot plots display the forward scatter
(FSC) plotted against the side scatter (SSC) and living cells are gated (red gate). Second line: CMAC-specific fluorescence is plotted against the SSC, which allows
discrimination between CMAC-negative donor (purple gate) and CMAC-positive acceptor (blue gate) cells. Third line: HA-specific fluorescence is plotted against the
SSC and numbers represent the efficiency of transfection (Et) within the CMAC-negative donor cells (displayed on the left) or the transfer of p8 (T pg) within the
CMAC-positive acceptor cells (displayed on the right). (B) Equation to calculate the relative transfer of p8 [T pgrelative)] Detween cells. Tpg shows the transfer of p8,
which corresponds to the percentage of p8-HA positive cells within CMAC-positive acceptor cells (Tpgps;)) at a given time point t and which was normalized on
background fluorescence of the respective control cells transfected with pME (Tpgpouie,))- Et represents the efficiency of transfection at a given time point t and
corresponds to the percentage of p8-HA positive cells within CMAC-negative donor cells (E7(pg,)), Which is corrected by background fluorescence of the respective
control cells transfected with pME (Et(pimie,)). (C) Time course analysis of Tpgrelativey @S measured by flow cytometry. The means of 3-4 independent experiments
+SE are shown and were compared as indicated using a paired t-test. *Indicates p < 0.05; * at 24 h, comparison between 24 h and all other times of measurement;
n.s., not significant. (D) Representative immunoblot of p8-HA expression in Jurkat T-cells at 48 h post transfection. ACTB (8-Actin) served as housekeeping gene.
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24 h at 37°C. Thereafter, cells were permeabilized and stained with HA-specific antibodies and the respective secondary antibodies. Slides were covered with
ProLong Gold antifade reagent and analyzed by confocal microscopy. A cutout of an optical field shows cells expressing p8-HA (red) within the donor Jurkat T-cells
(not stained) and the acceptor Jurkat T-cells (blue). The numbers of p8-positive cells (red) within the acceptor Jurkat T-cells (blue) were counted (white circles). Red
arrows: p8-positive donor cells; blue arrows: p8-positive acceptor cell; blow up: example of a p8-expressing acceptor cell; white arrows: p8-HA. (B) Comparison of
p8 transfer between flow cytometry (black bars) and immunofluorescence (gray bars). At 48 h post transfection with p8-HA, equal amounts of p8-donor Jurkat

T- cells and Jurkat-CMAC acceptor cells (1*10° cells each) were co-cultured at 37°C for 5, 30, 60 min or 24 h before fixation. One representative time course
experiment of relative p8 transfer [T pgreiative)] @ Measured by flow cytometry (as shown for n = 4 in Figure 3C) is compared to the manual quantitation of relative p8
transfer within the same sample by immunofluorescence. Tpg(elative) @S Measured by immunofluorescence was calculated by normalizing the mean percentage of
p8-HA positive cells within CMAC-positive acceptor cells on the mean percentage of p8-HA positive cells within CMAC-negative donor cells in 20 optical fields. SE,

standard error.

imaging data, we evaluated twenty optical fields per experimental
condition and counted the number of p8-positive cells (red
dots, Figure 4A) in the CMAC-negative donor and CMAC-
positive acceptor T-cells (blue; white circles; Figure 4A). In total,
6125 cells were analyzed. Calculation of the relative p8 transfer
revealed that Tpg(relative) increased to 7.95% already at 5 min post
co-culture (Figure 4B, gray bars). Prolonged co-culture led to a
gradual increase of Tpg(relative) OVer time with a sharp increase
at 24 h post co-culture [Tpg(relative) = 37.75%]. Comparison of
the imaging data with the respective data obtained by flow
cytometry (Figure 4B, black bars) revealed that T\ elative) Was
comparable between both methods independent of the time
point of co-culture. Thus, contrary to the manual counting of
immunofluorescence images, flow cytometry allows an automatic

and fast quantitation of p8 protein expression in a larger number
of cells.

Transfer of p8 Between Cells
Dependents on Proper Polymerization of
the Cytoskeleton

Since p8 traffics to the cell membrane and increases T-cell
conjugation depending on actin polymerization (Van Prooyen
et al, 2010b), we now made use of our new assay to ask
whether chemical manipulation of the actin cytoskeleton affects
the transfer of p8 to target cells. Therefore, Jurkat T-cells
were transfected with p8-HA or pME expression plasmids
(Figure 5A). One day later, the cells were pre-treated with
increasing concentrations of cytochalasin D, an inhibitor of actin
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FIGURE 5 | Impairment of p8 transfer between T-cells after inhibition of actin polymerization. (A) Experimental setup. At 24 h post transfection of Jurkat T-cells with
p8-HA or pME (control) expression plasmids (100 g each), cells were cultured with increasing concentrations of an inhibitor of actin polymerization, cytochalasin D
(0.5, 1, 2.5, 5 uM), or the solvent control dimethylsulfoxide (DMSQ) for 24 h. Cells were either subjected to immunoblot analysis or co-cultured in fresh medium
(without chemicals) with equal amounts of prestained Jurkat acceptor cells (1*10° cells, labeled with Cell Tracker Blue CMAC Dye) for 24 h at 37°C and analyzed by
flow cytometry. DMSO-treated donor cells were also taken at O h post co-culture and served as negative control for p8 transfer. (B) The relative transfer of p8

[T p8(relative)] Was calculated as explained in Figure 3. Values display the means of at least four independent experiments (+SE) and were normalized on and
compared to those of cells treated with DMSO and co-cultured for 24 h using an unpaired t-test. **Indicates p < 0.01. (C) Viability of Jurkat T-cells upon
pretreatment with increasing amounts of cytochalasin D (0.5, 1, 2.5, 5 uM) or the solvent control DMSO for 24 h and co-culture for 0 h (DMSO) or 24 h (DMSO and
all other samples) determined by forward-side scatter (FSC/SSC) analysis in flow cytometry. DMSO-treated cells (24 h co-culture) were set as 100%. The means of
four independent experiments +SE were compared to DMSO-treated cells using an unpaired t-test. (D) Representative immunoblot of p8-HA expression in Jurkat
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polymerization, or the solvent control DMSO for 24 h. Thereafter,
a part of the transfected and pretreated donor cells was lyzed
for a control western blot, while the remaining cells were co-
cultured in fresh medium with equal amounts of acceptor T-cells
Jurkat-CMAC for another 24 h. DMSO-treated donor cells were
also taken at 0 h post co-culture and served as negative control
for p8 transfer. Flow cytometry and evaluation of the results as
described in Figures 3A,B revealed that Tpg(relative) is significantly
increased between DMSO-treated donor cells and Jurkat-CMAC
after 24 h of co-culture compared to the control (0 h of co-culture;

Figure 5B). Increasing concentrations of cytochalasin D (2.5 uM,
5 wM) led to a significant and dose-dependent decline of
Tps(relative)> While low concentrations did not (0.5 pM) or did
only moderately (1 pM) affect Tpg(relative)- T0 check whether
cytochalasin D affected the vitality of the cells, the percentage
of living cells was assessed by flow cytometry of the co-cultured
cells (Figure 5C). Cytochalasin D did not significantly reduce the
vitality of the cells in any of the concentrations tested. In parallel
to flow cytometry, we also performed immunoblots, which
confirmed that p8 is properly expressed under all experimental
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CMAC Dye. At 5 min or at 24 h post co-culture at 37°C, cells were fixed in 2% PFA, permeabilized, stained and analyzed by flow cytometry. (A) Representative dot
plots of 293T cells transfected with p8-HA expression plasmids after co-culture with Jurkat-CMAC acceptor cells for 24 h are shown. First line: Dot plots display the
forward scatter (FSC) plotted against the side scatter (SSC) and living cells are gated (red gate). Second line: CMAC-specific fluorescence is plotted against the SSC,
which allows discrimination between CMAC-negative 293T donor (purple gate) and CMAC-positive Jurkat acceptor (blue gate) cells. Third line: HA-specific
fluorescence is plotted against the SSC and numbers represent the efficiency of transfection (Et) within the CMAC-negative 293T donor cells (displayed on the left)
or the transfer of p8 (Tpg) within the CMAC-positive Jurkat acceptor cells (displayed on the right). (B) Time course analysis of Tpg(relative) 8 measured by flow
cytometry in co-cultures of 293T and Jurkat T-cells. The means of 4 independent experiments +SE are shown and were compared as indicated using a t-test. For
comparison, Tpg(relative) between co-cultured Jurkat T-cells as shown in Figure 3C is displayed. (C) Jurkat donor T-cells were transfected with p8-HA or the control

plasmid pME. At 48 h post transfection, 1*10° donor cells were either fixed on poly-L-lysine coated culture plates for 1 h or they were left untreated. Thereafter,
Jurkat donor T-cells were co-cultured with equal amounts of prestained acceptor T-cells Jurkat-CMAC at 37°C for 24 h and T g relativey Was analyzed by flow
cytometry. The means of 3 independent experiments +SE are shown and were compared as indicated using an unpaired t-test. **Indicates p < 0.01.

conditions (Figure 5D). Summed up, as an application of our
new flow cytometry assay, we could now show that transfer of
p8 to target cells is actin-dependent.

Transfer of p8 Varies Between Cell Types

As another application for our new assay, we asked whether
p8 transfer varies between different cell types. For this purpose,
p8-expressing 293T donor cells and Jurkat-CMAC acceptor
cells were co-cultured in analogy to the experimental setup
described in Figure 2. At 5 min or 24 h post co-culture,
cells were fixed, permeabilized and stained for flow cytometry
(Figure 6A). Co-cultured cells were analyzed by setting gates,
which are shown exemplarily for dot plots obtained at
24 h post co-culture. First, the forward scatter (FSC) was
plotted against the side scatter (SSC) and living cells were
gated (Figure 6A, first line, red gates). Next, CMAC-specific
fluorescence was plotted against the SSC (Figure 6A, second
line) to discriminate between CMAC-negative 293T donor cells

(purple gates) and CMAC-positive Jurkat acceptor cells (Jurkat-
CMAGC; blue gates). Contrary to co-cultures in between Jurkat
T-cells (Figure 3A), co-cultured 293T-cells and Jurkat T-cells
could also be discriminated due to differences in the SSC
(Figure 6A, second line). These data confirm that the dye CMAC
is not leaky since only Jurkat T-cells (blue gate, lower SSC
values) were CMAC-positive while 293T cells (purple gate, higher
SSC values) remained CMAC-negative. Finally, HA-specific
fluorescence was plotted against the SSC to detect Et within
the CMAC-negative 293T donor cells (displayed on the left)
or Tpg within the CMAC-positive acceptor cells Jurkat-CMAC
(displayed on the right). To calculate Tpg(relative)> We also analyzed
co-cultures of Jurkat-CMAC with pME-transfected control 293T
cells (data not shown), and background fluorescence of these
cells were subtracted using the mathematic equation (Figure 3B).
Evaluation of the relative p8 transfer revealed that despite high
and robust expression of p8 in 293T donor cells, p8 could
only be detected at a very low frequency in co-cultured Jurkat
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T-cells reaching values of Tpg(relativey = 0-29% (5 min) and
Tps(relative) = 0.65% (24 h) (Figure 6B, gray bars). In some of
the experimental replicates even none of the Jurkat acceptor
T-cells was p8-positive. For comparison, Tpg(relative) Within co-
cultures of Jurkat T-cells was plotted (Figure 6B, black bars),
showing that p8 transfer was much higher [Tpg(elative) = 23.17 %
(24 h)]. To check whether this difference in p8-transfer between
293T and Jurkat T-cells is due to the fact that 293T cells are
adherent while Jurkat are suspension cells, we allowed p8- and
pME-transfected Jurkat T-cells to adhere on poly-L-lysine coated
wells (1 h, 37°C) prior to addition of Jurkat-CMAC acceptor
cells. After 24 h of co-culture, Tpg(relative) Was obtained by flow
cytometry (Figure 6C). In comparison to co-cultures between
non-adherent Jurkat T-cells (without poly-L-lysine), Tpgrelative)
was significantly reduced by 41.3% if donor Jurkat T-cells were
fixed on poly-L-lysine-coated wells (p < 0.01). Despite this
significant reduction of p8-transfer upon adherence of Jurkat
donor cells, Tpg(relative) Was still higher between fixed Jurkat
T-cells and Jurkat-CMAC (Figure 6C; Tpg(relative) = 17.5%) than
between 293T and Jurkat-CMAC (Figure 6B; 0.65%). Summed
up, these data show that transfer of p8 depends on motility of the
donor cells, and, to a greater extent, on the cell type. Thus, our
novel protocol might be useful to study p8 transfer between cell
types that are naturally infected with HTLV-1.

DISCUSSION

Quantitation of protein transport based on the evaluation
of immunofluorescence images is a labor and time intensive
effort. Dependent on the experimental setup, either manual
or software-assisted evaluation of images is possible. Under
each condition, high numbers of images with sufficient
numbers of cells in several biological replicates have to be
evaluated. Further, to localize and quantitate certain proteins
within a cell, 3D evaluation of cells, including the time
consuming analysis of Z-stacks, may be required. Certain
circumstances allow the individual establishment of algorithms
that may bypass the aforementioned difficulties (Wiesmann
et al, 2017). To circumvent the stated problems of image
evaluation, we developed a simple and fast flow cytometry-
based assay to quantitate the transport of the HTLV-1-encoded
protein p8 between cells. Contrary to the manual counting of
immunofluorescence images, flow cytometry allows an automatic
and fast quantitation of fluorescent protein expression in a large
number of cells.

The viral protein p8 encoded by HTLV-1 is a mobile protein
that is transferred rapidly between cells (Van Prooyen et al,
2010b). Despite low expression levels of p8 in vivo, it is
required for establishing persistent infections (Valeri et al., 2010;
Pise-Masison et al., 2014). Earlier work has shown that p8
enhances the formation of cellular conduits between T-cells, is
transferred through these conduits to target T-cells and increases
HTLV-1 transmission. Mechanistically, it was suggested that
p8 dampens T-cell responses in target T-cells, thus facilitating
HTLV-1 infection (Fukumoto et al., 2007; Van Prooyen et al.,
2010a,b; Edwards et al., 2011). Thus, a better understanding of

p8 transport between cells might broaden our understanding
of HTLV-1 infectivity. Yet, p8 transfer between cells was
analyzed by imaging techniques only (Van Prooyen et al., 2010b).
However, flow cytometry based quantitation of p8-transfer
provides several advantages compared to immunofluorescence-
based quantitation of p8 transfer: Flow cytometry saves time,
allows automatic quantitation of large number of cells, and thus,
analysis of larger data sets. Further, use of CellTracker™ Blue
CMAC for staining of the acceptor cells provides a reliable
discrimination between acceptor and donor cells since the dye
is well retained in living cells (King et al., 2004), which we could
also confirm in our co-culture experiments between 293T cells
and Jurkat-CMAC (Figure 6A). This is an advantage over older
dyes like Calcein-AM, which is cleaved by intracellular esterases
to a fluorescent, membrane-impermeable, but gap junction-
permeable form (Czyz et al., 2000). Further, the method is
transferrable to be used with other cell-penetrating live cell dyes
with different fluorescence. However, it is recommended to test
several dilutions in co-culture experiments to ensure the dye
is not leaky. Since further colors could be analyzed by flow
cytometry, the method described here could be combined with
methods measuring HTLV-1 virus transmission. It had been
nicely shown by real-time live imaging that Gag-YFP expressed
from an HTLV-1 construct and p8-mCherry are transported via
protrusions to neighboring cells within minutes (Van Prooyen
et al., 2010b). Combining the measurements of p8 transfer as
described here and Gag transfer by flow cytometry (Gross et al.,
2016) opens up the possibility to quantitatively evaluate p8’s role
in virus transmission.

Despite several advantages, the flow cytometry-based assay has
also some limitations since it underestimates the real transfer of
p8 between cells. First, the method does not consider transfer
of p8 within transfected cells since all transfected cells are
counted as donor cells. Second, it is also possible that p8 is
secondarily transferred within the population of CMAC-blue
stained acceptor cells and from CMAC-blue stained acceptor cells
back to donor cells. However, all these circumstances cannot
be excluded when evaluating immunofluorescence images, too,
except, using live cell imaging of individual cells. A strategy to
solve this issue would be the development of a fluorescently
labeled p8 protein, which changes fluorescence when entering
a new cell to discriminate between donor and acceptor
cells.

Making use of the method, we performed time course
experiments which confirmed earlier work based on real time
live cell imaging that p8 is transferred between cells within few
minutes after co-culture (Van Prooyen et al., 2010b). Extending
these previous findings, we also observed both by flow cytometry
and imaging that p8 transfer gradually increases over time.
Assuming that every donor cell is p8 positive, p8 was transported
to more than every fifth co-cultured T-cell at 24 h post co-culture,
suggesting that p8 is efficiently spreading and accumulating over
time.

Thus far, host factors regulating the transport of p8 between
cells are unknown. Earlier work has shown that p8 traffics to
the cell membrane and increases T-cell conjugation depending
on actin polymerization (Van Prooyen et al., 2010b). We could
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now extend these earlier findings and show that transfer of
p8 to target cells is actin-dependent, too. In unpublished work
from our group (Donhauser et al., 2018, in preparation), we
found a novel interaction between p8 and a modulator of actin-
filament elongation, thus supporting an important role of proper
actin polymerization for efficient transport of p8 to other cells.
Taken together, the flow cytometry-based assay might be useful in
determining the impact of various compounds on p8’s trafficking
between cells.

Yet, it is not understood whether p8 is transferred between
all cell types that are HTLV-1-infected in vivo, or whether
certain, cell-type specific host factors or co-culture conditions
modulate the efficiency of p8 transfer between individual cell
types. Our novel method may help to solve these questions
in future studies. Data presented here clearly show that p8
transfer varies between different cell types. Despite high and
robust expression of p8 in 293T donor cells, p8 could only
be detected at a very low frequency in co-cultured Jurkat
T-cells; in some of the experimental replicates even none
of the Jurkat acceptor T-cells was p8-positive. First, host
factors interacting with p8 and modulating p8 transfer may
be missing in certain cell types like 293T cells. Second, the
nature of cell-cell contact, the formation of cellular protrusions,
and the ratio of donor and acceptor cells may be critical
for p8 transfer. Third, it cannot be excluded that signals
from the acceptor cell and respective receptors on the donor
cell are critical for the transfer of p8, which is properly
working between Jurkat T-cells but not between 293T and
Jurkat T-cells. Fourth, the motility of the donor cell seems
to be critical for p8-transfer since Jurkat T-cells fixed on
poly-L-lysine transfer less p8 than suspension Jurkat T-cells.
Lastly, it is unclear whether soluble p8 protein contributes
to p8-transfer, which could be excluded by the use of filters
(Chevalier et al, 2014). Hitherto, transfer of p8 has been
shown by imaging techniques in co-cultures of p8-expressing
Jurkat or MT-2 donor T-cells with Jurkat acceptor T-cells, or
resting and activated PBMC acceptor cells (Van Prooyen et al.,
2010b). Thus, further work applying our method is required
to systematically and quantitatively evaluate the time course of
p8 transfer in different cell types, including primary cell types
like CD4% T-cells, CD8" T-cells, monocytes, dendritic cells
and plasmacytoid dendritic cells, which are naturally infected
with HTLV-1 in vivo (Richardson et al., 1990; Macatonia et al.,
1992; Koyanagi et al., 1993; Nagai et al., 2001; Hishizawa
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Viruses must exploit the cellular biosynthetic machinery and evade cellular defense
systems to complete their life cycles. Due to their crucial roles in cellular bioenergetics,
apoptosis, innate immunity and redox balance, mitochondria are important functional
targets of many viruses, including tumor viruses. The present review describes the
interactions between mitochondria and proteins coded by the human tumor viruses
human T-cell leukemia virus type 1, Epstein-Barr virus, Kaposi’'s sarcoma-associated
herpesvirus, human hepatitis viruses B and C, and human papillomavirus, and highlights
how these interactions contribute to viral replication, persistence and transformation.

Keywords: Mitochondria, EBV, HTLV-1, HPV, HBV, HCV, KSHV

INTRODUCTION

It is estimated that about 20% of human cancer cases world-wide are caused by infection with
bacteria, parasites, or viruses (de Martel et al., 2012; IARC Monograph, 2012). Among these
infectious agents, viruses have the greatest reliance on cellular pathways for completion of their life
cycles, and have evolved complex mechanisms to manipulate the anabolic and proliferative capacity
of the host cell while minimizing effects on cell death and destruction by the immune system.

Viruses that are linked to human cancer include human-T-cell leukemia virus type 1 (HTLV-1),
Epstein-Barr virus (EBV), Kaposi’s sarcoma-associated herpesvirus (KSHV), hepatitis viruses B and
C (HBV and HCYV, respectively), high-risk genotypes of human papillomavirus (HPV, e.g., HPV-
16, HPV-18), and Merkel cell polyomavirus (MCPyV). In addition, the AIDS-causing retrovirus
human immunodeficiency virus is indirectly linked to cancer through its immunosuppressive
effects, which favor transformation by other tumor viruses, especially EBV and KSHV (IARC
Monograph, 2012).

Many of the strategies used by viruses to replicate and persist in host cells intersect at the
level of mitochondria (reviewed by Claus and Liebert, 2014). This is not surprising, given the
range of essential roles of these organelles in multiple cellular processes. (i) Energy supply: as
the sites of pyruvate- and fatty acid oxidation, the citric acid cycle and the electron transport
chain, mitochondria are the main source of ATP in most differentiated eukaryotic cells. (ii) Ca?*
signaling: through their ability to take up Ca’>" from the cytoplasm, mitochondria act as key
regulators of intracellular calcium homeostasis. (iii) ROS homeostasis: the mitochondrial electron
transport chain is a major source of reactive oxygen species (ROS) that influence cell turnover.
(iv) Apoptosis: proteins present within mitochondria (e.g., cytochrome ¢) and on the outer
mitochondrial membrane (e.g., Bax, Bak) play a key role in the triggering of intrinsic apoptosis.
(v) Innate immunity: MAVS (Mitochondrial antiviral signaling protein), a component of RIG-1
(retinoic acid-inducible gene I signaling, is located on the outer mitochondrial membrane.
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Viruses and Mitochondria

All of the human tumor viruses except MCPyV (the most
recently identified human tumor virus, associated with a rare
form of skin cancer Feng et al., 2008b) code for one or more
proteins that affect mitochondrial function.

The present review summarizes current knowledge on the
interplay between mitochondria and proteins produced by
HTLV-1, EBV, KSHV, HBV, HCV, and HPV (Table 1), and how
these proteins influence the replication strategies and oncogenic
properties of these viruses (Table 2).

HTLV-1

HTLV-1 is a retrovirus that infects at least 10 million people
worldwide, with most cases identified in southwestern Japan,
the Caribbean basin, sub-Saharan Africa, and Brazil (reviewed
by Gessain and Cassar, 2012). HTLV-1 is transmitted through
transfer of infected cells during breast-feeding, sexual contact,
and exposure to blood and results in persistent infection, mainly
in CD4+ T-cells. About 3-5% of infected patients develop
an aggressive neoplasm of mature CD4+ T-cells named adult
T-cell leukemia/lymphoma (ATLL) or a neurological disease
named tropical spastic paraparesis/HTLV-associated myelopathy
(TSP/HAM) after a latency period of decades (ATLL) or
years (TSP/HAM). Other diseases associated with HTLV-1
infection include uveitis, infective dermatitis, myositis and
other pathologies with an important inflammatory component
(reviewed by Goncalves et al., 2010). Almost 40 years after the
discovery of HTLV-1, we still lack an accurate measure of the
global burden of infection, there is no HTLV-1 vaccine, and
biomarkers to predict clinical outcome remain to be identified
(reviewed by Willems et al., 2017).

In addition to the gag, pol, pro and env gene products
produced by all retroviruses, the genome of HTLV-1 codes
for nonstructural proteins named Tax, Rex, pl2, p13, p21Rex,
p30/Tof, and HBZ (reviewed by Journo et al., 2009; Lairmore
et al,, 2012). Tax and Rex are essential for completion of the
replication cycle, with Tax driving transcription from the viral
5-LTR (long terminal repeat) promoter, and Rex promoting
expression of incompletely spliced transcripts, including those
coding for the virion proteins. Tax and HBZ are considered to
be the principal viral factors that drive development of ATLL
(reviewed by Panfil et al., 2016).

p13
pl3 is an 87-amino acid protein that accumulates primarily in
the inner mitochondrial membrane (Table 1; D’Agostino et al.,
2002). p13 is considered to be an accessory protein, as its deletion
from the viral genome does not abolish viral replication in vitro
(Derse et al., 1997). However, studies carried out in a rabbit
model of HTLV-1 infection indicated that p13 is important for
establishing a persistent infection in vivo (Hiraragi et al., 2006).
Studies of transfected HeLa cells demonstrated that
mitochondrial accumulation of pl3 is directed by a 10-
residue mitochondrial targeting signal near its amino terminus
(MTS; amino acids 22-31) which, unlike most MTS, is not
cleaved during mitochondrial import (Ciminale et al., 1999).
The MTS contains 4 arginines and folds into an amphipathic

a-helix (D’Agostino et al., 2002). The carboxy-terminal half of
p13 contains a putative hinge (amino acids 42-48) and p-sheet
(amino acids 65-75) (Silic-Benussi et al., 2010a) and a cluster
of prolines that mediate binding to proteins containing SH3
domains (Ghorbel et al., 2006; Tibaldi et al., 2011).

Expression of pl3 in HeLa cells alters mitochondrial
morphology and produces isolated clusters of round-
shaped, fragmented mitochondria (Ciminale et al., 1999).
These effects depend on the presence of the 4 arginines
that constitute the charged face of the amphipathic a-helix
(Silic-Benussi et al.,, 2004). When added to isolated rat liver
mitochondria, synthetic p13 protein induces an inward K*
current, mitochondrial swelling and loss of mitochondrial
membrane potential (AW,,). However, this depolarization
triggers a compensatory increase in electron transport
chain activity, which restores AW, but raises levels of
mitochondrial reactive oxygen species (ROS) and lowers
the threshold for opening of the permeability transition
pore (PTP), a channel that regulates apoptosis (reviewed by
Bernardi et al, 2015). These effects are dose-dependent, as
low concentrations of pl3 induce mitochondrial swelling
and increased mitochondrial ROS, but not mitochondrial
depolarization, while high levels of pl3 cause irreversible
swelling, depolarization and cytochrome c release (Silic-Benussi
et al.,, 2009).

p13 corresponds to the carboxy-terminal portion of p30/Tof,
a nucleolar/nuclear accessory protein whose activities include
suppression of Tax and Rex expression and modulation of cellular
transcription (reviewed by Anupam et al., 2013). Despite this
sequence overlap, p13 and p30/Tof are expressed from distinct
alternatively spliced mRNAs. Studies of the temporal regulation
of HTLV-1 gene expression in infected cells demonstrated that
the mRNA coding for p13 is expressed as a late gene (Cavallari
et al, 2011, 2013; Rende et al,, 2011) and is Rex-dependent
(Cavallari et al., 2015).

The structural and functional properties of p13 suggest that it
may act as a viroporin (reviewed by D’Agostino et al., 2005a,b).
The viroporins are a family of small, hydrophobic viral proteins
with one or more membrane-spanning domains that, upon
oligomerization in membranes, alter membrane permeability to
ions and small molecules through the formation of channels
or pores, and change the trafficking, processing and lifespan of
membrane-associated proteins. Although these alterations have
diverse effects on infected cells, the principal role of viroporins is
to promote the assembly and egress of virus particles (reviewed
by Nieva et al., 2012; Scott and Griffin, 2015).

The activity of Ca?" as a second messenger is crucial for
the metabolism and function of all cells, including T-cells
(reviewed by Fracchia et al., 2013), the main targets of HTLV-
1 infection in vivo. Ca?>T messages are delivered in the form
of transient elevations in cytosolic Ca?t concentration upon
its release from organelles, especially the ER, and upon entry
from the extracellular environment; mitochondria participate in
this process through their ability to take up Ca?*. Experiments
carried out in HeLa cells expressing organelle-targeted aequorins
revealed that p13 specifically reduces mitochondrial Ca?* uptake
(Biasiotto et al., 2010).
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TABLE 1 | Localization and main mitochondrial effects of viral proteins.

Virus Viral Protein Localization Main effects on mitochondria Key References
HTLV-1 p13 Mm@ . Fragmentationb Ciminale et al., 1999°; D’Agostino et al., 20028; Silic-Benussi
nucleusf e mtROS production (low doses), irreversible et al., 2009°; Biasiotto et al., 2010d; Tibaldi et al., 2011¢€;
swelling depolarization and cytochrome ¢ release Andresen et al., 2011f
(high dose)®
¢ Reduced mitochondrial Ca2+ uptaked
¢ Recruitment of SFKs to the intermembrane
space®
EBV BHRF1 OoMMm?2 e Binds BH3-only proteins and inhibits Bak-Bax Hickish et al., 19942; Cross et al., ZOOSb; Flanagan and Letai,
oligomerization in OMMP 2008P; Kvansakul et al., 2010°
KSHV K7 Mitochondria®, e Blocks apoptosis by forming bridge with Bcl-2 Feng et al., 20028; Wang et al., 20022-b.c.d
ERP, nuclear and Caspase-39
membranes®
KS-Bcl-2 Mitochondria®, e Blocks apoptosis by binding to BH3 domains of Kalt et al., 2010 @P; Gallo et al., 20172:b; Flanagan and Letai,
nucleus® pro-apoptotic Bel-2 family proteins® and by 2008°; Chau et al., 20009
sequestration of Avend
HBV HBx Nucleus?, e Change in A\p‘?ﬁf Henkler et al., 20012P:¢; Takada et al., 1999°; Huh and
cytoplasmP, e Increased mtROSY Siddiqui, 20029; Rahmani et al., 20001; Shirakata and Koike,
Mitochondria®, e Increased COXIII activityh _ 2003f; Clippinger and Bouchard, 20089f; Zheng et al.,
in OMMd e Increased mitochondrial uptake of Ca2+i 20148N; Ren et al., 20169;Zou et al., 201 5M: Yang and
¢ Increased mitochondria fission through Bouchard, 2012'; Kim et al., 2013a,blk
translocation of Drp1 and degration of Mfn2)
o Targeting of Parkin to mitochondria and
mitophagyk
e Degradation of Mfn2"
Pol Mitochondria® ~ n. d. Unchwaniwala et al., 20162
HCv Core ER?2, OMMP, e Loss of Ay, Lo et al., 19958; Santolini et al., 19958; Barba et al., 19979;
MAMSsC, lipid e Increased mtROS' Schwer et al., 2004P:€; Benali-Furet et al., 200589; Suzuki
dropletsd e Increased uptake of Ca2+9 et al., 20052P; Rouille et al., 200629; Machida et al., 2006°;
o promotionh or inhibition' of mitophagy Wang et al., 2010va;Chu et al., 201 1f;K\m etal., 2013bh;
Hara et al., 2014!
p7 ER®, MAMsP e Loss of AUS, Griffin et al., 2005°; Hagshenas et al., 20072; Qi et al., 2017¢
NS4A ER, ® Perinuclear clus’[eringb Nomura-Takigawa et al., 20062:b.
Mitochondria e Loss of AYS,
NS3/4A ER®, MAMsP, e Cleavage of MAVSY Wolk et al., 20002P; Nomura-Takigawa et al., 20062:;
mitochondria® Horner et al., 20119; Bender et al., 20159
HPV E1"°E4 Cytokeratin ¢ Dissociation from microtubules, perinuclear Doorbar et al., 19912; Raj et al., 2004&P.cd
network?, clustering®
Mitochondria® e Loss of AYZ,
E2 Nucleus?, e Perinuclear clusteringd, loss of cristae structure® Blachon et al., 200520; Laij et al., 20133:P.c.d&f9: Chen
Cy‘[oplasmb, e | oss of Aq;,f.n etal., 2014f

Mitochondria® e Increased mtROSY

ER, endoplasmic reticulum; MAM, mitochondria-associated membranes; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; AV, mitochondrial membrane
potential; mtROS, mitochondrial reactive oxygen species; cyt ¢, cytochrome c. Letters in superscript indicate references for each property listed columns.

The impact of p13 on mitochondrial Ca** flux might intersect
with that of p12, a 99-residue viral protein that accumulates in
the endoplasmic reticulum (ER) and cis-Golgi (reviewed by Van
Prooyen et al,, 2010). p12 increases Ca** release from the ER,
thus promoting activation of NFAT (nuclear factor of activated
T-cells), a key mitogenic transcription factor whose activity is
controlled by the calcium-dependent phosphatase calcineurin
(Kim et al., 2003). p12-mediated release of ER calcium stores and
pl3-mediated interference with mitochondrial calcium uptake
could be predicted to amplify Ca®* signals in response to

T-cell receptor activation with consequent enhancement of
NFAT activation (Silic-Benussi et al., 2010a). In alternative, this
combination of effects could convert a Ca?* signal to a prolonged
increase in cytosolic Ca?*, which might trigger apoptosis.

Efforts to wunderstand the function of pl3 through
identification of its binding partners indicated that it interacts
with farnesyl pyrophosphate synthetase (FPPS) (Lefebvre et al,,
2002); with members of the Src family of protein kinases
(Tibaldi et al.,, 2011), and with the HTLV-1 regulatory protein
Tax (Andresen et al, 2011). Yeast 2-hybrid screening assays
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TABLE 2 | Role of viral mitochondrial proteins in replication and transformation.

Viral protein Effects on virus replication Role in transformation

HTLV-1 p13 Not required for replication in vitro (Derse et al., 1997), but Proposed negative role: interferes with transformation of fibroblasts by Myc
necessary for virus persistence in in vivo rabbit model (Hiraragi et al., and Ras; favors death of transformed but not normal T-cells, possibly by
2006); mechanism unknown raising mitochondrial ROS production (reviewed by Silic-Benussi et al.,

2010a)

EBV BHRF1 Not required for virus replication (Altmann and Hammerschmidt, Required for transformation of resting B-cells, but dispensable for
2005) transformation of activated B-cells (Altmann and Hammerschmidt, 2005)

KSHV K7 Not required for virus replication (Liang et al., 2015; Gallo et al., Possible negative role through interference with transforming activity of
2017) VGPCR (Feng et al., 2008a)

KSHV KS-Bcl-2 Required for efficient virus replication (Gelgor et al., 2015; Liang Positive role likely, through inhibition of apoptosis in infected cells
etal., 2015; Gallo et al., 2017)
Not required for establishment of latent infection (Gelgor et al., 2015)

HBV HBx Favors viral replication; enhances viral polymerase activity through Transforms cells in vitro and causes tumors in transgenic mice (reviewed by
Ca2+ signaling (Lucifora et al., 2011) Levrero and Zucman-Rossi, 2016)

HBV Pol Needed for packaging of pregenomic RNA and reverse transcription  Not defined
into dsDNA genome (Bartenschlager and Schaller, 1992)

HCV Core Forms virion capsid (reviewed by Scheel and Rice, 2013) Transforms cells in vitro and causes tumors in transgenic mice (reviewed by

Banerjee et al., 2010)

HCV p7 Viroporin required for virion assembly and release (reviewed by Not defined
Madan and Bartenschlager, 2015)

HCV NS3/4A Required for viral RNA replication, polyprotein processing and virion ~ Not defined; NS3 alone transforms cells in vitro (Sakamuro et al., 1995)
assembly (reviewed by Morikawa et al., 2011); cleavage of MAVS
proposed to favor immune evasion (Horner et al., 2011)

NS4A Forms complex with NS3 (see above) Not defined

HPV E1/E4 May promote virion release through perturbation of the cytokeratin Not defined
network (Raj et al., 2004)

HPV E2 Essential for coordination of late events of viral replication (reviewed Negative role, through inhibition of E6 and E7 expression (reviewed by

by Graham, 2016)

Woodman et al., 2007)

also indicated binding of pl3 to a protein of the nucleoside
monophosphate kinase superfamily and to actin-binding protein
280 (Hou et al,, 2000), but these interactions were not explored
in detail.

Binding of p13 to Src family kinases (SFKs) involves p13’s
proline-rich C-terminal domain and the kinases’ SH3 domains
(Tibaldi et al., 2011). This interaction promotes the accumulation
of SFKs in the mitochondrial intermembrane space and enhances
their tyrosine kinase activity, while interfering with targeting of
p13 to the inner membrane and attenuating the effects of p13 on
AWV, (Tibaldi et al., 2011).

Experiments carried out in 293T cells and HeLa cells showed
that when co-expressed with Tax, p13 undergoes ubiquitination,
becomes more stable, and is partially rerouted to nuclear speckles
containing Tax (Andresen et al., 2011). These effects are mediated
by direct interaction of Tax with p13 through a disulphide bond
involving cysteine 27 in p13. Results of co-immunoprecipitation
and LTR-reporter assays showed that the p13-Tax interaction
interferes with binding of Tax to the transcription cofactor
CBP/p300 and leads to a decrease in Tax-mediated viral gene
transcription, a crucial step in viral replication. The finding that
substitution of the p13 start codon with isoleucine in an HTLV-
1 proviral clone resulted in an increase in viral gene expression
supports the proposal that p13 might acts as a negative regulator
of HTLV-1 replication (Andresen et al., 2011).

The effect of ablation of p13 expression on the ability of
the virus to transform primary T-cells needs to be investigated.

However, results of studies of primary cells and cell lines forced
to express p13 indicate that it may limit the oncogenic potential
of HTLV-1. p13 interfered with the ability of Myc and Ras to
transform rat embryo fibroblasts, and HeLa cells expressing p13
exhibited a proliferation defect in vitro and were less tumorigenic
in nude mice compared to parental cells (Silic-Benussi et al.,
2004). Subsequent comparisons of the effects of p13 in the T-
cell line Jurkat and normal primary T-cells showed that the
protein induced ROS production in both cell types, and slowed
proliferation and increased apoptotic death in Jurkat cells, but
activated normal primary T-cells (Silic-Benussi et al., 2010a,b).
These observations suggest that pl3 might expand the pool
of untransformed infected cells and on the other hand favor
the elimination of transformed cells, thus increasing HTLV-1’s
adaptation to the host and lifelong persistence of the infection.
It will be interesting to determine whether the effects of p13
on T-cell activation are connected to its impact on Ca’*
homeostasis.

EBV AND KSHV

EBV and KSHV are members of the y-herpesvirus subfamily
of the Herpesviridae, a family of large, enveloped viruses with
a linear double-stranded DNA genome. EBV targets mainly B-
cells and epithelial cells, while KSHV targets mainly B-cells and
endothelial cells. Like all herpesviruses, the life cycle of EBV
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and KSHV comprises latent states that favor viral persistence
and a lytic phase that produces virus particles. EBV infection is
present in more than 90% of adults in a uniform distribution
worldwide. Although studies of global KSHV epidemiology are
incomplete, it appears to be more restricted geographically to
parts of sub-Saharan Africa, the Mediterranean basin, Brazil
and China, and in certain subpopulations such as men who
have sex with men (Morrison et al., 2015). Primary infection
with EBV and KSHV occurs mainly through contact with
saliva during early childhood and usually does not cause overt
clinical symptoms, except for a self-limiting polyclonal B-
lymphoproliferative disease termed infectious mononucleosis
that arises in at least 25% of patients who become infected with
EBV in adolescence or early adulthood. Neoplasias associated
with EBV include an endemic form of Burkitt’s lymphoma,
post-transplant lymphoproliferative disorders, some cases of
Hodgkin’s lymphoma, and nasopharyngeal carcinoma (reviewed
by Young et al, 2016). KSHV is linked to 3 types of
tumors, with immunosuppression representing a risk factor:
the endothelial-derived tumor Kaposi’s sarcoma (KS, always
KSHV-positive), a B-cell malignancy named primary effusion
lymphoma (PEL; always KSHV-positive, sometimes also EBV-
positive) and a plasmablastic form of the B-lymphoproliferative
disorder multicentric Castleman disease (MCD, KSHV-positive
in about half of cases) (reviewed by Bhutani et al., 2015). EBV
and KSHV share 59 gene homologs whose similarity ranges
from 41 to 75% (Russo et al., 1996); both viruses possess
genes that closely resemble cellular genes. Proteins of EBV
and KSHV with an impact on mitochondria include EBV
BHRF1, BZLF1, and LMP2A, and KSHV K7 and KS-Bcl-2
(Table 1).

EBV: BHRF1, BZLF1 BALF1, LMP2A

BHRF1 is a 191-amino acid, early lytic-phase EBV protein with
similarity to cellular Bcl-2 family proteins (Pearson et al., 1987)
that blocks the mitochondrial arm of apoptosis mediated by
pro-apoptotic Bcl-2 proteins (Henderson et al., 1993). In this
manner, BHRF1 promotes the survival of EBV-infected cells,
thus promoting viral persistence/replication. The production of
viral Bcl-2 homologs (v-Bcl-2) is shared by several other viruses,
including KSHYV, which produces KS-Bcl-2 (see below; reviewed
by Kvansakul et al., 2017) (Figures 1A,B).

BHRF1 accumulates in the outer mitochondrial membrane
(OMM) of B-cells, a distribution similar to that of Bcl-2 (Hickish
etal.,, 1994). Mitochondrial targeting of BHRF1 is directed by a C-
terminal sequence that shares homology with the transmembrane
domain (TM) present in some cellular Bcl-2 family members
(Bcl-2 38%, Bcl-x1 32%, Bax 34%) (Hickish et al., 1994). As shown
in Figure 1A, BHRF1 also has all of the Bcl-2 homology (BH)
domains except for BH4, which is in general poorly conserved
among Bcl-2 family members.

The anti-apoptotic effects of BHRF1 are mainly due to its
ability to bind to BH3-only pro-apoptotic Bcl-2 proteins and to
inhibit the formation of Bax/Bak oligomers in the OMM (Cross
et al,, 2008; Flanagan and Letai, 2008; Kvansakul et al., 2010;
Milian et al., 2015). BHRF1 binds to the BH3-only proteins Bim,
Bak, Bid and PUMA (Kvansakul et al., 2010). Structural studies

of the BHRF1:Bim/Bak complexes indicated that an aspartic acid
at position 100 of BHRF1 is essential for its association with the
BH3 domains of Bim and Bak, in interactions similar to those
occurring between Bim and the cellular anti-apoptotic protein
Bcl-xL (Kvansakul et al., 2010). EBV also codes for BALFI, a
cytoplasmic protein with homology to Bcl-2 family members that
was shown by one group to interfere with the anti-apoptotic
activity of BHRF1 (Bellows et al., 2002) but by others to inhibit
apoptosis (Marshall et al., 1999) and promote transformation
(Hsu et al., 2012).

BZLF1 (also known as ZEBRA, Zta) is a 245-amino acid EBV
protein of the basic leucine zipper (b-zip) family that is essential
for transcription of EBV lytic-phase genes and replication of
viral genomes (reviewed by McKenzie and El-Guindy, 2015).
Experiments carried out in EBV-positive B-cell lines indicated
that BZLF1 can interact with the mitochondrial protein mtSSB,
a single-stranded DNA-binding protein that is needed for
replication of the mitochondrial genome. Cells in the Ilytic
phase showed reduced mtDNA synthesis and contained fewer
mitochondrial genomes, while silencing of mtSSB interfered
with BZLF1-dependent entry into the lytic phase. Imaging
analyses of cells expressing FLAG-tagged BZLF1 indicated
that BZLF1 partially redirects mtSSB from mitochondria to
the nucleus, which is the main site of BZLF1 accumulation
(Wiedmer et al,, 2008). Expression of BZLF1 in HeLa cells
resulted in fused masses of mitochondria, some of which were
localized near the nucleus (LaJeunesse et al., 2005); it is however
unclear how BZLFI induces these changes in mitochondrial
morphology.

EBV LMP2A (latent membrane protein 2A) is a 497-amino
acid protein with 12 transmembrane domains that accumulates
mainly in plasma membrane rafts, where it influences signal
transduction pathways affecting cell activation, proliferation,
survival and migration (reviewed by Cen and Longnecker, 2015).
Pal et al. (2014) showed that LMP2A has indirect effects on
mitochondria. Expression of LMP2A in EBV-negative gastric-
and breast cancer cell lines resulted in increased mitochondrial
fission accompanied by an increase in migration and induction
of the epithelial-mesenchymal transition. These effects were
attributed to LMP2A’ ability to stimulate the Notch pathway,
which in turn upregulates Drpl (dynamin-related protein 1), a
protein that induces mitochondrial fission (Pal et al., 2014).

KSHV: K7, KS-Bcl-2

K7 is a 126-amino acid protein that shows homology to the
cellular protein Survivin, a member of the family of inhibitor
of apoptosis proteins (IAPs). K7 is detected in the endoplasmic
reticulum, nucleus and in mitochondria (Feng et al., 2002; Wang
et al,, 2002) and is expressed early after induction of the lytic
cycle (Wang et al., 2002). It contains an amino-terminal, atypical
MTS, a putative transmembrane domain partially overlapping
the MTS, a baculovirus IAP repeat (BIR), and a carboxy-terminal
BH2 domain (Wang et al., 2002).

K7s BH2 and BIR domains mediate its direct interaction
with Bcl-2 and activated caspase-3, respectively; the resulting
bridge between K7, Bcl-2, and activated caspase-3 inhibits
the apoptotic caspase cascade (Wang et al,, 2002). Another
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FIGURE 1 | Sequence comparison of human Bcl-2 family proteins and viral homologues. (A) Multiple sequence alignment. Protein sequences were obtained from the
UniProt database (http://www.uniprot.org/) and analyzed with the online software Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Amino acids are labeled
in different colors according to their biochemical properties (red: small/hydrophobic; blue: acidic; magenta: basic; green: hydroxyl/sulfhydryl/amine/Glycine). Asterisks
indicate single conserved residues; periods indicate residues with similar properties, and brackets indicate locations of the BH and TM domains in Bcl-2
(UniProtkKB-P10415 (BCL2_HUMAN). Accession IDs: KS-Bcl-2 (>sp|F5HGJ3|JARBH_HHV8P); BHRF1 (>sp|P03182|EAR_EBVBY); Bcl-2
(>sp|P10415|BCL2_HUMAN)); Mcl-1 (>sp|Q07820|MCL1_HUMAN). (B) Cladogram representing the similarity between human Bcl-2 and Mcl-1 and the viral
orthologs of EBV (EBV_BHRF1) and KSHV (KSHV_KS-Bcl-2). The cladrogram was generated with the online software Clustal Omega.

anti-apoptotic function of K7 involves its association with
CAML (calcium-modulating cyclophilin ligand), an ER
protein that controls intracellular Ca?* homeostasis (Feng
et al, 2002). The CAML-K7 interaction alters the changes
in cytosolic Ca** induced by thapsigargin, an inhibitor
of the sarcoplasmic/endoplasmic Ca®t-ATPase (SERCA),
whose role is to transport Ca?t from the cytosol to the
ER. In this manner, K7 protects thapsigargin-treated cells

from Ca’*-induced loss of AWy, and apoptosis (Feng et al.,
2002).

K7 also interacts with a helix-coiled region (HC) of Rubicon,
an inhibitor of autophagosomal maturation that forms a complex
with Beclin 1, UVRAG and Vps34 (Liang et al, 2013). K7
increases the expression of Rubicon and enhances its interaction
with the autophagy machinery, resulting in a block in the
autophagy process. Cells expressing a virus knocked out for K7
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were able to produce virus, but expression of the viral proteins K3
and K8 was reduced (Liang et al., 2013). K7-mediated regulation
of K3 and K8 expression would have an important effect on
viral persistence, as K3 induces internalization and degradation
of MHC-I complexes, thus favoring the escape of virus-infected
cells from the control of the immune system, while K8 is
part of the viral lytic DNA replication complex (Liang et al.,
2013).

Another binding partner of K7 is vGPCR, a KSHV homolog
of the human interleukin-8 receptor that induces tumors in
nude mice. K7 induces the degradation of vGPCR through the
ER-associated degradation pathway, resulting in a decrease in
tumorigenicity (Feng et al., 2008a).

KS-Bcl-2 is a 175-amino acid protein that is expressed from
KSHV ORF16. KS-Bcl-2 shares about 60% overall sequence
homology with cellular proteins of the Bcl-2 family, with high
conservation of the BH1, BH2 and TM domains (Figure 1A;
Sarid et al., 1997). KS-Bcl-2 appears to be more closely related to
MCL-1 than to Bcl-2 in terms of sequence homology (Figure 1B)
and functional activity (Flanagan and Letai, 2008).

The first study of KS-Bcl-2 described a punctate cytoplasmic
distribution, indicative of accumulation in organelle membranes,
but did not identify these organelles (Sarid et al., 1997). More
recent studies of KS-Bcl-2 indicated its partial localization
in mitochondria and in the nucleus (Gallo et al., 2017) or
nucleoli (Kalt et al, 2010); these studies employed tagged
versions of KS-Bcl-2 and a fluorescent marker to distinguish
the mitochondrial compartment in different cell lines. The
combination of tagging and cell lines used in these studies likely
influenced KS-Bcl-2’s localization: in the study by Gallo et al.,
when expressed in 293A cells, FLAG-tagged KS-Bcl-2 colocalized
with the fluorescent mitochondrial marker in compact crescent-
shaped structures lying against the nucleus, while in HUVEC
cells the protein colocalized with the marker in structures
resembling the web-like mitochondrial network (Gallo et al.,
2017).

The KS-Bcl-2 mRNA is detected in KS lesions and in PEL
cells upon induction of the lytic cycle and is required for lytic
reactivation and replication (Gelgor et al., 2015; Liang et al.,
2015). The best-defined roles of KS-Bcl-2 are to inhibit both
apoptosis and autophagy. KS-Bcl-2 impedes apoptosis through
interactions with the BH3 domains of pro-apoptotic proteins
of the Bcl-2 family (Bim, Bid, PUMA, Bik, NOXA, Bmf)
(Flanagan and Letai, 2008) and through its association with
Aven, a protein that interferes with the ability of Apaf-1 to
activate caspase 9 (Chau et al., 2000). Inhibition of autophagy
by KS-Bcl-2 is mediated by its binding to Beclin 1, a key
component of the autophagy pathway (Pattingre et al., 2005).
Interestingly, the role of KS-Bcl-2 in promoting viral reactivation
and replication is apparently independent from its effects on
apoptosis and autophagy (Gelgor et al, 2015; Liang et al,
2015).

The nuclear targeting of KS-Bcl-2 was mapped to its amino-
terminal 17 amino acids and was found to be important for
the protein’s effects of viral replication (Gallo et al., 2017).
Nucleolar accumulation of KS-Bcl-2 depended on its association
with the cellular nucleolar protein GLTSCR2/PICT-1, and

interfered with KS-Bcl-2’s anti-apoptotic properties (Kalt et al.,
2010).

HBV

HBV is a small, enveloped DNA virus of the Hepadnaviridae
family that is transmitted parenterally through blood and other
body fluids. Most HBV-infected patients are asymptomatic or
present signs of acute liver disease and inflammation. Active
viral replication and insufficient immune clearance may result
in chronic hepatitis, with tissue injury, inflammation and
regeneration that can progress to cirrhosis, liver failure and
hepatocellular carcinoma (HCC), an aggressive neoplasm with
a dismal prognosis. Despite the availability of a prophylactic
vaccine since the 1980s, approximately 257 million persons are
chronically infected with HBV worldwide, with high-prevalence
areas in the African and Western Pacific regions (statistics for
2015, World Health Organization, 2017).

HBV produces two proteins that interact with mitochondria:
HBx and Pol (Table 1).

HBx

The 154-amino acid HBx protein favors HBV replication,
influences cellular transcription, signal transduction, cell
proliferation and survival, and is considered to be a key
contributor to the oncogenic potential of HBV (reviewed by
Benhenda et al., 2009; Motavaf et al., 2013). Takada et al.
provided the first evidence for mitochondrial accumulation of
HBx, which was accompanied by aggregation of mitochondria
near the nucleus, accumulation of p53 in mitochondria, loss
of AWy, and increased apoptotic death (Takada et al., 1999).
A subsequent study revised HBxX’s targeting properties to
include the nucleus and cytoplasm (Henkler et al., 2001). The
mitochondrially-associated fraction of HBx was detected in the
outer mitochondrial membrane in the hepatoma cell line Huh7,
in the hepatocarcinoma cell line HepG2, and in primary rat
hepatocytes (Huh and Siddiqui, 2002; Clippinger and Bouchard,
2008). Experiments carried out with GFP fusion proteins
in Huh7 cells indicated that residues 68-117 of HBx confer
mitochondrial targeting (Shirakata and Koike, 2003).

HBx was shown to induce loss of AWy, when expressed in
Huh?7 cells (Takada et al., 1999; Rahmani et al., 2000; Shirakata
and Koike, 2003) or HepG2 cells (Clippinger and Bouchard,
2008). However, primary rat hepatocytes expressing HBx were
protected from loss of AWy, induced by treatment with TNF-
a, a property attributed to HBX’s ability to induce the NF-
kB pathway (Clippinger and Bouchard, 2008). More recently,
Zheng et al. (2014) showed that HBx increases AWy, in HepG2
cells, an effect that was correlated with increased levels of
cytochrome ¢ oxidase IIT (COXIII) and increased COX activity.
HBx-induced upregulation of COXIII expression and activity
were also observed in the immortalized hepatocyte cell line HL-
7702 (Zou et al., 2015). Although no changes in AW, were
observed in this system, HBx increased cellular ROS production
(Zou et al., 2015).

An HBx-mediated increase in cellular ROS was associated
with activation of the STAT3 and NF-kB pathways (Waris
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et al, 2001), both of which are important in inflammation
and transformation. HBx-induced cellular ROS was also
accompanied by induction of cyclooxygenase 2 (COX-2), an
enzyme that catalyzes the production of mediators of the
inflammatory response (Lim et al, 2010). The observation
that ROS-enhancing agents such as the chemotherapeutic drug
adriamycin increase the stability of HBx protein suggests the
existence of a ROS-HBx positive feedback loop (Wang et al.,
2003). Such a positive role for ROS would fit in with results
of a recent study which indicated that HBV infection induces
oxidative stress, in part through the ability of HBx to increase
mitochondrial ROS, and that ROS favor replication of the virus
(Ren et al., 2016).

Binding partners of HBx in mitochondria include the voltage-
dependent anion channel 3 (VDAC3), which resides in the
OMM (Rahmani et al, 2000), and heat shock protein 60
(HSP60), a multifunctional chaperone that is located mainly in
the mitochondrial matrix (Tanaka et al., 2004). Studies carried
out in Huh7 cells showed that HBx-induced ROS promotes the
translocation of the serine/threonine kinase Raf-1 (C-Raf) from
the cytoplasm to mitochondria, where it forms complexes with
HBx (Chen and Siddiqui, 2007).

HBx-induced alterations in intracellular calcium signaling
play an important role in HBV replication (Bouchard et al., 2001).
HBx increases the basal levels of cytosolic Ca** in HepG2 cells
(McClain et al., 2007) and augments the spike in cytosolic Ca?*
levels provoked by ATP (Chami et al., 2003). The HBx-mediated
increase in cytosolic Ca?* reflects influx of Ca?* into cells due to
store-operated calcium entry and is associated to greater uptake
of Ca?* by mitochondria (Yang and Bouchard, 2012).

HBx-expressing cells also show changes in mitochondrial
dynamics with increased fission, which results both from
phosphorylation and mitochondrial translocation of the fission
protein Drpl and from ubiquitination/degradation of Mitofusin
2 (Mfn2), a protein that mediates mitochondrial fusion (Kim
et al, 2013a). The study by Kim et al. also showed that
HBx promotes mitophagy, a specialized form of autophagy
that eliminates dysfunctional mitochondria. This effect was
attributed to increased expression and mitochondrial targeting
of Parkin, a ubiquitin ligase whose substrates provide a signal
for sequestration and degradation of damaged mitochondria
(reviewed by Bernardini et al, 2017). Thus, by enhancing
mitophagy, HBV could promote cell survival and possibly viral
persistence. On the other hand, induction of mitochondrial
fission may lead to mitochondrial injury, which might play a
role in the pathogenesis of HBV-related liver disease (Kim et al.,
2013a).

HBx can either directly affect apoptosis or modify the response
of cells to apoptotic stimuli such as TNF-a (reviewed by Rawat
etal., 2012). The varied effects of HBx on cell death likely depend
on its expression levels and on the cell context.

Pol

HBV Pol is an 832-residue protein whose principal role is to
direct packaging of viral pregenomic RNA (pgRNA) molecules
into capsids and to reverse-transcribe the RNA into the dsDNA
genome. In a study of the sites of HBV replication, Pol was

observed to accumulate mainly in mitochondria (Unchwaniwala
et al, 2016). A segment of Pol spanning residues 141-160
functioned as a mitochondrial targeting sequence (MTS) when
attached to GFP and was important for pgRNA packaging, but
could be deleted from Pol without abolishing its mitochondrial
targeting, indicating that additional amino-terminal sequences
contribute MTS properties. Based on the finding that neither
the pgRNA nor the viral Core protein (Cp) localized to the
mitochondria during replication, Unchwaniwala et al. (2016)
suggested that the binding of pgRNA to the MTS may block
mitochondrial localization, so that Pol bound to pgRNA would
be incorporated into in capsids, while unbound Pol would
accumulate in mitochondria. Although the role of Pol in
mitochondria remains to be understood, the protein is known
to have diverse activities besides HBV genome packaging and
reverse transcription, including interference with the antiviral
interferon response (Wu et al., 2007; Wang and Ryu, 2010), an
effect that would favor viral persistence in chronically infected
patients.

HCV

HCV belongs to the Flaviviridae family of small, enveloped
viruses with a single-stranded RNA genome. About 80-85%
of HCV-infected persons fail to eliminate the virus due to
the ability of HCV to evade innate and adaptive immune
surveillance. Persistent HCV infection is associated with liver
pathologies (chronic hepatitis, hepatic steatosis, hepatic fibrosis,
cirrhosis, and hepatocellular carcinoma) and lymphoproliferative
disorders. Although new treatment regimens with direct-acting
antivirals (DAAs) are capable of eliminating the infection, HCV
remains an important clinical and social problem due to the
high cost of DA As, susceptibility of cured patients to reinfection,
and the lack of a prophylactic vaccine (reviewed by Webster
et al, 2015; Dustin et al., 2016). Approximately 71 million
persons are chronically infected with HCV; in a heterogeneous
world-wide distribution with higher prevalence in the Eastern
Mediterranean and European regions (statistics for 2015, World
Health Organization, 2017).

The 9.6kb HCV genome codes for a polyprotein precursor
that is cleaved by viral and cellular proteases into the structural
proteins Core, E1 and E2, which make up the virion, and
nonstructural proteins p7, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B, which are involved in polyprotein processing, genome
replication and virion assembly (reviewed by Scheel and Rice,
2013). The viral life cycle takes place in the ER and an ER-derived
membranous web associated with lipid droplets, and results in ER
stress (Dash et al., 2016). Core, p7, NS3/4, NS4A, and NS5A show
partial accumulation in mitochondria or MAM (Table 1).

Core

Core is a 177-amino acid protein that is derived from the amino-
terminal end of the polyprotein precursor by two proteolytic
cleavage events (Okamoto et al., 2008). In addition to forming
the virion capsid, Core has multiple effects on viral and cellular
pathways, and can protect against or sensitize cells to apoptotic
stimuli (reviewed by Kao et al., 2016). Studies of cell lines
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ectopically expressing Core indicated its accumulation mainly in
the ER (Lo et al., 1995; Santolini et al.,, 1995), in both the ER
and outer mitochondrial membrane (Suzuki et al., 2005), or in
MAMs and the OMM (Schwer et al., 2004). The association of
Core with the ER/MAMs/OMM is mediated by an amphipathic
alpha helical sequence near its carboxy terminus (Schwer et al.,
2004; Suzuki et al., 2005).

The targeting properties of Core are influenced by its
interactions with other viral proteins. When expressed with E1,
Core was targeted mainly to lipid droplets (Barba et al., 1997).
Analyses of HCV-infected Huh7 cells indicated accumulation
of Core mainly in lipid droplets and associated membranes
(Rouille et al., 2006) or mainly in the ER and to a lesser extent
in mitochondria (Schwer et al., 2004). The fraction of Core
associated with mitochondria in infected cells is restricted to
the outer mitochondrial membrane (OMM) or possibly MAMs
(Wang et al., 2010).

The phenotype of Core-transgenic mice includes hepatic
steatosis and hepatocellular carcinoma (Moriya et al, 1997,
1998). The hepatocytes of these mice showed age-dependent
accumulation of Core in the nucleus and in morphologically
altered, dysfunctional mitochondria (Moriya et al.,, 1998), and
signs of oxidative stress (Moriya et al., 2001), suggesting a
direct role for Core in the oxidative stress and impaired
mitochondrial function observed in patients with HCV-induced
hepatitis (Farinati et al., 1995; Barbaro et al., 1999). Core was also
detected in mitochondria of hepatocytes from mice co-expressing
Core, E1, E2, and p7; the mitochondria contained reduced levels
of glutathione and NADPH, indicating oxidative stress, and
showed impaired Complex I activity, reduced respiration, and
increased ROS (Korenaga et al., 2005).

Further studies of Core-expressing cell lines confirmed that it
induces mitochondrial ROS (Okuda et al., 2002; Chu et al., 2011),
as well as loss of AW, (Benali-Furet et al., 2005; Machida et al.,
2006), and release of cytochrome c into the cytoplasm (Okuda
et al., 2002; Benali-Furet et al., 2005). Other effects of Core
include increased lipid peroxidation (Okuda et al., 2002; Machida
et al., 2006), accumulation of lipid droplets (Chu et al., 2011),
increased autophagy (Chu et al., 2011), and apoptosis (Benali-
Furet et al., 2005). Studies in Huh7 cells and the B-cell line Raji
linked the effects of Core on AW, and cellular ROS to activation
of the STAT3 pathway and induction of DNA damage (Machida
et al., 2006).

Core also induces an accumulation of Ca?t in the
cytoplasm due to a defect in SERCA function (Benali-Furet
et al, 2005). The consequent loading of mitochondria with
Ca** favors mitochondrial ROS production and triggers
the mitochondrial permeability transition (Li et al, 2007).
Augmented mitochondrial uptake of Ca?* as well as inhibition
of Complex I activity and increased ROS and glutathione
oxidation are also observed when Core is added to isolated
mitochondria (Korenaga et al., 2005). The effects of Core on
intracellular Ca?* likely contribute to the signs of ER stress
observed in an osteosarcoma cell line expressing HCV (Piccoli
et al., 2006, 2007, 2009). In Huh7 cells, HCV was found to
favor ROS induction, loss of AWy, and apoptosis triggered by
treatment with the pro-oxidant t-BOOH; interestingly, these

effects that were lost in the absence of Core, E1, E2, and p7
(Wang et al., 2010).

Analyses of Core deletion mutants indicated that its first
75 amino acids mediate binding to the mitochondrial matrix
protein HSP60, and are required for Core-mediated induction of
intracellular ROS (measured using DCF-DA) and sensitization
to TNF-a-induced apoptosis (Kang et al., 2009); the location in
which the Core-HSP60 interaction influences ROS production
was not identified.

Core also interacts with Prohibitin, a multifunctional protein
that influences mitochondrial function and apoptosis (reviewed
by Peng et al., 2015). Core-expressing HepG2 cells expressed
increased levels of Prohibitin, but reduced levels of COX subunits
I and I, suggesting that the Core-Prohibitin interaction interferes
with proper assembly and activity of respiratory chain complexes,
which would be expected to result in increased mitochondrial
ROS production (Tsutsumi et al., 2009).

Studies of the impact of HCV on mitophagy indicated either
a promoting (Kim et al., 2013b) or blocking (Hara et al., 2014)
effect. The inhibitory effect was attributed to the ability of Core to
interact with and inhibit mitochondrial accumulation of Parkin
(Hara et al., 2014). Persistence of damaged mitochondria due
to the Core-Parkin interaction may thus contribute to HCV-
associated liver damage and HCC.

Alcohol consumption worsens the clinical course of chronic
hepatitis C. A study of Huh7 cells provided evidence that
Core may contribute to oxidative stress that arises during the
metabolism of ethanol by cytochrome p4502E1 (CYP2E1) (Otani
et al.,, 2005).

Hepatitis C patients and Core-transgenic mice show hepatic
accumulation of iron (Farinati et al., 1995; Moriya et al,
2010). In iron-overload experiments, hepatocytes from Core-
transgenic mice and Core-expressing HepG2 cells showed
impaired upregulation of the antioxidant heme-oxygenase-1,
which is normally induced by excess iron (Moriya et al., 2010).
Such a defect in the iron-overload response could contribute
to deregulated ROS production and scavenging (Fujinaga et al.,
2011).

p7, NS3/4A, and NS5A
There is also evidence that the HCV nonstructural proteins p7,
NS3/4A, and NS5A influence mitochondrial function. p7 is a
63-amino acid hydrophobic protein that forms hexameric ion
channels in membranes and is classified as a viroporin (reviewed
by Nieva et al, 2012). p7 is required for the assembly and
release of infectious virions, thus making it a potential target for
antiviral therapy (reviewed by Madan and Bartenschlager, 2015).
p7 accumulates mainly in the ER (Carrere-Kremer et al., 2002;
Isherwood and Patel, 2005; Hagshenas et al., 2007; Vieyres et al.,
2013) and in MAMs (Griffin et al., 2004, 2005). A recent study
of the impact of HCV on the interferon response indicated that
p7 induces mitochondrial membrane depolarization and binds to
IF16-16, an interferon response protein that stabilizes AWy, an
effect that is counteracted by p7 (Qi et al., 2017).

NS3 is a 631-amino acid protein with serine protease- and
RNA helicase activities that, in association with the 54-amino
acid accessory protein NS4A, forms a membrane-bound complex
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that is required for HCV RNA replication, polyprotein processing
and virion assembly (reviewed by Morikawa et al, 2011),
and is a target of DAAs. NS3/4A also cleaves several cellular
proteins, including MAVS, a component of the innate immune
response signaling pathway triggered by binding of pathogen-
associated molecular patterns (PAMPs) to RIG-1 (Meylan et al.,
2005; Belgnaoui et al., 2011). In Huh7 cells, MAVS is detected
in peroxisomes, mitochondria and MAMs (Seth et al., 2005;
Horner et al,, 2011) and is susceptible to cleavage by NS3/4A
in these compartments (Horner et al.,, 2011; Bender et al., 2015).
Consistent with these observations, there is evidence that NS3/4A
is partially targeted to mitochondria (Wolk et al., 2000; Nomura-
Takigawa et al., 2006). Huh7 cells expressing both NS3 and
NS4A showed increased sensitivity to an apoptosis-inducing
drug, suggesting that NS3/4A may contribute to HCV-associated
hepatic injury by priming cells to death stimuli (Nomura-
Takigawa et al., 2006). Huh7 cells expressing NS4A alone showed
accumulation of the protein in the ER and in mitochondria
that were perinuclear, doughnut-shaped, and depolarized. NS4A-
expressing cells released cytochrome ¢ in the cytoplasm and
showed increased spontaneous death compared to control cells
or cells coexpressing NS3 and NS4A (Nomura-Takigawa et al.,
2006).

NS5A is a 467-amino acid ER/membranous web-associated
phosphoprotein that regulates viral replication and assembly, and
is a target of DAA (reviewed by Ross-Thriepland and Harris,
2015). When expressed in Huh7 cells, NS5A activates the NF-
kB and STAT3 pathways through Ca**-mediated induction of
oxidative stress (Gong et al., 2001). Studies of a GFP-NS5A
fusion protein in HEK293 cells indicated a role for NS5A
in tethering the ER to mitochondria through a mechanism
that involves binding of NS5A to phosphatidylinositol 4-kinase
PI4KA III-o (PI4KA) (Siu et al., 2016). GFP-NS5A-expressing
cells contained fragmented mitochondria but were more resistant
to apoptosis induced by hydrogen peroxide compared to control
cells, suggesting that NS5A may favor survival of HCV-infected
cells under conditions of oxidative stress (Siu et al., 2016).

HPV

Human papillomaviruses (HPVs), members of the
Papillomaviridae family, are small non-enveloped viruses
that possess a double-stranded circular DNA genome and show
a tropism for epithelial cells (reviewed by Doorbar et al., 2015).
The HPV genome codes for 6 early genes named E1, E2, E4,
E5, E6, and E7, which regulate virus replication, and 2 late
genes named L1 and L2, which make up the virion capsid. The
pattern of HPV gene expression is tightly controlled by the
differentiation status of the infected cell: after penetration into
the mucosal or cutaneous epithelium through microlesions,
replication initiates with expression of early genes in the basal
layer, while expression of late proteins making up the virus
particles is restricted to the upper layers (Tomaic, 2016).

HPV is classified into more than 200 genotypes based on
the sequence of the L1 (major capsid) gene. The genotypes are
grouped into 5 genera, the 2 most numerous of which are named

alpha and beta. Alpha-HPVs are further classified as low-risk
or high-risk based on their connection with cancer (reviewed
by Egawa et al.,, 2015). The low-risk viruses (e.g., HPV-6 and
HPV-11) cause warts and other benign proliferative lesions of
the skin and mucosa, while high-risk viruses (e.g., HPV-16 and
HPV-18) are associated with cervical carcinoma and cancers of
the anogenital and head-and neck regions. Beta-HPVs infect
cutaneous epithelia and may contribute to the initiation of non-
melanoma skin cancers, with immunosuppression representing
a risk factor (Tomaic, 2016). HPV-mediated transformation is
driven by the viral proteins E6 and E7 (reviewed by Doorbar
et al,, 2015; Tomaic, 2016). The frequency of HPV-associated
pathologies should be reduced with the availability, since 2006, of
vaccines based on virus-like particles containing the L1 protein
of selected high-risk or high- plus low-risk genotypes (reviewed
by Harper and DeMars, 2017).

E1"E4

Two HPV proteins, E1"E4 and E2, partially localize to
mitochondria (Table 1, Figure 2). E1"E4 is produced by a spliced
mRNA that joins the first few codons from the E1 ORF in
frame to the E4 ORE resulting in a fusion protein of about
90-120 amino acids, depending on the genotype. E1"E4 is
the most abundantly expressed viral protein in the mid-upper
epithelial layers of productively infected lesions (reviewed by
Doorbar, 2013). Doorbar et al. (1991) showed that E1"E4
binds to and collapses the cytokeratin network in mature
human keratinocytes. Collapse of the cytokeratin network leads
to accumulation of E1"E4 in mitochondria, mediated by an
N-terminal leucine-rich sequence (Raj et al., 2004). E1"E4-
containing mitochondria dissociate from microtubules, are
clustered in the perinuclear region and exhibit a severe reduction
in AWy,; these changes are associated with increased apoptosis
(Raj et al., 2004).

E2

E2 is a protein of about 365 amino acids (HPV genotype 16;
its length varies among genotypes) whose expression gradually
increases from the mid- to upper layers of infected lesions.
This pattern of expression reflects the key role of E2 in
the coordination of late events of viral replication through
its influence on transcription, viral genome replication and
partitioning in dividing cells, and RNA processing (reviewed by
Graham, 2016).

A comparison of the properties of E2 from low-risk
(genotypes 6, 11) and high-risk (genotypes 16, 18) viruses
revealed stable nuclear compartmentalization of low-risk E2, and
shuttling of high-risk E2 between the nucleus and cytoplasm,
a property that was connected to the ability of high-risk E2 to
induce apoptosis (Blachon et al., 2005). A more recent analysis
of E2 trafficking provided evidence that the cytoplasmic fraction
of E2 eventually accumulates in mitochondria. Lai et al. studied
GFP-tagged E2 proteins from HPV-18 and HPV-6 (high- and
low-risk genotypes, respectively) in a keratinocyte cell line (Lai
et al.,, 2013). Time-lapse studies showed that HPV-18 GFP-E2
was gradually relocalized from the nucleus to mitochondria,
whereas HPV-6 GFP-E2 remained predominantly nuclear and
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FIGURE 2 | Interactions of human tumor virus proteins with mitochondria. HTLV-1 (red): p13 causes an inward K* current that leads to mitochondrial swelling,
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depolarization and increased ROS production that lowers the PTP opening threshold. p13 also reduces mitochondrial Ca2+ uptake. EBV (green): The Bcl-2 homolog
BHRF1 localizes at the OMM and binds to Bim, Bid and PUMA, resulting in the inhibition of Bax translocation to the OMM. BZLF1 interacts with mtSSB. LMP2A
increases expression of Drp1 (dynamin-related protein 1) through stimulation of the Notch pathway. KSHV (purple): The Mcl-1 homolog KS-Bcl-2 localizes at the OMM
and can bind and inhibit a variety of BH3-only proteins, resulting in the inhibition of Bax-Bak oligomerization at the OMM. The K7 protein forms a bridge between
cellular Bcl-2 and cleaved Caspase-3, resulting in inhibition of Caspase-3 activity. HBV (yellow): HBx interacts with the Complex IV subunit COXIIl and increases ROS
generation by the ETC; HBx can interact with VDAC3 and HSP60. Furthermore, HBx can induce p53 translocation to mitochondria. HBx was also shown to influence
mitochondrial dynamics through its interaction with Drp1 and Mnf2. Polymerase (Pol) contains an amino-terminal MTS that determines its mitochondrial targeting; it
impact on mitochondria remains to be understood. HCV (orange): Core increases mitochondrial respiration, ROS generation, and uptake of Ca?t, which sensitizes
PTP opening. Core also inhibits translocation of Parkin to mitochondria, favors/facilitates/promotes Bax-Bak oligomerization, and interacts with the matrix chaperone
HSPB0. HPV (blue): The E2 protein interacts with IMM proteins and induce expression of the matrix protein PDK1 (pyruvate dehydrogenase kinase 1); E2 also
increases ROS generation in mitochondria. The E1/E4 protein causes loss of AWpy. OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; IMS,
inter-membrane space; ROS, reactive oxygen species; MTS, mitochondrial targeting sequence; ETC, electron transport chain; PTP, permeability transition pore; not

determined.

was rerouted to mitochondria only when expressed at high levels.
Mass spectrometry analysis of proteins co-immunoprecipitated
with HPV-18 E2 revealed the association of E2 with many
mitochondrial proteins, mostly of the IMM, including subunits
of Complexes III, IV, and V. Cells expressing HPV-18 GFP-E2
exhibited perinuclear clustering of the mitochondria and loss of
the cristae structure. HPV-18 GFP-E2-expressing keratinocytes
showed higher levels of mitochondrial ROS however, this effect
did not induce cytochrome c release or apoptosis.

Lai et al. (2013) also showed that HPV-18 E2 stabilizes
HIF-1a and induces the expression of known HIF-1la target

genes, including PDK1 (pyruvate dehydrogenase kinase 1) and
CAIX (carbonic anhydrase IX). These changes were accompanied
by a modest but statistically significant increase in lactate
production, an indication of a shift toward glycolytic metabolism.
These effects were not observed in cells expressing low-risk
HPV-6 E2. Although mitochondrial localization of HPV-18 E2
was evident Lai et al’s transfection assays, their results of
immunohistochemistry assays revealed cytoplasmic staining of
HPV-18 E2 in a CINII lesion (grade II cervical intraepithelial
neoplasia) and mainly nuclear accumulation of HPV-6 E2 in a
benign condyloma.
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A study by Chen et al. (2014) indicated that HPV-induced
mitochondrial alterations also involve interplay between E2
and C1QBP (complement Clq-binding protein, also named
gC1qR, receptor of the globular heads of complement Clq),
a predominantly mitochondrial protein that has many roles,
including regulation of mitochondrial and ER morphology
and cell metabolism (Hu et al., 2013). Both HPV-16 E2 and
CI1QBP were less abundant in cervical carcinoma samples
compared to non-neoplastic cervical tissue, suggesting a
negative role for these proteins in the growth of cervical
epithelial cells (Chen et al, 2014). Ectopic expression of E2
in keratinocytes led to upregulation of C1QBP and signs of
mitochondrial dysfunction, including increased cellular ROS,
augmented levels of cytosolic Ca?™, loss of AWy, and increased
apoptosis; similar effects were observed in cells overexpressing
C1QBP. These properties described for E2 contrast with
previous observations made for the HPV oncoproteins E6
and E7, which downregulate C1QBP expression and protect
cells from apoptosis (Gao et al, 2011; Chen et al., 2014).
It is noteworthy that HCV Core protein also binds to
C1QBP, resulting in impaired cytokine production (Song et al.,
2016).

CONCLUDING REMARKS

Mitochondria play a central role in key biological processes,
including energy conservation, cell death and Ca?* signaling.
These processes are involved both in the control of
physiological tissue homeostasis and in the process of neoplastic
transformation. It is thus not surprising that tumor viruses have
developed common strategies to impinge on mitochondrial
function. The experimental evidence collected so far suggests five
major mechanisms by which proteins coded by tumor viruses
interact with mitochondria (see Figure 2): (i) direct inhibition of
apoptosis by viral Bcl-2 homologs; (ii) deregulation of cellular
bioenergetics through the interaction with ETC components and
inner mitochondrial membrane complexes; (iii) changes in the
mitochondrial production of ROS, which indirectly influence
cell turnover; (iv) changes in mitochondrial CaZt uptake,
which influence Ca?* homeostasis and Ca**-dependent signal
transduction pathways; (v) interaction with OMM proteins that
control innate immunity. Mitochondrial viral proteins can also

REFERENCES

Altmann, M., and Hammerschmidt, W. (2005). Epstein-Barr virus provides a new
paradigm: a requirement for the immediate inhibition of apoptosis. PLoS Biol.
3:e404. doi: 10.1371/journal.pbio.0030404

Andresen, V., Pise-Masison, C. A., Sinha-Datta, U., Bellon, M., Valeri, V.,
Washington Parks, R., et al. (2011). Suppression of HTLV-1 replication by Tax-
mediated re-routing of the p13 viral protein to nuclear speckles. Blood 11,
1549-1559.doi: 10.1182/blood-2010-06-293340

Anupam, R, Doueiri, R., and Green, P. L. (2013). The need to accessorize:
molecular roles of HTLV-1 p30 and HTLV-2 p28 accessory proteins
in the viral life cycle. Front. Microbiol. 4:275. doi: 10.3389/fmicb.2013.
00275

alter mitochondrial morphology through interactions with the
fission/fusion machinery.

Although much experimental information supports these
points of interaction between tumor virus-encoded proteins and
mitochondria, it must be emphasized that in most cases these
results were obtained from experimental systems based on the
ectopic overexpression of the viral protein of interest, in the
absence of other viral proteins, and in cell types that are not the
targets of natural infection by the viruses, conditions that may
not recapitulate the situation in naturally infected cells. Further
investigation is thus needed in order to validate and clarify the
effects of viral-encoded mitochondrial proteins in the context
of the viruses’ life cycle and in connection to their pathogenic
properties in the natural host.

In addition to providing information about the life cycle and
pathogenesis of human tumor viruses, the examination of virus-
mitochondrial interactions using more refined experimental
systems will enhance our understanding of basic cellular
processes controlled by mitochondria, thus paving the road to the
identification of new strategies to clear viral infections and treat
cancer patients.

AUTHOR CONTRIBUTIONS

IC prepared the paragraph on HPV and Table 1. GS prepared
the paragraph on EBV and Figures 1, 2. MS-B prepared the
paragraph on HSHV. VR prepared the paragraph on HTLV-1.
VC prepared the paragraph on HBV and revised the final version
of the paper. DD prepared the paragraph on HCV, Table 2 and
revised the final version of the paper.

ACKNOWLEDGMENTS

The authors thank Luigi Chieco-Bianchi for discussions.
Research in VC laboratory is supported by an Investigator
Grant from the Associazione Italiana per la Ricerca sul Cancro
(AIRC IG # 17794), a University of Padova Ateneo grant, and a
University of Verona-Veneto Institute of Oncology Joint Project
grant. DD research is supported by the University of Padova. IC,
VR, and MS-B are supported by fellowships from the Veneto
Institute of Oncology and GS is a recipient of a Ph.D. fellowship
from the Fondazione Cassa di Risparmio di Padova e Rovigo.

Banerjee, A., Ray, R. B., and Ray, R. (2010). Oncogenic potential of hepatitis C
virus proteins. Viruses 2, 2108-2133. doi: 10.3390/v2092108

Barba, G., Harper, F., Harada, T., Kohara, M., Goulinet, S., Matsuura, Y, et al.
(1997). Hepatitis C virus core protein shows a cytoplasmic localization and
associates to cellular lipid storage droplets. Proc. Natl. Acad. Sci. U.S.A. 94,
1200-1205.

Barbaro, G., Di Lorenzo, G., Asti, A., Ribersani, M., Belloni, G., Grisorio, B.,
et al. (1999). Hepatocellular mitochondrial alterations in patients with chronic
hepatitis C: ultrastructural and biochemical findings. Am. J. Gastroenterol. 94,
2198-2205. doi: 10.1111/j.1572-0241.1999.01294.x

Bartenschlager, R., and Schaller, H. (1992). Hepadnaviral assembly is initiated
by polymerase binding to the encapsidation signal in the viral RNA genome.
EMBO] 11, 3413-3420.

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 81


https://doi.org/10.1371/journal.pbio.0030404
https://doi.org/10.1182/blood-2010-06-293340
https://doi.org/10.3389/fmicb.2013.00275
https://doi.org/10.3390/v2092108
https://doi.org/10.1111/j.1572-0241.1999.01294.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Cavallari et al.

Viruses and Mitochondria

Belgnaoui, S. M., Paz, S., and Hiscott, J. (2011). Orchestrating the interferon
antiviral response through the mitochondrial antiviral signaling (MAVS)
adapter. Curr. Opin. Immunol. 23, 564-572. doi: 10.1016/j.c01.2011.08.001

Bellows, D. S., Howell, M., Pearson, C., Hazlewood, S. A., and Hardwick,
J. M. (2002). Epstein-Barr virus BALF1 is a BCL-2-like antagonist of
the herpesvirus antiapoptotic BCL-2 proteins. J. Virol. 76, 2469-2479.
doi: 10.1128/jvi.76.5.2469-2479.2002

Benali-Furet, N. L., Chami, M., Houel, L., De Giorgi, F., Vernejoul, F., Lagorce,
D., et al. (2005). Hepatitis C virus core triggers apoptosis in liver cells
by inducing ER stress and ER calcium depletion. Oncogene 24, 4921-4933.
doi: 10.1038/sj.0nc.1208673

Bender, S., Reuter, A., Eberle, F., Einhorn, E., Binder, M., and Bartenschlager,
R. (2015). Activation of Type I and III interferon response by mitochondrial
and peroxisomal MAVS and inhibition by Hepatitis C Virus. PLoS Pathog.
11:1005264. doi: 10.1371/journal.ppat.1005264

Benhenda, S., Cougot, D., Buendia, M. A., and Neuveut, C. (2009). Hepatitis B virus
X protein molecular functions and its role in virus life cycle and pathogenesis.
Adv. Cancer Res. 103, 75-109. doi: 10.1016/S0065-230X(09)03004-8

Bernardi, P., Rasola, A., Forte, M., and Lippe, G. (2015). The mitochondrial
permeability transition pore: channel formation by F-ATP synthase, integration
in signal transduction, and role in pathophysiology. Physiol. Rev. 95,
1111-1155. doi: 10.1152/physrev.00001.2015

Bernardini, J. P., Lazarou, M., and Dewson, G. (2017). Parkin and mitophagy in
cancer. Oncogene 36, 1315-1327. doi: 10.1038/0nc.2016.302

Bhutani, M., Polizzotto, M. N., Uldrick, T. S., and Yarchoan, R. (2015).
Kaposi sarcoma-associated herpesvirus-associated malignancies: epidemiology,
pathogenesis, and advances in treatment. Semin. Oncol. 42, 223-246.
doi: 10.1053/j.seminoncol.2014.12.027

Biasiotto, R., Aguiari, P., Rizzuto, R., Pinton, P., D’Agostino, D. M., and Ciminale,
V. (2010). The p13 protein of human T cell leukemia virus type 1 (HTLV-1)
modulates mitochondrial membrane potential and calcium uptake. Biochim.
Biophys. Acta 1797, 945-951. doi: 10.1016/j.bbabio.2010.02.023

Blachon, S., Bellanger, S., Demeret, C., and Thierry, F. (2005). Nucleo-cytoplasmic
shuttling of high risk human Papillomavirus E2 proteins induces apoptosis. J.
Biol. Chem. 280, 36088-36098. doi: 10.1074/jbc.M505138200

Bouchard, M. J., Wang, L. H., and Schneider, R. J. (2001). Calcium signaling by
HBx protein in hepatitis B virus DNA replication. Science 294, 2376-2378.
doi: 10.1126/science.294.5550.2376

Carrere-Kremer, S., Montpellier-Pala, C., Cocquerel, L., Wychowski, C.,
Penin, F., and Dubuisson, J. (2002). Subcellular localization and topology
of the p7 polypeptide of hepatitis C virus. J. Virol. 76, 3720-3730.
doi: 10.1128/JV1.76.8.3720-3730.2002

Cavallari, I, Rende, F., Bender, C., Romanelli, M. G., D’Agostino, D. M., and
Ciminale, V. (2013). Fine tuning of the temporal expression of HTLV-1 and
HTLV-2. Front. Microbiol. 4:235. doi: 10.3389/fmicb.2013.00235

Cavallari, I, Rende, F., Bona, M. K., Sztuba-Solinska, J., Silic-Benussi, M., Tognon,
M, et al. (2015). Expression of alternatively spliced human T-Cell Leukemia
Virus Type 1 mRNAs is influenced by mitosis and by a novel cis-acting
regulatory sequence. J. Virol. 90, 1486-1498. doi: 10.1128/JV1.02298-15

Cavallari, I, Rende, F., D’Agostino, D. M., and Ciminale, V. (2011). Converging
strategies in expression of human complex retroviruses. Viruses 3, 1395-1414.
doi: 10.3390/v3081395

Cen, O., and Longnecker, R. (2015). Latent Membrane Protein 2 (LMP2). Curr.
Top. Microbiol. Immunol. 391, 151-180. doi: 10.1007/978-3-319-22834-1_5

Chami, M., Ferrari, D., Nicotera, P., Paterlini-Brechot, P., and Rizzuto, R.
(2003). Caspase-dependent alterations of Ca?* signaling in the induction of
apoptosis by hepatitis B virus X protein. J. Biol. Chem. 278, 31745-31755.
doi: 10.1074/jbc.M304202200

Chau, B. N,, Cheng, E. H., Kerr, D. A., and Hardwick, J. M. (2000). Aven, a novel
inhibitor of caspase activation, binds Bcl-xL and Apaf-1. Mol. Cell 6, 31-40.
doi: 10.1016/S1097-2765(05)00021-3

Chen, J., and Siddiqui, A. (2007). Hepatitis B virus X protein stimulates
the mitochondrial translocation of Raf-1 via oxidative stress. J. Virol. 81,
6757-6760. doi: 10.1128/JVI1.00172-07

Chen, Z. L, Su, Y. J.,, Zhang, H. L., Gu, P. Q., and Gao, L. J. (2014). The role of
the globular heads of the C1q receptor in HPV-16 E2-induced human cervical
squamous carcinoma cell apoptosis via a mitochondria-dependent pathway. J.
Transl. Med. 12:286. doi: 10.1186/s12967-014-0286-y

Chu, V. C,, Bhattacharya, S., Nomoto, A, Lin, J., Zaidi, S. K., Oberley, T. D., et al.
(2011). Persistent expression of hepatitis C virus non-structural proteins leads
to increased autophagy and mitochondrial injury in human hepatoma cells.
PLoS ONE 6:€28551. doi: 10.1371/journal.pone.0028551

Ciminale, V., Zotti, L., D’Agostino, D. M., Ferro, T., Casareto, L., Franchini, G.,
et al. (1999). Mitochondrial targeting of the p13II protein coded by the x-II
OREF of human T-cell leukemia/lymphotropic virus type I (HTLV-I). Oncogene
18, 4505-4514.

Claus, C., and Liebert, U. G. (2014). A renewed focus on the interplay
between viruses and mitochondrial metabolism. Arch. Virol. 159, 1267-1277.
doi: 10.1007/s00705-013-1841-1

Clippinger, A. J., and Bouchard, M. J. (2008). Hepatitis B virus HBx
protein localizes to mitochondria in primary rat hepatocytes and
modulates mitochondrial membrane potential. J. Virol. 82, 6798-6811.
doi: 10.1128/JV1.00154-08

Cross, J. R., Postigo, A., Blight, K, and Downward, J. (2008). Viral pro-
survival proteins block separate stages in Bax activation but changes in
mitochondrial ultrastructure still occur. Cell Death Differ 15, 997-1008.
doi: 10.1038/cdd.2008.14

D’Agostino, D. M., Bernardi, P., Chieco-Bianchi, L., and Ciminale, V. (2005a).
Mitochondria as Functional Targets of Proteins Coded by Human Tumor
Viruses. Adv. Cancer Res. 94, 87-142. doi: 10.1016/S0065-230X(05)94003-7

D’Agostino, D. M., Ranzato, L., Arrigoni, G., Cavallari, I., Belleudi, F., Torrisi,
M. R,, et al. (2002). Mitochondrial alterations induced by the p13II protein of
human T-cell leukemia virus type 1. Critical role of arginine residues. J. Biol.
Chem. 277, 34424-34433. doi: 10.1074/jbc.M203023200

D’Agostino, D. M., Silic-Benussi, M., Hiraragi, H., Lairmore, M. D., and Ciminale,
V. (2005b). The human T-cell leukemia virus type 1 p13II protein: effects
on mitochondrial function and cell growth. Cell Death Differ 12(Suppl. 1),
905-915. doi: 10.1038/sj.cdd.4401576

Dash, S., Chava, S., Aydin, Y., Chandra, P. K., Ferraris, P., Chen, W,, et al. (2016).
Hepatitis C virus infection induces autophagy as a prosurvival mechanism to
alleviate hepatic ER-stress response. Viruses 8:150. doi: 10.3390/v8050150

de Martel, C., Ferlay, J., Franceschi, S. Vignat, J., Bray, F., Forman,
D., et al. (2012). Global burden of cancers attributable to infections
in 2008: a review and synthetic analysis. Lancet Oncol. 13, 607-615.
doi: 10.1016/S1470-2045(12)70137-7

Derse, D., Mikovits, ., and Ruscetti, F. (1997). X-I and X-II open reading frames of
HTLV-I are not required for virus replication or for immortalization of primary
T-cells in vitro. Virology 237, 123-128.

Doorbar, J. (2013). The E4 protein; structure, function and patterns of expression.
Virology 445, 80-98. doi: 10.1016/j.virol.2013.07.008

Doorbar, J., Egawa, N., Griffin, H., Kranjec, C., and Murakami, I. (2015). Human
papillomavirus molecular biology and disease association. Rev. Med. Virol.
25(Suppl. 1), 2-23. doi: 10.1002/rmv.1822

Doorbar, J., Ely, S., Sterling, J., McLean, C., and Crawford, L. (1991). Specific
interaction between HPV-16 E1-E4 and cytokeratins results in collapse of the
epithelial cell intermediate filament network. Nature 352, 824-827.

Dustin, L. B., Bartolini, B., Capobianchi, M. R., and Pistello, M. (2016). Hepatitis C
virus: life cycle in cells, infection and host response, and analysis of molecular
markers influencing the outcome of infection and response to therapy. Clin.
Microbiol. Infect. 22, 826-832. doi: 10.1016/j.cmi.2016.08.025

Egawa, N., Egawa, K., Griffin, H., and Doorbar, J. (2015). Human Papillomaviruses;
Epithelial Tropisms, and the Development of Neoplasia. Viruses 7, 3863-3890.
doi: 10.3390/v7072802

Farinati, F., Cardin, R., De Maria, N., Della Libera, G., Marafin, C., Lecis, E., et al.
(1995). Iron storage, lipid peroxidation and glutathione turnover in chronic
anti-HCV positive hepatitis. J. Hepatol. 22, 449-456.

Feng, H., Dong, X., Negaard, A., and Feng, P. (2008a). Kaposis sarcoma-
associated herpesvirus K7 induces viral G protein-coupled receptor
degradation and reduces its tumorigenicity. PLoS Pathog 4:e1000157.
doi: 10.1371/journal.ppat.1000157

Feng, H., Shuda, M., Chang, Y., and Moore, P. S. (2008b). Clonal integration
of a polyomavirus in human Merkel cell carcinoma. Science 319, 1096-1100.
doi: 10.1126/science.1152586

Feng, P., Park, J., Lee, B. S, Lee, S. H., Bram, R. J,, and Jung, J. U. (2002).
Kaposi’s sarcoma-associated herpesvirus mitochondrial K7 protein targets
a cellular calcium-modulating cyclophilin ligand to modulate intracellular

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 81


https://doi.org/10.1016/j.coi.2011.08.001
https://doi.org/10.1128/jvi.76.5.2469-2479.2002
https://doi.org/10.1038/sj.onc.1208673
https://doi.org/10.1371/journal.ppat.1005264
https://doi.org/10.1016/S0065-230X(09)03004-8
https://doi.org/10.1152/physrev.00001.2015
https://doi.org/10.1038/onc.2016.302
https://doi.org/10.1053/j.seminoncol.2014.12.027
https://doi.org/10.1016/j.bbabio.2010.02.023
https://doi.org/10.1074/jbc.M505138200
https://doi.org/10.1126/science.294.5550.2376
https://doi.org/10.1128/JVI.76.8.3720-3730.2002
https://doi.org/10.3389/fmicb.2013.00235
https://doi.org/10.1128/JVI.02298-15
https://doi.org/10.3390/v3081395
https://doi.org/10.1007/978-3-319-22834-1_5
https://doi.org/10.1074/jbc.M304202200
https://doi.org/10.1016/S1097-2765(05)00021-3
https://doi.org/10.1128/JVI.00172-07
https://doi.org/10.1186/s12967-014-0286-y
https://doi.org/10.1371/journal.pone.0028551
https://doi.org/10.1007/s00705-013-1841-1
https://doi.org/10.1128/JVI.00154-08
https://doi.org/10.1038/cdd.2008.14
https://doi.org/10.1016/S0065-230X(05)94003-7
https://doi.org/10.1074/jbc.M203023200
https://doi.org/10.1038/sj.cdd.4401576
https://doi.org/10.3390/v8050150
https://doi.org/10.1016/S1470-2045(12)70137-7
https://doi.org/10.1016/j.virol.2013.07.008
https://doi.org/10.1002/rmv.1822
https://doi.org/10.1016/j.cmi.2016.08.025
https://doi.org/10.3390/v7072802
https://doi.org/10.1371/journal.ppat.1000157
https://doi.org/10.1126/science.1152586
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Cavallari et al.

Viruses and Mitochondria

calcium concentration and inhibit apoptosis. J. Virol 76, 11491-11504.
doi: 10.1128/JV1.76.22.11491-11504.2002

Flanagan, A. M., and Letai, A. (2008). BH3 domains define selective inhibitory
interactions with BHRF-1 and KSHV BCL-2. Cell Death Differ 15, 580-588.
doi: 10.1038/sj.cdd.4402292

Fracchia, K. M., Pai, C. Y., and Walsh, C. M. (2013). Modulation of T cell
metabolism and function through calcium signaling. Front. Immunol. 4:324.
doi: 10.3389/fimmu.2013.00324

Fujinaga, H., Tsutsumi, T., Yotsuyanagi, H., Moriya, K., and Koike, K. (2011).
Hepatocarcinogenesis in hepatitis C: HCV shrewdly exacerbates oxidative
stress by modulating both production and scavenging of reactive oxygen
species. Oncol. 81(Suppl. 1), 11-17. doi: 10.1159/000333253

Gallo, A., Lampe, M., Gunther, T., and Brune, W. (2017). The viral
Bcl-2 homologs of kaposi’s sarcoma-associated herpesvirus and rhesus
rhadinovirus share an essential role for viral replication. J. Virol. 91:¢01875-16.
doi: 10.1128/JV1.01875-16

Gao, L.].,, Gu, P. Q,, Fan, W. M., Liu, Z,, Qiu, F., Peng, Y. Z, et al. (2011). The role of
gC1qR in regulating survival of human papillomavirus 16 oncogene-transfected
cervical cancer cells. Int. J. Oncol. 39, 1265-1272. doi: 10.3892/ij0.2011
.1108

Gelgor, A., Kalt, I, Bergson, S., Brulois, K. F., Jung, J. U., and Sarid, R. (2015).
Viral Bcl-2 Encoded by the Kaposi’s Sarcoma-Associated Herpesvirus Is Vital
for Virus Reactivation. J. Virol. 89, 5298-5307. doi: 10.1128/JV1.00098-15

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

Ghorbel, S., Sinha-Datta, U., Dundr, M., Brown, M., Franchini, G., and Nicot,
C. (2006). Human T-cell leukemia virus type I p30 nuclear/nucleolar
retention is mediated through interactions with RNA and a constituent
of the 60S ribosomal subunit. J. Biol. Chem. 281, 37150-37158.
doi: 10.1074/jbc.M603981200

Goncalves, D. U,, Proietti, F. A, Ribas, J. G., Araujo, M. G., Pinheiro, S. R., Guedes,
A. C, et al. (2010). Epidemiology, treatment, and prevention of human T-cell
leukemia virus type 1-associated diseases. Clin. Microbiol. Rev. 23, 577-589.
doi: 10.1128/CMR.00063-09

Gong, G., Waris, G., Tanveer, R., and Siddiqui, A. (2001). Human hepatitis C virus
NS5A protein alters intracellular calcium levels, induces oxidative stress, and
activates STAT-3 and NF-kappa B. Proc. Natl. Acad. Sci. U.S.A. 98, 9599-9604.
doi: 10.1073/pnas.171311298

Graham, S. V. (2016). Human Papillomavirus E2 protein: linking
replication, transcription, and RNA processing. J. Virol. 90, 8384-8388.
doi: 10.1128/JV1.00502-16

Griffin, S., Clarke, D., McCormick, C., Rowlands, D., and Harris, M. (2005).
Signal peptide cleavage and internal targeting signals direct the hepatitis C
virus p7 protein to distinct intracellular membranes. J. Virol. 79, 15525-15536.
doi: 10.1128/JV1.79.24.15525-15536.2005

Griffin, S. D., Harvey, R,, Clarke, D. S., Barclay, W. S., Harris, M., and Rowlands,
D. J. (2004). A conserved basic loop in hepatitis C virus p7 protein is
required for amantadine-sensitive ion channel activity in mammalian cells but
is dispensable for localization to mitochondria. J. Gen. Virol. 85(Pt 2), 451-461.
doi: 10.1099/vir.0.19634-0

Hagshenas, G., Mackenzie, J. M., Dong, X., and Gowans, E. J. (2007). Hepatitis
C virus p7 protein is localized in the endoplasmic reticulum when it is
encoded by a replication-competent genome. J. Gen. Virol. 88(Pt 1), 134-142.
doi: 10.1099/vir.0.82049-0

Hara, Y., Yanatori, L., Ikeda, M., Kiyokage, E., Nishina, S., Tomiyama, Y., et al.
(2014). Hepatitis C virus core protein suppresses mitophagy by interacting
with parkin in the context of mitochondrial depolarization. Am. J. Pathol. 184,
3026-3039. doi: 10.1016/j.ajpath.2014.07.024

Harper, D. M., and DeMars, L. R. (2017). HPV vaccines - A review of the first
decade. Gynecol. Oncol. 146, 196-204. doi: 10.1016/j.ygyno.2017.04.004

Henderson, S., Huen, D., Rowe, M., Dawson, C., Johnson, G., and Rickinson, A.
(1993). Epstein-Barr virus-coded BHRF1 protein, a viral homologue of Bcl-
2, protects human B cells from programmed cell death. Proc. Natl. Acad. Sci.
U.S.A. 90, 8479-8483.

Henkler, F., Hoare, J., Waseem, N., Goldin, R. D., McGarvey, M. ., Koshy, R., et al.
(2001). Intracellular localization of the hepatitis B virus HBx protein. J. Gen.
Virol. 82(Pt 4), 871-882. doi: 10.1099/0022-1317-82-4-871

Hickish, T., Robertson, D., Clarke, P., Hill, M., di Stefano, F., Clarke, C,, et al.
(1994). Ultrastructural localization of BHRF1: an Epstein-Barr virus gene
product which has homology with bcl-2. Cancer Res. 54, 2808-2811.

Hiraragi, H., Kim, S. J., Phipps, A. J., Silic-Benussi, M., Ciminale, V., Ratner, L.,
et al. (2006). Human T-lymphotropic virus type 1 mitochondrion-localizing
protein p13(II) is required for viral infectivity in vivo. J. Virol. 80, 3469-3476.
doi: 10.1128/JV1.80.7.3469-3476.2006

Horner, S. M., Liu, H. M., Park, H. S., Briley, J., and Gale, M. Jr. (2011).
Mitochondrial-associated endoplasmic reticulum membranes (MAM) form
innate immune synapses and are targeted by hepatitis C virus. Proc. Natl. Acad.
Sci. U.S.A. 108, 14590-14595. doi: 10.1073/pnas.1110133108

Hou, X,, Foley, S., Cueto, M., and Robinson, M. A. (2000). The human T-cell
leukemia virus type I (HTLV-I) X region encoded protein p13(II) interacts with
cellular proteins. Virology 277, 127-135. doi: 10.1006/viro.2000.0604

Hsu, W. L., Chung, P. ], Tsai, M. H., Chang, C. L., and Liang, C. L. (2012). A role
for Epstein-Barr viral BALF1 in facilitating tumor formation and metastasis
potential. Virus Res. 163, 617-627. doi: 10.1016/j.virusres.2011.12.017

Hu, M., Crawford, S. A., Henstridge, D. C., Ng, I. H,, Boey, E. J., Xu, Y., et al.
(2013). p32 protein levels are integral to mitochondrial and endoplasmic
reticulum morphology, cell metabolism and survival. Biochem. J. 453, 381-391.
doi: 10.1042/BJ20121829

Huh, K. W., and Siddiqui, A. (2002). Characterization of the mitochondrial
association of hepatitis B virus X protein, HBx. Mitochondrion 1, 349-359.
doi: 10.1016/S1567-7249(01)00040-X

IARC Monograph (2012). Biological agents. Volume 100 B. A review of human
carcinogens. IARC Monogr. Eval. Carcinog. Risks Hum. 100(Pt B), 1-441.

Isherwood, B. J., and Patel, A. H. (2005). Analysis of the processing and
transmembrane topology of the E2p7 protein of hepatitis C virus. J. Gen. Virol.
86(Pt 3), 667-676. doi: 10.1099/vir.0.80737-0

Journo, C., Douceron, E., and Mahieux, R. (2009). HTLV gene regulation:
because size matters, transcription is not enough. Future Microbiol. 4, 425-440.
doi: 10.2217/fmb.09.13

Kalt, I., Borodianskiy-Shteinberg, T., Schachor, A., and Sarid, R. (2010).
GLTSCR2/PICT-1, a putative tumor suppressor gene product, induces
the nucleolar targeting of the Kaposis sarcoma-associated herpesvirus
KS-Bcl-2  protein. J.  Virol. 84, 2935-2945. doi: 10.1128/JVI.007
57-09

Kang, S. M., Kim, S. J,, Kim, J. H., Lee, W., Kim, G. W., Lee, K. H,, et al.
(2009). Interaction of hepatitis C virus core protein with Hsp60 triggers
the production of reactive oxygen species and enhances TNF-alpha-mediated
apoptosis. Cancer Lett. 279, 230-237. doi: 10.1016/j.canlet.2009.02.003

Kao, C. C,, Yi, G., and Huang, H. C. (2016). The core of hepatitis C virus
pathogenesis. Curr. Opin. Virol. 17, 66-73. doi: 10.1016/j.coviro.2016.01.009

Kim, S. J., Ding, W., Albrecht, B., Green, P. L., and Lairmore, M. D. (2003). A
conserved calcineurin-binding motif in human T lymphotropic virus type 1
p12I functions to modulate nuclear factor of activated T cell activation. J. Biol.
Chem. 278, 15550-15557. doi: 10.1074/jbc.M210210200

Kim, S. J., Khan, M. Quan, J., Till, A., Subramani, S., and Siddiqui,
A. (2013a). Hepatitis B virus disrupts mitochondrial dynamics: induces
fission and mitophagy to attenuate apoptosis. PLoS Pathog. 9:€1003722.
doi: 10.1371/journal.ppat.1003722

Kim, S. J., Syed, G. H., and Siddiqui, A. (2013b). Hepatitis C virus induces the
mitochondrial translocation of Parkin and subsequent mitophagy. PLoS Pathog.
9:1003285. doi: 10.1371/journal.ppat.1003285

Korenaga, M., Wang, T., Li, Y., Showalter, L. A.,, Chan, T., Sun, J, et al.
(2005). Hepatitis C virus core protein inhibits mitochondrial electron transport
and increases reactive oxygen species (ROS) production. J. Biol. Chem. 280,
37481-37488. doi: 10.1074/jbc.M506412200

Kvansakul, M., Caria, S., and Hinds, M. G. (2017). The Bcl-2 family in host-virus
interactions. Viruses 9:pii: E290. doi: 10.3390/v9100290

Kvansakul, M., Wei, A. H., Fletcher, J. 1., Willis, S. N., Chen, L., Roberts,
A. W, et al. (2010). Structural basis for apoptosis inhibition by Epstein-
Barr virus BHRF1. PLoS Pathog. 6:¢1001236. doi: 10.1371/journal.ppat.10
01236

Lai, D., Tan, C. L., Gunaratne, J., Quek, L. S., Nei, W., Thierry, F., et al.
(2013). Localization of HPV-18 E2 at mitochondrial membranes induces
ROS release and modulates host cell metabolism. PLoS ONE 8:€75625.
doi: 10.1371/journal.pone.0075625

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 81


https://doi.org/10.1128/JVI.76.22.11491-11504.2002
https://doi.org/10.1038/sj.cdd.4402292
https://doi.org/10.3389/fimmu.2013.00324
https://doi.org/10.1159/000333253
https://doi.org/10.1128/JVI.01875-16
https://doi.org/10.3892/ijo.2011.1108
https://doi.org/10.1128/JVI.00098-15
https://doi.org/10.3389/fmicb.2012.00388
https://doi.org/10.1074/jbc.M603981200
https://doi.org/10.1128/CMR.00063-09
https://doi.org/10.1073/pnas.171311298
https://doi.org/10.1128/JVI.00502-16
https://doi.org/10.1128/JVI.79.24.15525-15536.2005
https://doi.org/10.1099/vir.0.19634-0
https://doi.org/10.1099/vir.0.82049-0
https://doi.org/10.1016/j.ajpath.2014.07.024
https://doi.org/10.1016/j.ygyno.2017.04.004
https://doi.org/10.1099/0022-1317-82-4-871
https://doi.org/10.1128/JVI.80.7.3469-3476.2006
https://doi.org/10.1073/pnas.1110133108
https://doi.org/10.1006/viro.2000.0604
https://doi.org/10.1016/j.virusres.2011.12.017
https://doi.org/10.1042/BJ20121829
https://doi.org/10.1016/S1567-7249(01)00040-X
https://doi.org/10.1099/vir.0.80737-0
https://doi.org/10.2217/fmb.09.13
https://doi.org/10.1128/JVI.00757-09
https://doi.org/10.1016/j.canlet.2009.02.003
https://doi.org/10.1016/j.coviro.2016.01.009
https://doi.org/10.1074/jbc.M210210200
https://doi.org/10.1371/journal.ppat.1003722
https://doi.org/10.1371/journal.ppat.1003285
https://doi.org/10.1074/jbc.M506412200
https://doi.org/10.3390/v9100290
https://doi.org/10.1371/journal.ppat.1001236
https://doi.org/10.1371/journal.pone.0075625
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Cavallari et al.

Viruses and Mitochondria

Lairmore, M. D., Haines, R., and Anupam, R. (2012). Mechanisms of human
T-lymphotropic virus type 1 transmission and disease. Curr. Opin. Virol. 2,
474-481. doi: 10.1016/j.coviro.2012.06.007

LaJeunesse, D. R., Brooks, K., and Adamson, A. L. (2005). Epstein-Barr virus
immediate-early proteins BZLF1 and BRLF1 alter mitochondrial morphology
during lytic replication. Biochem. Biophys. Res. Commun. 333, 438-442.
doi: 10.1016/j.bbrc.2005.05.120

Lefebvre, L., Vanderplasschen, A., Ciminale, V., Heremans, H., Dangoisse,
0., Jauniaux, J. C. et al. (2002). Oncoviral bovine leukemia virus G4
and human T-cell leukemia virus type 1 pl3(II) accessory proteins
interact with farnesyl pyrophosphate synthetase. J. Virol. 76, 1400-1414.
doi: 10.1128/JV1.76.3.1400-1414.2002

Levrero, M., and Zucman-Rossi, J. (2016).
induced  hepatocellular  carcinoma. ]
doi: 10.1016/j.jhep.2016.02.021

Li, Y., Boehning, D. F., Qian, T., Popov, V. L., and Weinman, S. A. (2007). Hepatitis
C virus core protein increases mitochondrial ROS production by stimulation
of Ca*™ uniporter activity. FASEB J. 21, 2474-2485. doi: 10.1096/£j.06-
7345com

Liang, Q., Chang, B., Brulois, K. F., Castro, K., Min, C. K., Rodgers, M. A,,
et al. (2013). Kaposi’s sarcoma-associated herpesvirus K7 modulates Rubicon-
mediated inhibition of autophagosome maturation. J. Virol. 87, 12499-12503.
doi: 10.1128/JV1.01898-13

Liang, Q. Chang, B., Lee, P., Brulois, K. F., Ge, J, Shi, M, et al
(2015). Identification of the essential role of viral Bcl-2 for Kaposis
Sarcoma-Associated Herpesvirus Lytic Replication. J. Virol. 89, 5308-5317.
doi: 10.1128/JV1.00102-15

Lim, W., Kwon, S. H., Cho, H.,, Kim, S., Lee, S., and Ryu, W. S. (2010). HBx
targeting to mitochondria and ROS generation are necessary but insufficient
for HBV-induced cyclooxygenase-2 expression. J. Mol. Med. 88, 359-369.
doi: 10.1007/s00109-009-0563-z

Lo, S. Y., Masiarz, F., Hwang, S. B., Lai, M. M., and Ou, J. H. (1995). Differential
subcellular localization of hepatitis C virus core gene products. Virology 213,
455-461. doi: 10.1006/vir0.1995.0018

Lucifora, J., Arzberger, S., Durantel, D., Belloni, L. Strubin, M., Levrero,
M., et al. (2011). Hepatitis B virus X protein is essential to initiate
and maintain virus replication after infection. J. Hepatol. 55, 996-1003.
doi: 10.1016/j.jhep.2011.02.015

Machida, K., Cheng, K. T, Lai, C. K, Jeng, K. S, Sung, V. M, and
Lai, M. M. (2006). Hepatitis C virus triggers mitochondrial permeability
transition with production of reactive oxygen species, leading to DNA
damage and STAT3 activation. J. Virol 80, 7199-7207. doi: 10.1128/JV1.003
21-06

Madan, V., and Bartenschlager, R. (2015). Structural and Functional
Properties of the Hepatitis C Virus p7 Viroporin. Viruses 7, 4461-4481.
doi: 10.3390/v7082826

Marshall, W. L., Yim, C., Gustafson, E., Graf, T., Sage, D. R., Hanify, K,, et al.
(1999). Epstein-Barr virus encodes a novel homolog of the bcl-2 oncogene
that inhibits apoptosis and associates with Bax and Bak. J. Virol. 73, 5181-
5185.

McClain, S. L., Clippinger, A. J., Lizzano, R., and Bouchard, M. J. (2007). Hepatitis
B virus replication is associated with an HBx-dependent mitochondrion-
regulated increase in cytosolic calcium levels. J. Virol 81, 12061-12065.
doi: 10.1128/JV1.00740-07

McKenzie, J., and El-Guindy, A. (2015).
Cycle Reactivation. Curr. Top. Microbiol.
doi: 10.1007/978-3-319-22834-1_8

Meylan, E., Curran, J., Hofmann, K., Moradpour, D., Binder, M., Bartenschlager,
R, et al. (2005). Cardif is an adaptor protein in the RIG-I antiviral
pathway and is targeted by hepatitis C virus. Nature 437, 1167-1172.
doi: 10.1038/nature04193

Milian, E., Prats, E., Cairo, J. J., Godia, F., and Vives, J. (2015). BHRF1 exerts an
antiapoptotic effect and cell cycle arrest via Bcl-2 in murine hybridomas. J.
Biotechnol. 209, 58-67. doi: 10.1016/j.jbiotec.2015.06.379

Morikawa, K., Lange, C. M., Gouttenoire, J., Meylan, E., Brass, V., Penin, F., et al.
(2011). Nonstructural protein 3-4A: the Swiss army knife of hepatitis C virus. J.
Viral Hepat. 18, 305-315. doi: 10.1111/j.1365-2893.2011.01451.x

Mechanisms of HBV-
Hepatol. 64,  S$84-S101.

Epstein-Barr
Immunol. 391,

Virus  Lytic
237-261.

Moriya, K., Fujie, H., Shintani, Y., Yotsuyanagi, H., Tsutsumi, T., Ishibashi, K., et al.
(1998). The core protein of hepatitis C virus induces hepatocellular carcinoma
in transgenic mice. Nat. Med. 4, 1065-1067. doi: 10.1038/2053

Moriya, K., Miyoshi, H., Shinzawa, S., Tsutsumi, T., Fujie, H., Goto, K., et al.
(2010). Hepatitis C virus core protein compromises iron-induced activation
of antioxidants in mice and HepG2 cells. . Med. Virol. 82, 776-792.
doi: 10.1002/jmv.21661

Moriya, K., Nakagawa, K., Santa, T., Shintani, Y., Fujie, H., Miyoshi, H., et al.
(2001). Oxidative stress in the absence of inflammation in a mouse model for
hepatitis C virus-associated hepatocarcinogenesis. Cancer Res. 61, 4365-4370.

Moriya, K., Yotsuyanagi, H., Shintani, Y., Fujie, H., Ishibashi, K,
Matsuura, Y., et al. (1997). Hepatitis C virus core protein induces
hepatic steatosis in transgenic mice. J. Gen. Virol. 78(Pt 7), 1527-1531.
doi: 10.1099/0022-1317-78-7-1527

Morrison, B. ], Labo, N, Miley, W. ],
Serodiagnosis  for tumor viruses. Semin.
doi: 10.1053/j.seminoncol.2014.12.024

Motavaf, M., Safari, S., Saffari Jourshari, M., and Alavian, S. M. (2013). Hepatitis
B virus-induced hepatocellular carcinoma: the role of the virus x protein. Acta
Virol. 57, 389-396. doi: 10.4149/av_2013_04_389

Nieva, J. L., Madan, V. and Carrasco, L. (2012). Viroporins: structure
and  biological functions. ~Nat. Rev. Microbiol. 10, 563-574.
doi: 10.1038/nrmicro2820

Nomura-Takigawa, Y., Nagano-Fujii, M., Deng, L., Kitazawa, S., Ishido, S.,
Sada, K., et al. (2006). Non-structural protein 4A of Hepatitis C virus
accumulates on mitochondria and renders the cells prone to undergoing
mitochondria-mediated apoptosis. J. Gen. Virol. 87(Pt 7), 1935-1945.
doi: 10.1099/vir.0.81701-0

Okamoto, T., Omori, H., Kaname, Y., Abe, T., Nishimura, Y., Suzuki, T,
et al. (2008). A single-amino-acid mutation in hepatitis C virus NS5A
disrupting FKBPS8 interaction impairs viral replication. J. Virol. 82, 3480-3489.
doi: 10.1128/JV1.02253-07

Okuda, M., Li, K., Beard, M. R,, Showalter, L. A, Scholle, F., Lemon, S. M., et al.
(2002). Mitochondrial injury, oxidative stress, and antioxidant gene expression
are induced by hepatitis C virus core protein. Gastroenterology 122, 366-375.
doi: 10.1053/gast.2002.30983

Otani, K., Korenaga, M., Beard, M. R, Li, K., Qian, T., Showalter, L. A., et al.
(2005). Hepatitis C virus core protein, cytochrome P450 2EI, and alcohol
produce combined mitochondrial injury and cytotoxicity in hepatoma cells.
Gastroenterology 128, 96-107. doi: 10.1053/j.gastro.2004.10.045

Pal, A. D., Basak, N. P,, Banerjee, A. S., and Banerjee, S. (2014). Epstein-Barr virus
latent membrane protein-2A alters mitochondrial dynamics promoting cellular
migration mediated by Notch signaling pathway. Carcinogenesis 35, 1592-1601.
doi: 10.1093/carcin/bgu069

Panfil, A. R, Martinez, M. P., Ratner, L., and Green, P. L. (2016). Human
T-cell leukemia virus-associated malignancy. Curr. Opin. Virol. 20, 40-46.
doi: 10.1016/j.coviro.2016.08.009

Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X. H., Mizushima, N., et al. (2005).
Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 122,
927-939. doi: 10.1016/j.cell.2005.07.002

Pearson, G. R., Luka, J., Petti, L., Sample, J., Birkenbach, M., Braun, D., et al. (1987).
Identification of an Epstein-Barr virus early gene encoding a second component
of the restricted early antigen complex. Virology 160, 151-161.

Peng, Y. T., Chen, P., Ouyang, R. Y., and Song, L. (2015). Multifaceted
role of prohibitin in cell survival and apoptosis. Apoptosis 20, 1135-1149.
doi: 10.1007/s10495-015-1143-z

Piccoli, C., Quarato, G., Ripoli, M., D’Aprile, A., Scrima, R., Cela, O.,
et al. (2009). HCV infection induces mitochondrial bioenergetic
unbalance: causes and effects. Biochim. Biophys. Acta 1787, 539-546.
doi: 10.1016/j.bbabio.2008.11.008

Piccoli, C., Scrima, R., D’Aprile, A., Ripoli, M., Lecce, L., Boffoli, D., et al. (2006).
Mitochondrial dysfunction in hepatitis C virus infection. Biochim. Biophys.
Acta 1757, 1429-1437. doi: 10.1016/j.bbabio.2006.05.018

Piccoli, C., Scrima, R., Quarato, G., D’Aprile, A., Ripoli, M., Lecce, L., et al. (2007).
Hepatitis C virus protein expression causes calcium-mediated mitochondrial
bioenergetic dysfunction and nitro-oxidative stress. Hepatology 46, 58-65.
doi: 10.1002/hep.21679

and Whitby, D.
Oncol. 42,

(2015).
191-206.

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 81


https://doi.org/10.1016/j.coviro.2012.06.007
https://doi.org/10.1016/j.bbrc.2005.05.120
https://doi.org/10.1128/JVI.76.3.1400-1414.2002
https://doi.org/10.1016/j.jhep.2016.02.021
https://doi.org/10.1096/fj.06-7345com
https://doi.org/10.1128/JVI.01898-13
https://doi.org/10.1128/JVI.00102-15
https://doi.org/10.1007/s00109-009-0563-z
https://doi.org/10.1006/viro.1995.0018
https://doi.org/10.1016/j.jhep.2011.02.015
https://doi.org/10.1128/JVI.00321-06
https://doi.org/10.3390/v7082826
https://doi.org/10.1128/JVI.00740-07
https://doi.org/10.1007/978-3-319-22834-1_8
https://doi.org/10.1038/nature04193
https://doi.org/10.1016/j.jbiotec.2015.06.379
https://doi.org/10.1111/j.1365-2893.2011.01451.x
https://doi.org/10.1038/2053
https://doi.org/10.1002/jmv.21661
https://doi.org/10.1099/0022-1317-78-7-1527
https://doi.org/10.1053/j.seminoncol.2014.12.024
https://doi.org/10.4149/av_2013_04_389
https://doi.org/10.1038/nrmicro2820
https://doi.org/10.1099/vir.0.81701-0
https://doi.org/10.1128/JVI.02253-07
https://doi.org/10.1053/gast.2002.30983
https://doi.org/10.1053/j.gastro.2004.10.045
https://doi.org/10.1093/carcin/bgu069
https://doi.org/10.1016/j.coviro.2016.08.009
https://doi.org/10.1016/j.cell.2005.07.002
https://doi.org/10.1007/s10495-015-1143-z
https://doi.org/10.1016/j.bbabio.2008.11.008
https://doi.org/10.1016/j.bbabio.2006.05.018
https://doi.org/10.1002/hep.21679
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Cavallari et al.

Viruses and Mitochondria

Qi, H,, Chu, V., Wu, N. C, Chen, Z., Truong, S., Brar, G., et al. (2017). Systematic
identification of anti-interferon function on hepatitis C virus genome reveals
p7 as an immune evasion protein. Proc. Natl. Acad. Sci. U.S.A. 114, 2018-2023.
doi: 10.1073/pnas.1614623114

Rahmani, Z., Huh, K. W., Lasher, R., and Siddiqui, A. (2000). Hepatitis B
virus X protein colocalizes to mitochondria with a human voltage-dependent
anion channel, HVDACS3, and alters its transmembrane potential. J. Virol. 74,
2840-2846. doi: 10.1128/JV1.74.6.2840-2846.2000

Raj, K., Berguerand, S., Southern, S., Doorbar, J., and Beard, P. (2004). E1 empty
set E4 protein of human papillomavirus type 16 associates with mitochondria.
J. Virol. 78, 7199-7207. doi: 10.1128/JV1.78.13.7199-7207.2004

Rawat, S., Clippinger, A. J., and Bouchard, M. J. (2012). Modulation of
apoptotic signaling by the hepatitis B virus X protein. Viruses 4, 2945-2972.
doi: 10.3390/v4112945

Ren, J. H, Chen, X,, Zhou, L., Tao, N. N., Zhou, H. Z., Liu, B., et al.
(2016). Protective Role of Sirtuin3 (SIRT3) in Oxidative Stress Mediated
by Hepatitis B Virus X Protein Expression. PLoS ONE 11:¢0150961.
doi: 10.1371/journal.pone.0150961

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

Ross-Thriepland, D., and Harris, M. (2015). Hepatitis C virus NS5A: enigmatic
but still promiscuous 10 years on! J. Gen. Virol. 96(Pt 4), 727-738.
doi: 10.1099/jgv.0.000009

Rouille, Y., Helle, F., Delgrange, D., Roingeard, P., Voisset, C., Blanchard, E., et al.
(2006). Subcellular localization of hepatitis C virus structural proteins in a
cell culture system that efficiently replicates the virus. J. Virol. 80, 2832-2841.
doi: 10.1128/JV1.80.6.2832-2841.2006

Russo, J. J., Bohenzky, R. A., Chien, M. C., Chen, J., Yan, M., Maddalena, D.,
etal. (1996). Nucleotide sequence of the Kaposi sarcoma-associated herpesvirus
(HHV8). Proc. Natl. Acad. Sci. U.S.A. 93, 14862-14867.

Sakamuro, D., Furukawa, T., and Takegami, T. (1995). Hepatitis C virus
nonstructural protein NS3 transforms NIH 3T3 cells. J. Virol. 69, 3893-3896.

Santolini, E., Pacini, L., Fipaldini, C., Migliaccio, G., and Monica, N. (1995). The
NS2 protein of hepatitis C virus is a transmembrane polypeptide. J. Virol. 69,
7461-7471.

Sarid, R, Sato, T., Bohenzky, R. A., Russo, J. J., and Chang, Y. (1997). Kaposi’s
sarcoma-associated herpesvirus encodes a functional bcl-2 homologue. Nat.
Med. 3,293-298.

Scheel, T. K., and Rice, C. M. (2013). Understanding the hepatitis C virus life
cycle paves the way for highly effective therapies. Nat. Med. 19, 837-849.
doi: 10.1038/nm.3248

Schwer, B., Ren, S., Pietschmann, T., Kartenbeck, J., Kaehlcke, K., Bartenschlager,
R, et al. (2004). Targeting of hepatitis C virus core protein to mitochondria
through a novel C-terminal localization motif. J. Virol. 78, 7958-7968.
doi: 10.1128/JV1.78.15.7958-7968.2004

Scott, C., and Griffin, S. (2015). Viroporins: structure, function and potential as
antiviral targets. J. Gen. Virol. 96, 2000-2027. doi: 10.1099/vir.0.000201

Seth, R. B., Sun, L., Ea, C. K, and Chen, Z. J. (2005). Identification
and characterization of MAVS, a mitochondrial antiviral signaling
protein that activates NF-kappaB and IRF 3. Cell 122, 669-682.
doi: 10.1016/j.cell.2005.08.012

Shirakata, Y., and Koike, K. (2003). Hepatitis B virus X protein induces cell
death by causing loss of mitochondrial membrane potential. J. Biol. Chem. 278,
22071-22078. doi: 10.1074/jbc.M301606200

Silic-Benussi, M., Biasiotto, R., Andresen, V., Franchini, G., D’Agostino, D. M.,
and Ciminale, V. (2010a). HTLV-1 p13, a small protein with a busy agenda.
Mol. Aspects Med. 31, 350-358. doi: 10.1016/j.mam.2010.03.001

Silic-Benussi, M., Cannizzaro, E., Venerando, A., Cavallari, I., Petronilli, V.,
La Rocca, N, et al. (2009). Modulation of mitochondrial K+ permeability
and reactive oxygen species production by the pl3 protein of human
T-cell leukemia virus type 1. Biochim. Biophys. Acta 1787, 947-954.
doi: 10.1016/j.bbabio.2009.02.001

Silic-Benussi, M., Cavallari, I., Zorzan, T., Rossi, E., Hiraragi, H., Rosato,
A., et al. (2004). Suppression of tumor growth and cell proliferation
by pl3Il, a mitochondrial protein of human T cell leukemia virus type

1. Proc. Natl. Acad. Sci. U.S.A. 101, 6629-6634. doi: 10.1073/pnas.03055
02101

Silic-Benussi, M., Marin, O., Biasiotto, R., D’Agostino, D. M., and Ciminale, V.
(2010b). Effects of human T-cell leukemia virus type 1 (HTLV-1) pl3 on
mitochondrial K* permeability: a new member of the viroporin family? FEBS
Lett. 584, 2070-2075. doi: 10.1016/j.febslet.2010.02.030

Siu, G. K., Zhou, F., Yu, M. K,, Zhang, L., Wang, T., Liang, Y., et al. (2016). Hepatitis
C virus NS5A protein cooperates with phosphatidylinositol 4-kinase Illalpha to
induce mitochondrial fragmentation. Sci. Rep. 6:23464. doi: 10.1038/srep23464

Song, X., Yao, Z., Yang, J., Zhang, Z., Deng, Y., Li, M,, et al. (2016). HCV
core protein binds to gCIqR to induce A20 expression and inhibit cytokine
production through MAPKs and NF-kappaB signaling pathways. Oncotarget 7,
33796-33808. doi: 10.18632/oncotarget.9304

Suzuki, R., Sakamoto, S., Tsutsumi, T., Rikimaru, A., Tanaka, K., Shimoike, T.,
et al. (2005). Molecular determinants for subcellular localization of hepatitis
C virus core protein. J. Virol. 79, 1271-1281. doi: 10.1128/JV1.79.2.1271-12
81.2005

Takada, S., Shirakata, Y., Kaneniwa, N., and Koike, K. (1999). Association
of hepatitis B virus X protein with mitochondria causes mitochondrial
aggregation at the nuclear periphery, leading to cell death. Oncogene 18,
6965-6973.

Tanaka, Y., Kanai, F., Kawakami, T., Tateishi, K., Ijichi, H., Kawabe, T., et al. (2004).
Interaction of the hepatitis B virus X protein (HBx) with heat shock protein
60 enhances HBx-mediated apoptosis. Biochem. Biophys. Res. Commun. 318,
461-469. doi: 10.1016/j.bbrc.2004.04.046

Tibaldi, E., Venerando, A., Zonta, F., Bidoia, C., Magrin, E., Marin, O., et al. (2011).
Interaction between the SH3 domain of Src family kinases and the proline-
rich motif of HTLV-1 p13: a novel mechanism underlying delivery of Src
family kinases to mitochondria. Biochem. J. 439, 505-516. doi: 10.1042/BJ201
01650

Tomaic, V. (2016). Functional Roles of E6 and E7 Oncoproteins in HPV-
Induced Malignancies at Diverse Anatomical Sites. Cancers (Basel). 8:95.
doi: 10.3390/cancers8100095

Tsutsumi, T., Matsuda, M., Aizaki, H., Moriya, K., Miyoshi, H., Fujie, H., et al.
(2009). Proteomics analysis of mitochondrial proteins reveals overexpression
of a mitochondrial protein chaperon, prohibitin, in cells expressing hepatitis C
virus core protein. Hepatology 50, 378-386. doi: 10.1002/hep.22998

Unchwaniwala, N., Sherer, N. M., and Loeb, D. D. (2016). Hepatitis B
Virus Polymerase Localizes to the Mitochondria, and Its Terminal Protein
Domain Contains the Mitochondrial Targeting Signal. J. Virol. 90, 8705-8719.
doi: 10.1128/JV1.01229-16

Van Prooyen, N., Andresen, V., Gold, H., Bialuk, I, Pise-Masison, C., and
Franchini, G. (2010). Hijacking the T-cell communication network by the
human T-cell leukemia/lymphoma virus type 1 (HTLV-1) p12 and p8 proteins.
Mol. Aspects Med. 31, 333-343. doi: 10.1016/j.mam.2010.07.001

Vieyres, G., Brohm, C., Friesland, M., Gentzsch, J., Wolk, B., Roingeard, P.,
et al. (2013). Subcellular localization and function of an epitope-tagged
p7 viroporin in hepatitis C virus-producing cells. J. Virol. 87, 1664-1678.
doi: 10.1128/JV1.02782-12

Wang, H., and Ryu, W. S. (2010). Hepatitis B virus polymerase blocks pattern
recognition receptor signaling via interaction with DDX3: implications
for immune evasion. PLoS Pathog. 6:e1000986. doi: 10.1371/journal.ppat.10
00986

Wang, H. W, Sharp, T. V., Koumi, A., Koentges, G., and Boshoff, C. (2002).
Characterization of an anti-apoptotic glycoprotein encoded by Kaposi’s
sarcoma-associated herpesvirus which resembles a spliced variant of human
survivin. EMBO J. 21, 2602-2615. doi: 10.1093/emboj/21.11.2602

Wang, J. H,, Yun, C,, Kim, S., Lee, J. H., Yoon, G., Lee, M. O, et al. (2003). Reactive
oxygen species modulates the intracellular level of HBx viral oncoprotein.
Biochem. Biophys. Res. Commun. 310, 32-39. doi: 10.1016/j.bbrc.2003.
08.113

Wang, T., Campbell, R. V., Yi, M. K,, Lemon, S. M., and Weinman, S. A.
(2010). Role of Hepatitis C virus core protein in viral-induced mitochondrial
dysfunction. J. Viral Hepat. 17, 784-793. doi: 10.1111/j.1365-2893.2009.
01238.x

Waris, G., Huh, K. W,, and Siddiqui, A. (2001). Mitochondrially associated
hepatitis B virus X protein constitutively activates transcription factors

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 81


https://doi.org/10.1073/pnas.1614623114
https://doi.org/10.1128/JVI.74.6.2840-2846.2000
https://doi.org/10.1128/JVI.78.13.7199-7207.2004
https://doi.org/10.3390/v4112945
https://doi.org/10.1371/journal.pone.0150961
https://doi.org/10.1182/blood-2010-11-316463
https://doi.org/10.1099/jgv.0.000009
https://doi.org/10.1128/JVI.80.6.2832-2841.2006
https://doi.org/10.1038/nm.3248
https://doi.org/10.1128/JVI.78.15.7958-7968.2004
https://doi.org/10.1099/vir.0.000201
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1074/jbc.M301606200
https://doi.org/10.1016/j.mam.2010.03.001
https://doi.org/10.1016/j.bbabio.2009.02.001
https://doi.org/10.1073/pnas.0305502101
https://doi.org/10.1016/j.febslet.2010.02.030
https://doi.org/10.1038/srep23464
https://doi.org/10.18632/oncotarget.9304
https://doi.org/10.1128/JVI.79.2.1271-1281.2005
https://doi.org/10.1016/j.bbrc.2004.04.046
https://doi.org/10.1042/BJ20101650
https://doi.org/10.3390/cancers8100095
https://doi.org/10.1002/hep.22998
https://doi.org/10.1128/JVI.01229-16
https://doi.org/10.1016/j.mam.2010.07.001
https://doi.org/10.1128/JVI.02782-12
https://doi.org/10.1371/journal.ppat.1000986
https://doi.org/10.1093/emboj/21.11.2602
https://doi.org/10.1016/j.bbrc.2003.08.113
https://doi.org/10.1111/j.1365-2893.2009.01238.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Cavallari et al.

Viruses and Mitochondria

STAT-3 and NF-kappa B via oxidative stress. Mol. Cell. Biol. 21, 7721-7730.
doi: 10.1128/MCB.21.22.7721-7730.2001

Webster, D. P., Klenerman, P., and Dusheiko, G. M. (2015). Hepatitis C. Lancet
385, 1124-1135. doi: 10.1016/S0140-6736(14)62401-6

Wiedmer, A., Wang, P., Zhou, J., Rennekamp, A. J., Tiranti, V., Zeviani,
M., et al. (2008). Epstein-Barr virus immediate-early protein Zta co-
opts mitochondrial single-stranded DNA binding protein to promote
viral and inhibit mitochondrial DNA replication. J. Virol. 82, 4647-4655.
doi: 10.1128/JV1.02198-07

Willems, L., Hasegawa, H., Accolla, R, Bangham, C., Bazarbachi, A,
Bertazzoni, U., et al. (2017). Reducing the global burden of HTLV-1
infection: an agenda for research and action. Antiviral Res. 137, 41-48.
doi: 10.1016/j.antiviral.2016.10.015

Wolk, B., Sansonno, D., Krausslich, H. G., Dammacco, F., Rice, C. M., Blum, H. E,,
et al. (2000). Subcellular localization, stability, and trans-cleavage competence
of the hepatitis C virus NS3-NS4A complex expressed in tetracycline-regulated
cell lines. J. Virol. 74, 2293-2304. doi: 10.1128/JV1.74.5.2293-2304.2000

World Health Organization (2017). Global Hepatitis Report 2017. Geneva: World
Health Organization.

Woodman, C. B., Collins, S. I, and Young, L. S. (2007). The natural history
of cervical HPV infection: unresolved issues. Nat. Rev. Cancer 7, 11-22.
doi: 10.1038/nrc2050

Wu, M., Xu, Y., Lin, S., Zhang, X., Xiang, L., and Yuan, Z. (2007). Hepatitis
B virus polymerase inhibits the interferon-inducible MyD88 promoter by
blocking nuclear translocation of Statl. J. Gen. Virol. 88(Pt 12), 3260-3269.
doi: 10.1099/vir.0.82959-0

Yang, B., and Bouchard, M. J. (2012). The hepatitis B virus X protein elevates
cytosolic calcium signals by modulating mitochondrial calcium uptake. J. Virol.
86, 313-327. doi: 10.1128/JV1.06442-11

Young, L. S., Yap, L. F., and Murray, P. G. (2016). Epstein-Barr virus: more
than 50 years old and still providing surprises. Nat. Rev. Cancer 16, 789-802.
doi: 10.1038/nrc.2016.92

Zheng, B. Y., Fang, X. F,, Zou, L. Y, Huang, Y. H, Chen, Z. X,, Li, D,
et al. (2014). The co-localization of HBx and COXIII upregulates COX-2
promoting HepG2 cell growth. Int. J. Oncol. 45, 1143-1150. doi: 10.3892/ij0.20
14.2499

Zou, L. Y., Zheng, B. Y., Fang, X. F, Li, D., Huang, Y. H,, Chen, Z. X,
et al. (2015). HBx co-localizes with COXIII in HL-7702 cells to upregulate
mitochondrial function and ROS generation. Oncol. Rep. 33, 2461-2467.
doi: 10.3892/0r.2015.3852

Conflict 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 © 2018 Cavallari, Scattolin, Silic-Benussi, Raimondi, D’Agostino and
Ciminale. 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
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

113

February 2018 | Volume 9 | Article 81


https://doi.org/10.1128/MCB.21.22.7721-7730.2001
https://doi.org/10.1016/S0140-6736(14)62401-6
https://doi.org/10.1128/JVI.02198-07
https://doi.org/10.1016/j.antiviral.2016.10.015
https://doi.org/10.1128/JVI.74.5.2293-2304.2000
https://doi.org/10.1038/nrc2050
https://doi.org/10.1099/vir.0.82959-0
https://doi.org/10.1128/JVI.06442-11
https://doi.org/10.1038/nrc.2016.92
https://doi.org/10.3892/ijo.2014.2499
https://doi.org/10.3892/or.2015.3852
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

1' frontiers
in Microbiology

REVIEW
published: 02 August 2017
doi: 10.3389/fmicb.2017.01425

OPEN ACCESS

Edited by:
Vincenzo Ciminale,
University of Padua, Italy

Reviewed by:

Masao Matsuoka,

Kyoto University, Japan
Yorifumi Satou,

Kumamoto University, Japan

*Correspondence:
Yutaka Tagaya
ytagaya@ihv.umaryland.edu

Specialty section:

This article was submitted to
Virology,

a section of the journal
Frontiers in Microbiology

Received: 15 June 2017
Accepted: 14 July 2017
Published: 02 August 2017

Citation:

Tagaya Y and Gallo RC (2017) The
Exceptional Oncogenicity of HTLV-1.
Front. Microbiol. 8:1425.

doi: 10.3389/fmicb.2017.01425

Check for
updates

The Exceptional Oncogenicity of
HTLV-1
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Human T-cell leukemia virus-1 (HTLV-1) is the first pathogenic human retrovirus
identified in 1979 by the Gallo group. HTLV-1 causes fatal T-cell leukemia (adult T cell
leukemia) and a progressive myelopahy (HTLV-1-associated myelopathy/ tropical spastic
paraparesis, HAM/TSP) and other disorders. Since the discovery of HTLV-1, several
other microorganisms are demonstrated to cause cancer in humans. In this article,
we investigated the oncogenic capacity of HTLV-1, in comparison with those of other
oncoviruses and one oncobacterium (Helicobacter pylori, H. Pylori) based on published
literature. We conclude here that HTLV-1 is one of the most and may be the most
carcinogenic among them and arguably one of the most potent of the known human
carcinogens. This fact has not been noted before and is particularly important to justify
why we need to study HTLV-1 as an important model of human viral oncogenesis.

Keywords: HTLV-1, retrovirus, oncogenicity, T-cell leukemia, oncoviruses

At the time of discovery of HTLV-1 (Poiesz et al., 1980a,b; Hinuma et al., 1981), the concept that
viruses could cause cancer (ATL, adult T-cell leukemia/lymphoma by HTLV-1) in humans was a
far-fetched idea that the medical community eventually accepted, despite the earlier identification
of Epstein-Barr virus in cultured lymphoblasts from Burkitt’s lymphoma (Epstein et al., 1964). After
35 years, the concept of viral oncogenesis has become a textbook fact and several viruses have joined
the group of human oncoviruses. In addition, there is now one oncogenic bacterium (Helicobacter
pylori) and a strong suspicion of more. The list of these oncogenic microbes, their global burden,
and the incidence of malignant disorders involving them are provided in Table 1 and summarized
below.

The mechanism by which a virus causes tumor differs from virus to virus. While some viruses
seem to require co-factors, and/or work indirectly such as by micro-environmental alterations,
others directly transform host cells. One thing in common is that there are not yet effective
cures for viral malignancies in humans. We conducted a literature survey in order to compare
the carcinogenic potency of known oncoviruses, and present the risk of malignancy development
following the infection of each oncovirus.

EPSTEIN BARR VIRUS (EBV)

In developing countries, the prevalence of EBV infection reaches over 90% before the age of 20.
But even in high-risk area (East Asia), the incidence of nasopharyngeal carcinoma in association
with EBV is at best 0.05% or less. Numbers for endemic Burkitt’s lymphoma is more imprecise
but estimated as 3~4/100,000 among Ugandan children (Hjalgrim et al., 2007), one of the most
endemic area of EBV-related Burkitt's lymphoma (BL). It is also of note that the EBV-mediated
malignancy development generally requires a co-factor, especially malaria in the case of BL and

Frontiers in Microbiology | www.frontiersin.org 114

August 2017 | Volume 8 | Article 1425


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
https://doi.org/10.3389/fmicb.2017.01425
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2017.01425&domain=pdf&date_stamp=2017-08-02
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:ytagaya@ihv.umaryland.edu
https://doi.org/10.3389/fmicb.2017.01425
http://journal.frontiersin.org/article/10.3389/fmicb.2017.01425/abstract
http://loop.frontiersin.org/people/55539/overview
http://loop.frontiersin.org/people/459251/overview

Tagaya and Gallo

HTLV-1, The Most Oncogenic Human Virus

TABLE 1 | Summary of the statistics on malignancy development associated with
oncogenic microorganisms.

Infectious Global burden (% in Lifetime risk of malignancy
organism population) development following infection
H. Pylori 5.5 3%
HPV 5.2 0.29%
HCV +HBV 4.9 HCV, 1~3%/HBV, <1%
HHV-8 2~5 Minimally oncogenic by itself
EBV >90 0.3~0.4%
HTLV-1 0.3% (~40% in central 5~10%

Australian aboriginals)
MCV 0.06 s
AAV2 7 272

dietary factors in nasopharyngeal carcinoma. Elsewhere, the role
of EBV as an oncogenic agent remain unclear. Thus, EBV is an
oncogenic virus but one with very low level of oncogenicity and
appears to be only one factor in a multi-factorial cause.

HUMAN HERPESVIRUS-8 (HHV-8)

Though it is a cause of Kaposis sarcoma (HHV-8 is thus
also known as the Kaposi Sarcoma-associated herpesvirus)
and a more special and very atypical form of lymphoma in
collaboration with HIV, HHV-8 is very minimally oncogenic
in the absence of HIV. We also note that in most of primary
effusion lymphoma cases associated with HHV-8, EBV is detected
along with HHV-8, another support that HHV-8 is not potently
oncogenic on its own (Bhutani et al.,, 2015).

HUMAN PAPILLOMA VIRUS (HPV)

More than 100 HPVs exist, and at least 13 of them are associated
with human cancers (zur Hausen, 2009). The high rise types 16
and 18 are particularly responsible for 60~70% of cervical cancer
worldwide (Khan et al., 2005). More than 80~90% of sexually
active men and women will be infected with at least one type of
HPYV at some point in life and nearly 50% of these infections are
with a high risk HPV type (Hariri et al., 2011). In the US, these
high-risk HPV causes 2~3% of all cancer cases among men and
women (Jemal et al., 2013). This translates to 0.29% of the newly
infected individuals with high-risk HPVs eventually developing
HPV-related cancer. HPV infection can cause cervical, vaginal,
and vulvar cancers, cancers of the penis or anus, as well as some
head and neck cancers. Vaccines against HPV 16 and 18 have
received approval in many countries.

HEPATITIS C VIRUS (HCV)/HEPATITIS B
VIRUS (HBV)

[HCV] 85% of acute HCV infections will be unresolved,
developing into chronic infection. Importantly, there is no
evidence to support the conclusion that HCV is directly
oncogenic, nonetheless it is clearly associated with hepatocellular

carcinoma (HCC). That said, one study estimates that the HCC
develops in 1~3% of HCV infected persons after 30 years and
the mechanisms are obscure (Goodgame et al., 2003). A chronic
infection with HBV establishes when infection occurs in infants
and children.

[HBV] <10% of healthy adults over 19 years will develop
chronic hepatitis following HBV infection. A study conducted in
Taiwan, a hyperendemic area of chronic HBV, shows that lifetime
risk of HCC with HBsAg seropositive is 6.96% among women,
but is an amazing 27.4% among men with HBsAg seropositivity
(Huang et al., 2011). In a study conducted in the US, the 5 year
HCC cumulative incidences with HBV-associated cirrhosis was
10% (Fattovich et al., 2008). Considering that <10% of HBV
infected healthy adults develop chronic infection, the percentages
of HCC development by HBV infection should be much lower
than 1%.

ADENO-ASSOCIATED VIRUS TYPE 2
(AAV2)

This is the newest member to the family of oncogenic
microorganisms (Nault et al., 2015). The oncogenesis of AAV2
is associated with HCC without cirrhosis (thus distinguishing
then from those caused by hepatitis virus B or C). A clonal
integration of AAV2 was found in 11 of 193 HCC cases in which
AAV?2 integrations occurred in cancer driver genes such as cyclin
A2, E1, Telomerase reverse transcriptase etc. These insertions of
AAV?2 led to the over-expression of target genes. There is still very
limited information available for the epidemiological facts about
HCC caused by AAV2.

MERKEL CELL POLYOMAVIRUS (MCV)

MCYV was discovered in 2008 (Feng et al., 2008) and causes a rare
but aggressive neuroendocrine tumor (Merkel cell carcinoma,
MCC) of the skin and its incidence seems rising. A 5 year
mortality rate is as high as 46%. The annual incidence of MCC
is 0.6 per 100,000 persons (0.06%) and about 1,600 new cases
annually appear in the US. This rise in incidence may be partly
because of the increased awareness and improved diagnostic
methodology. The median age at diagnosis is >70 years. Only 4%
of patients are diagnosed at 50 year or younger and it is extremely
rare in children (Hughes et al., 2014). The oncogenic mechanism
of MCV is still under investigation. No viral elements have been
shown to directly cause cellular transformation. Nor does MCV
seem to exploit cellular oncogenic mechanisms (p53, PTEN, Raf,
Ras, etc.) (Lemos and Nghiem, 2007). Increase of MCC upon
UV irradiation is reported, suggesting a potential involvement of
defective DNA repair mechanism in the carcinogenesis (Lunder
and Stern, 1998). In addition, a weakened immune function
may be related to the occurrence of MCC. For example, the
incidence of MCC is 5~10 fold higher in immune-compromised
individuals with AIDS or solid organ transplant (Becker, 2010).
Some anecdotal regression of MCC has been observed following
improvement in immune function (Wooff et al, 2010). As
with most other oncogenic viruses, the presence of MCC
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seems insufficient to induce MCC and additional cellular events
together with the loss of immune-surveillance are postulated.
In summary, there is still missing information to evaluate the
oncogenic potential of MCV in comparison with other oncogenic
viruses, however MCC caused by MCV may represent another
case of aggressive viral oncogenesis.

HUMAN IMMUNODEFICIENCY VIRUS-1
(HIV-1)

HIV is not generally listed with the oncogenic viruses by most
virologists. However, in some reports it is analogous to HCV in
that from an epidemiological view it is related to the frequency
of developing cancer, notably non-Hodgkin lymphomas, Kaposi
sarcoma, and cervical cancer that are known as AIDS-defining
malignancies (reviewed in Levine, 1993). The mechanism(s) of
cancer is indirect and relates to the microenvironment and
perhaps to the diminished immune surveillance because the
virus is rarely found in the tumor cells. The incidence of cancer
development in HIV infected persons is about 40% (Levine, 1993)
and usually accompanies co-infection with other oncoviruses.

HUMAN T-CELL LEUKEMIA VIRUS-1
(HTLV-1)

The oncogenic nature of HTLV-1 is solid; (1) Epidemiology
studies (recently reviewed by Gessain and Cassar (Gessain
and Cassar, 2012), (2) Clonal integration of the HTLV-1 in
ATL cells (Hahn et al,, 1983). This indicates that the virus
was present at the level of the progenitor cell that gave rise
to the leukemia. (3) Animal models that recapitulate human
leukemia/lymphoma development by HTLV-1 or its genetic
components (Tax-1, HBZ) of HTLV-1 (Hasegawa et al., 2006;
Satou et al.,, 2011), (4) Immortalization of T cells by the Tax-1
gene of HTLV-1 (Grassmann et al., 1989), (5) Reproduction of the
leukemia/lymphoma by the whole virus. The prevalence of ATL
is 3-5% among infected persons and HTLV-1 infection is 0.1% as
global average but the epidemiological data are still incomplete
because those from highly populated areas such as China, India,
the Maghreb, and East Africa are still unavailable. ATL is
extremely difficult to treat, to the point that patients diagnosed
with aggressive forms (acute and lymphomatous phases) were
estimated to have <1 year of life left. However, recent years
have seen promising developments of novel treatment modalities
including arsenic trioxide (Bazarbachi et al.,, 2011), allogeneic

Bazarbachi, A., Suarez, F., Fields, P, and Hermine, O. (2011). How
i treat adult T-cell leukemia/lymphoma. Blood 118, 1736-1745.

doi: 10.1182/blood-2011-03-345702

Becker, J. C. (2010). Merkel cell carcinoma. Ann. Oncol. 21(Suppl. 7), vii81-vii85.
doi: 10.1093/annonc/mdq366

Bhutani, M., Polizzotto, M. N., Uldrick, T. S., and Yarchoan, R. (2015).
Kaposi sarcoma-associated herpesvirus-associated malignancies: epidemiology,

stem cell transplant (Utsunomiya et al., 2001; Katsuya et al., 2015)
and antibody therapy involving humanized anti-CCR4mAb
(Ishida and Ueda, 2011; Katsuya et al, 2015). However, the
establishment of a curative treatment for ATL probably needs
more creative ideas.

HELICOBACTER PYLORI (H. PYLORI)

Helicobacter is a bacterium, and represents the first example of
what may be emerging examples of bacterial oncogenesis. It has
been somewhat controversial how infection with helocobacter
pylori would increase or decrease various type of cancer in
humans. A recent study in Japan (involving 1,526 patients)
reported that gastric cancer develops in approximately 3% of
H. pylori-infected patients, compared to none of the uninfected
patients (Uemura et al, 2001). This number matches the
development of Adult T cell Leukemia/lymphoma (ATL) in
HTLV-1 infected individuals.

In summary, we note here that HTLV-1 is one of the most
oncogenic entities known among human viruses and even among
most known human carcinogens. The oncogenic mechanism of
HTLV-1 is more direct compared with other entities and to date
there is no evidence for any particular co-factor requirement.
This striking characteristic of HTLV-1 seems overlooked because
of its low prevalence in the U.S. and Europe. As discussed in an
accompanying paper, we propose to revert the name of HTLV-
1 back to the original, Human T-cell leukemia virus. This is
also supported by a recent survey among 21 HTLV-1 experts
from all over the world who belong to the HTLV-1 task-force
of the Global Virus Network (GVN, http://gvn.org), a coalition
of virologists on a global scale, as the result of the vote (16 vs. 5)
supported the original name “leukemia’. Another vote conducted
at the 18th International HTLV-1 meeting (Tokyo, 2017) again
showed majority support (78 vs. 26) on the “leukemia” name. We
believe that this most carcinogenic virus deserves the “leukemia”
name.
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Almost 40 years ago, the first pathogenic human retrovirus was discovered and shown to cause
a T-cell leukemia in humans (Poiesz et al., 1980a, 1981). Thus, a new paradigm was established
showing that a virus can directly cause cancer in humans. At that time, the only other suspected
case was the connection between the Epstein-Barr Virus (EBV) and Burkitts Lymphoma and
later nasopharyngeal carcinoma. Naturally, and in keeping with the names used for animal
retroviruses associated with leukemia, we (the Gallo group) named this new virus as human
T-cell leukemia virus (HTLV), which was formally accepted by the scientific community. As of
today, our list of human oncogenic viruses has expanded to include hepatitis B/C virus (HBV,
HCV), papillomaviruses (HPV), Herpes virus-8 (HHV-8), and Merkel cell polyomavirus (MCV).
In parallel, the group of Delta-retroviruses that HTLV belongs to has expanded to accommodate
additional members over the years, now consisting of HTLV-1~4, and STLV-1~4. In the meantime,
the name of the original virus was changed to human T-lymphotropic virus-1, because of the
addition of the viral causative agent of AIDS as HTLV-III to the same group (Coffin, 2015). Thus,
one of us (RCG) agreed on this name change with several other retrovirologists at a Cold-Spring
Harbor meeting in 1983. In retrospect, the name change has made it ambiguous as to which virus
should enter this group, and since the AIDS virus was formally named HIV and separated from
the HTLV group, making the need for the name of HTLV-1 as human T-“lymphotropic” virus no
longer particularly useful or meaningful. Finally, we note here the greater oncogenicity of HTLV-1
compared to other viruses, or even other known carcinogens which is a point in keeping a name
that describes their effect (discussed in an accompanying article). Therefore, we propose to restore
the original name “leukemia virus.”

LYMPHOTROPIC VS. LEUKEMIA; A HISTORICAL BACKGROUND

The original names for HTLV-1 came from two groups in association with an unusual type of
human T-cell leukemia (adult T-cell leukemia) (Poiesz et al., 1980a,b; Hinuma et al., 1981). At
first two names existed; “Human T-cell leukemia virus (-I)” and “Adult T-cell leukemia virus.”
A study in 1982 confirmed the identical nature of these two viruses (Popovic et al., 1982) and a
meeting was held to unify “names.” US and Japanese researchers agreed on acknowledging the
US priority for the discovery of the virus and the Japanese priority in defining the very particular
type of leukemia (Yodoi et al., 1974; Uchiyama et al., 1977). Hence, the virus adopted the name
“Human T-cell leukemia” and the disease “adult T-cell leukemia.” Around this time, a genetically
related (70% structural similarity to HTLV-1) virus was identified in association with a CD8 T-cell
variant of a hairy cell leukemia (Kalyanaraman et al., 1982) and this virus was added to the group
as HTLV-II. A turn of event followed shortly that another virus originally thought to be closely
related to the HTLV group was discovered in connection with AIDS (Popovic et al., 1984), a virus
now known as HIV-1. HIV-1 was originally regarded as another member of HTLV's and added to
the group as HTLV-III (Gallo et al., 1983). As mentioned above, these events led to the change
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of the naming from “Leukemia” to “Lymphotropic” (Coffin,
2015). The following years have seen explosive research on HIV-1
and soon HTLV-III was shown to be more substantially different
from HTLV-I/IL. Eventually a new name, HIV-1, was given to
HTLV-III and HIV-1 was taxonomically separated from HTLVs.
It has become also clear that HTLV-1 does not only infect T cells
(Koyanagi et al., 1993). Thus, the first name change has lost its
ground and perhaps the nomenclature should have been reversed
to the original at much earlier point.

HTLV-1 AS A POTENT CARCINOGEN

HTLVs cause not only leukemia, but also HAM/TSP, a
progressive and incurable myelopathy (Nagai and Osame,
2003). Disease manifestations caused by HTLV-1 also include
inflammatory arthropathy and uveitis. Because of this diverse
clinical impact, there have been arguments even in the HTLV-
1 community if the “leukemia” name is the most appropriate.
We note several points; (1) Precedent throughout animal
retroviruses and notably these animal retroviruses also can cause
non-neoplastic disorders as well as leukemias/lymphomas, (2)
Precedent as the first formal name for HTLV, (3) the fact
that leukemia is the most frequent severe outcome of HTLV-1
infection, and (4) the fact that viruses commonly cause more than
one disease as noted above. There are some suggestions that the
name “leukemia” might be overly intimidating, given that over
80% of the HTLV-1-infected individuals remain disease-free for
their lifetime. We are of course aware of the challenges imposed
on infected people and clinicians who are in charge of caring
the infected individuals. However, we note that HTLV-1 is one,
if not the most, potent oncogenic virus and therefore the name
“leukemia virus” has scientific significance that outweighs other
concerns. We have recently seen reports involving the Japanese
Ministry of Health and Labor which declared to target HTLV-
1 as one of the major focuses in 2010 that they revised the
prevalence of HAM/TSP in Japan down to 0.3% whereas that of
ATL remains 4-5% as proposed before, which suggests that ATL
indeed represents more than 80% of the disease manifestations
caused by HTLV-1 in Japan. Moreover, this argument flies
in the face of names for most other disease-causing agents
(e.g., influenza, polio, hepatitis, human immunodeficiency virus,
Kaposi’s sarcoma herpes virus, tuberculosis, etc.). Finally, in an
age when patients have easy access to information, the point
seems moot. It is of note that unlike animal oncoviruses, not
necessarily all human known oncoviruses include the direct
mention to cancer. Merkel cell carcinoma virus and Kaposi-
sarcoma herpes virus (HHV-8) have direct words in their
names. Hepatitis B and C viruses were identified as viruses
causing hepatitis and later linked to carcinogenesis. Epstein-
Barr virus and Papilloma viruses (HPV) were isolated from
cancer cell/tissues, but took a long time to establish the link to
cancer. The HTLV-1 represents a unique exception. The peculiar
geographical distribution of adult-T cell leukemia (Yodoi et al.,
1974; Uchiyama et al., 1977) promoted researchers to suspect
that a virus might be the cause of it. Moreover, there are
many precedent connecting retroviruses and leukemogenesis
in animals (hence many animal retroviruses cause leukemia

carry the name “leukemic” in their names). The discovery of
HTLV-1 was thus a consequence of “hunting for a leukemia-
causing virus.” Moreover, the causative link of the discovered
virus to ATL was quickly established within a few years after
the discovery. This makes a pivotal success of modern virology
and therefore, we feel compelled to commemorate the relevance
of these events by renaming HTLV-1 as the original “leukemia
virus.”

The oncogenic association of HTLV-1 to ATL is
unquestionable. Once diagnosed as an acute phase or
lymphomatous phase of ATL, the patient has less than 12
months of life left, indicating the aggressive nature of the
oncogenic property of HTLV-1 as well as the lack of effective
treatment to this fatal disease caused by HTLV-1, though
there are promising treatments emerging. In comparison, the
oncogenic capacity were not as convincing for other members
of the HTLV family. However, the original identification of
HTLV-2, which is not highly oncogenic, came from a CD8
T-cell variant of Hairy Leukemia cells. STLV-associated leukemia
among monkeys has been reported (Miura et al., 2013). There is
no concrete evidence to strongly link HTLV-2, -3, and -4 with
particular human malignant diseases. Indeed some of the earlier
epidemiology studies failed to show strong correlation between
HTLV-2 and the T-cell type hairy cell leukemia (Quesada et al.,
1986; Rosenblatt et al., 1988). HTLV-2 encodes Tax-2 gene
which is structurally highly similar to the oncogenic Tax-1
gene of HTLV-1. However, recent studies suggest that another
gene called HBZ (HTLV-1 bZIP factor) which is encoded by
the minus-strand of the HTLV-1 can cause an ATL-like CD4
leukemia in mice (Satou et al., 2011). Interestingly, HTLV-2
encodes a similar anti-sense gene (Anti-sense viral protein of
HTLV-2, APH-2), but the structure and function of APH-2
seems very different and this may account for the differences
of oncogenic properties of HTLV-1 and -2 (Panfil et al., 2016).
However, an alternative to the above explanation might be
connected to the tropism of these two viruses. HTLV-1 is clearly
CD4 T-cell tropic whereas HTLV-2 is mainly detected in CD8 T
cells (Tjichi et al., 1992; Xie and Green, 2005; Jones et al., 2006).
HTLV-1 does not transform CD8 T cells though it infects CD8
T cells as well at the early phase of infection. This may reflect
the fundamental differences of intracellular pathways required
for cellular transformation in CD4 and CD8 T cells, rather than
the differences between HTLV-1 and -2. Consistently, transgenic
experiments over-expressing so-called T-cell growth cytokines
such as IL-15 and IL-7 results in the development of T-cell
leukemia in these mice but that is only limited to CD8 (and
NK) lineages (Rich et al., 1993; Fehniger et al., 2001; Sato et al.,
2011). It is of note that CD4 T cells in these mice show robust
DNA synthesis (Marks-Konczalik et al., 2000) but never become
leukemic. Conversely, we only see leukemia of CD4 T cells
by HTLV-1. It is likely that that mechanism by which HTLVs
transform host cells works efficiently in CD4 T cells, but not in
CD8 T cells. If this were true, HTLV-2 can be leukemic, but not
very efficient in CD8 T cells. This view contrasts with the former
argument which regards HTLV-2 “non-oncogenic because of the
lack of molecular machinery.” In fact, recent studies demonstrate
that Tax-2 of HTLV-2 transforms T cells as efficient as does Tax-1
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in vitro (Ren and Cheng, 2013). Another recent publication
demonstrates that HTLV-2 facilitates clonal expansion of CD4
or CD8 T cells in infected individuals. The same study showed
that the resultant clone frequency resembles that in established
ATL than the frequency in asymptomatic carriers of HTLV-1
(Melamed et al., 2014). Needless to say, clonal expansion is
often associated with cancers. These pieces of argument may not
provide a strong justification to call HTLV-2 an oncogenic virus,
but surely suggest that the issue is still pending. We also need
more data about HTLV-3 and 4 to determine their pathogenicity.
In conclusion, we only limit the renaming proposal to one
member, the HTLV-1, leaving other members for a final decision
in the future.

In an accompanying manuscript (Tagaya and Gallo, 2017),
we also discuss an intriguing finding from a survey of recent
literature that HTLV-1 is the most oncogenic virus known. We
therefore propose that the name of this virus should clearly
represent the concept by including the word “leukemia” in it.
We recently conducted a survey among the HTLV-1 experts who
belong to the HTLV-1 task-force of the Global Virus Network
(http://gvn.org). GVN represents a coalition of virologists on a
global scale, and its HTLV-1 task-force includes major HTLV-
1 researchers from all-over the world (member roster shown
in Willems et al, 2017). A vote was made on the following
four choices; (1) to keep the lymphotropic virus as its name
(2) to re-adopt the leukemia virus name, (3) to change it to
Primate T-lymphotropic virus-1, (4) to change it to Primate T-
cell leukemia virus-1, and the result was 5 for (1), and 16 for
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(2) (none for 3 and 4). The vast majority therefore supported
readopting the original name “Human T-cell leukemia virus-1.”
In addition, a similar poll conducted at the 18th International
Conference on Human Retrovirology (Tokyo, 2017) showed 78
vs. 26 in support of the “leukemia” name. We consider these
votes compelling because the former (the GVN vote) reflects the
majority opinion of the HTLV experts in the research community
and the latter (Tokyo, 2017) represents the community opinion
of many HTLV-1 researchers from all over the world.

We thus propose the renaming of HTLV-1 as “human T-cell
leukemia virus-1” to commemorate an illustrious event in the
history of modern virology.
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Five to ten million individuals are infected by Human T-cell Leukemia Virus type 1
(HTLV-1). HTLV-1 is transmitted through prolonged breast-feeding, by sexual contacts
and by transmission of infected T lymphocytes through blood transfusion. One to ten
percent of infected carriers will develop a severe HTLV-1-associated disease: Adult-
T-cell leukemia/lymphoma (ATLL), or a neurological disorder named Tropical Spastic
Paraparesis/HTLV-1 Associated Myelopathy (TSP/HAM). In vivo, HTLV-1 is mostly
detected in CD4*% T-cells, and to a lesser extent in CD8% T cells and dendritic
cells. There is a strong correlation between HTLV-1 proviral load (PVL) and clinical
status of infected individuals. Thus, reducing PVL could be part of a strategy to
prevent or treat HTLV-1-associated diseases among carriers. Treatment of ATLL patients
using conventional chemotherapy has very limited benefit. Some chronic and acute
ATLL patients are, however, efficiently treated with a combination of interferon a and
zidovudine (IFN-o/AZT), to which arsenic trioxide is added in some cases. On the
other hand, no efficient treatment for TSP/HAM patients has been described yet. It is
therefore crucial to develop therapies that could either prevent the occurrence of HTLV-
1-associated diseases or at least block the evolution of the disease in the early stages.
In vivo, reverse transcriptase (RT) activity is low in infected cells, which is correlated
with a clonal mode of viral replication. This renders infected cells resistant to nucleoside
RT inhibitors such as AZT. However, histone deacetylase inhibitors (HDACI) associated
to AZT efficiently induces viral expression and prevent de novo cellular infection. In
asymptomatic STLV-1 infected non-human primates, HDACI/AZT combination allows
a strong decrease in the PVL. Unfortunately, rebound in the PVL occurs when the
treatment is stopped, highlighting the need for better antiviral compounds. Here, we
review previously used strategies targeting HTLV-1 replication. We also tested a series
of HIV-1 RT inhibitors in an in vitro anti-HTLV-1 screen, and report that bis-POM-PMEA
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(adefovir dipivoxil) and bis-POC-PMPA (tenofovir disoproxil) are much more efficient
compared to AZT to decrease HTLV-1 cell-to-cell transmission in vitro. Our results
suggest that revisiting already established antiviral drugs is an interesting approach to
discover new anti-HTLV-1 drugs.

Keywords: HTLV-1, antiviral therapy, proviral load, acyclic nucleoside phosphonates and thiophosphonates, AZT,

prodrugs, cell-cell transmission

INTRODUCTION

Five to ten million individuals are infected worldwide by the
oncogenic Human T-cell Leukemia Virus type 1 (HTLV-1)
(Gessain and Cassar, 2012). This retrovirus is mainly present
in Japan, Sub-Saharan Africa, the Caribbean region and Brazil.
HTLV-1 is transmitted from mother-to-child through prolonged
breast-feeding, by sexual contacts mostly from man to woman
and by transmission of infected T lymphocytes through blood
transfusion (Willems et al., 2017). HTLV-1 is mostly detected
in CD4" T-lymphocytes, and to a lesser extent CD8' T-cells
and dendritic cells in vivo. Interestingly, the differences in the
number of HTLV-1-infected cells among distinct cell types are
not due to the ability of HTLV-1 to infect these cells, but rather
to its ability to persist and eventually transform the infected
cells. Indeed, in vitro, human monocyte-derived dendritic cells
are more susceptible to HTLV-1 infection than autologous CD4™"
T-cells (Alais et al., 2015). In animal models, although it infects
CD8™ T-cells and dendritic cells in the early phase of infection,
HTLV-1 does not transform CD8% T-cells (Rahman et al., 2010;
Valeri et al., 2010; Kannian et al., 2013). Nevertheless, there
is a strong correlation between HTLV-1 proviral load (PVL,
i.e., the number of single integrated copies of the viral genome
in cells), and the number and abundance of HTLV-1 infected
CD4T T-cells clones (Melamed et al., 2015), and the clinical
status of the individuals (Gillet et al., 2013; Cook et al., 2014).
A biomarker that would predict which carrier will develop an
HTLV-1-associated pathology has not been described so far.

Difficulties to Treat HTLV-1 Patients: Two

Associated Diseases and Treatments

One to ten percent of infected carriers develop a severe
HTLV-1-associated disease during their life: Adult-T-cell
leukemia/lymphoma (ATLL), a CD4" T lymphoproliferation of
very poor prognosis with a mean survival time of 6 months in
the acute form, or a progressive neurological disorder named
Tropical Spastic Paraparesis/HTLV-1-Associated Myelopathy
(TSP/HAM) (Yamano and Sato, 2012; Bangham et al., 2015).
About 1000 cases of ATLL are diagnosed each year in Japan
(Iwanaga et al., 2012). In the Martinique Island (French West
Indies), a 14-year follow-up study allowed the detection of 123
TSP/HAM cases for only 400,000 inhabitants (Olindo et al.,
2006). Because HTLV-1-infected cells are resistant to apoptosis-
inducing agents, treatment of ATLL patients using conventional
chemotherapy has very limited benefit (Utsunomiya et al,
2015). In Japan, when possible, ATLL patients undergo
allogeneic hematopoietic stem cell transplantation (Utsunomiya
et al,, 2001). In Europe and United States, chronic and acute

ATLL patients are treated with an anti-viral combination of
recombinant interferon alpha (IFN-a) and AZT (zidovudine),
combined in some cases with arsenic trioxide (El-Sabban et al.,
2000; Nasr et al, 2011). It is worth noting that these results
were convincingly confirmed by a world-wide meta analysis
(Bazarbachi et al., 2010). However, this treatment is efficient only
in a subset of patients, despite the efficacy of arsenic trioxide for
inducing the death of HTLV-1-infected cells in vitro (EI-Sabban
et al., 2000; Mahieux and Hermine, 2005). While one report
described the use of cyclosporin A for treating TSP/HAM
patients with some benefits (Martin et al., 2012), treatment of
these patients is in fact still an issue. Other drugs have been
tried in clinic, although they generally have a very limited
effect. As an example, a trial involving IFN-a had a modest
but significant effect (Izumo et al., 1996). Different open trials
[summarized by (Nakagawa et al., 1996)] have shown clinical
benefit for glucocorticoids, followed by IFN-a, azathioprine and
high-dose vitamin C. On the other hand, antiviral effects and/or
a decrease in PVL, as well as immunomodulatory effects have
been demonstrated for IFN-a (Saito et al., 2004; Rafatpanah
et al., 2012), IFN-B (Oh et al., 2005), vitamin C (Moens et al.,
2012), cyclosporine (Martin et al., 2012), danazol (Harrington
et al.,, 1991), HDAC inhibitors (Lezin et al., 2007) in HAM/TSP
ex vivo or in vivo.

Viral Amplification Through Clonal
Expansion in Addition to de Novo
Infection: A Difference With HIV-1
Propagation
Contrary to other viruses, HTLV-1 cannot be transmitted
efficiently through cell-free viral particles. Using a cell-free
experimental system, it was shown that compared to HIV-1,
HTLV-1 had a low infectivity (at least 1000-fold lower luciferase
activity) and that this was linked to some properties of the viral
core and to post-entry processes that are still unclear (Derse et al.,
2001). In contrast, HTLV-1 is efficiently transmitted following
contacts between an infected donor cell and an uninfected target
cell through the establishment of viral synapses and the transfer of
viral biofilm (Figure 1, left part) (Igakura et al., 2003; Pais-Correia
et al.,, 2010; Thoulouze and Alcover, 2011; Alais et al., 2015).
Of note, cell-associated viral transmission of HIV-1 through
nanotubes, filopodes or viral synapses is also more efficient
than the cell-free infection protocol that is commonly used in
in vitro experiments (Jolly and Sattentau, 2005; Sherer et al,,
2007; Sowinski et al., 2008; Rudnicka et al., 2009; Zhong et al,,
2013).

HTLV-1 infection then leads to the clonal expansion of
infected cells (Figure 1, right part) (Wattel et al., 1995; Bangham
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*  De novo infection of target cells
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FIGURE 1 | Schematic representation of the two modes of HTLV-1 amplification. Left: HTLV-1 transmission occurs through de novo cellular infection, which requires
production of viral particles that are transmitted via viral biofilm and viral synapses and involves a reverse transcription step. The use of RT might lead to sequence
variability. Right: HTLV-1 infection promotes clonal expansion of infected cells, associated with a stability in the proviral sequence.

HTLV-1 infected cell

¢ Clonal expansion of infected cells
. No reverse transcription

Viral genetic stability

et al., 2014; Turpin et al., 2017; Watanabe, 2017). Because the
reverse transcriptase (RT) is not involved in replication by
clonal expansion, this phenomenon may explain the very low
genetic variability of the virus despite the low fidelity of its
RT (Mansky, 2000). Interestingly, HIV-1 clonal expansion also
occurs (Maldarelli et al., 2014; Boritz et al., 2016) and has been
suggested to allow the virus to overcome antibody neutralization
and surface retention by the tetherin restriction factor (Zhong
et al., 2013), although the consequences of such a phenomenon
remain to be fully understood.

Targeting Viral Replication With the Use
of Antivirals: The HIV Example

Nowadays, 25 antiretroviral agents classified in six classes
have been approved to treat HIV infections (Cihlar and
Fordyce, 2016). The antiretroviral therapy (cART) involves
combinations of drugs to achieve maximal response and
is generally composed of two nucleoside/nucleotide reverse
transcriptase inhibitors (NRTIs) and a third active antiviral
from a different class (NNRTI: non-nucleosidic RT inhibitor,
INSTT: integrase inhibitor, PI: protease inhibitor, EI: entry
inhibitor).

Nucleotide reverse transcriptase inhibitors were the first
class of compounds to be used in HIV therapy, by the

approval of zidovudine (AZT) in 1987 (Yarchoan et al., 1986),
initially discovered as potent anti-cancer agent (Furmanski et al.,
1980). NRTIs are compounds that become active after being
phosphorylated into their triphosphate forms, in a process that
involves three distinct phosphorylation steps catalyzed by cellular
kinases. While they are generally poor substrates for cellular
polymerases, triphosphorylated NRTIs compete with natural
triphosphate nucleotides for incorporation into growing viral
DNA by HIV RT (Furman et al., 1986), resulting in DNA chain
termination by blocking further DNA extension (Mitsuya and
Broder, 1987).

Historically, AZT and ddI (didanosine) were first shown
to block HIV replication in T cells (Mitsuya et al, 1985)
and subsequently were shown to suppress HIV replication in
monocytes and macrophages in vitro (Perno et al., 1988). Other
nucleoside analogs without oxacyclopentane sugar moiety, as well
as 2/,3’-dideoxynucleosides such as d4T (Balzarini et al., 1987),
or carbocyclic nucleosides such as Abacavir (ABC) (Daluge et al.,
1997), were then identified to be active against HIV, resulting in
the emergence of structure activity relationship (SAR) knowledge
(Balzarini et al., 1987). However, nucleoside analogs were not
equivalent in either activity or toxicity profiles when used as
therapeutic drugs in vitro and in vivo (Mitsuya et al., 1990),
and in particular in their capacity to be activated through
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phosphorylation in cells. Indeed, during this indispensable
process, the first phosphorylation step is often rate-limiting and
thus an important bottleneck that limits NRTI efficacy in cells.

To circumvent this drawback, acyclic nucleoside
phosphonates (ANPs) have revolutionized the antiviral
drug field (Holy, 2003; De Clercq and Holy, 2005). ANPs
are nucleotide analogs with a phosphonate group attached to
the nucleoside moiety, which require only two phosphorylation
steps to be converted into their fully phosphorylated active form
(Sharma et al,, 2004). The anti-HIV properties of Tenofovir
(PMPA, 9-[(R)-2-(Phosphonomethoxy)Propyl]Adenine) were
first described in Balzarini et al. (1993) and 8 years later, the
oral prodrug, namely Tenofovir disoproxil (TDF) was licensed
for clinical use for the treatment of HIV infection. As such,
TDF has remained a cornerstone for 14 years and has been
replaced recently by a new oral prodrug of the same compound,
namely Tenofovir Alafenamide (TAF), which allows a better
pharmacokinetic profile in patient fluids (Ray et al., 2016).

Undesirable emergence of viral resistance, toxicity, drug-
related adverse effects and drug-drug interactions associated with
treatment using NRTIs have challenged the antiviral therapy.
Over the last 30 years, it has led to the discovery and approval
of several new compounds (Cihlar and Fordyce, 2016) with new
ones still in ongoing development (Sax et al., 2015). This intense
antiviral research provided the clinic with different anti-HIV
active drugs that are now used in combination and have markedly
decreased mortality and morbidity from HIV-1 infections in the
developed world (Palella et al., 1998). This illustrates that the
effort to provide the clinic with new drug regiments results in
successful therapies that benefit to patients.

In 2017, the NRTIs approved by the FDA for the treatment of
HIV-1 include Retrovir® (Zidovudine, AZT, 1987), Videx®
(didanosine, ddI, 1991), Zerit® (stavudine, d4T, 1994),
Epivir® (lamivudine, 3TC, 1995), Combivir® (AZT + 3TC,
1997), Ziagen® (abacavir sulfate, ABC, 1998), Trizivir®
(AZT + 3TC + ABC, 2000), Viread® (tenofovir disoproxil
fumarate, TDE 2001), Emtriva® (emtricitabine, FTC, 2003),
Epzicom® (3TC + ABC, 2004), Truvada® (TDF 4 FTC,
2004), Atripla® (ITDF + FTC + Efavirenz (NNRTI), 2006),
Complera® [TDF + FTC + Elvitegravir (INSTI) + booster,
2011], Triumeq® [3TC + ABC + dolutegravir (INSTI), 2014],
Genvoya® [FTC + Tenofovir Alafenamide (TAF) + Elvitegravir
(INSTI) + booster, 2015], Odefsey® [FTC + TAF + rilpivirine
(NNRTI), 2016], Descovy® (FTC + TAE 2016). Hivid®
(zalcitabine, ddC, 1992) was discontinued due to genotoxicity.
This antiviral success prompted clinician and researchers to test
whether some of the anti-HIV drugs, and especially the acyclic
phosphonates ones, could also be active against infections in
which viral replication use a viral DNA polymerase enzyme,
such as HBV, HSV, EBV, or CMV (De Clercq and Holy, 2005).
Interestingly, although the acyclic phosphonate-including class
has a broad-spectrum efficacy against several divergent DNA
virus families, each acyclic phosphonate within the class has
its own specificity. For example, HPMPC is able to inhibit the
replication of Papovaviridae, Adenoviridae and some viruses
from the Herpesviridae family, while PMEA and PMPA are able
to inhibit Hepadnaviridae and Retroviridae, and PMEA and

HPMPC are able to inhibit the replication of several, but not all
Herpesviridae (De Clercq and Holy, 2005). Thus, some inhibitors
first described as active against HIV may have a broader antiviral
spectrum, even on viruses belonging to different classes, strongly
supporting the concept of re-positioning of existing drugs.

HIV-NRTI Repositioning on HTLV-1

Because replication of both HIV-1 and HTLV-1 retroviruses
(whether it is a frequent step or not, as discussed above) requires
RNA reverse transcription performed by phylogenetically
related RTs, it is tempting to hypothesize that some anti-
HIV-1 drugs targeting HIV-1 RT might also be efficient
against HTLV-1 RT. Indeed, using cellular assays of viral
transmission, it was shown that AZT, 3TC, phosphonated
carbocyclic 2'-Oxa-3'-Aza-nucleoside and Tenofovir each
reduced HTLV-1 transmission through cell-cell contact (see
Table 1) (Macchi et al., 1997; Zhang et al,, 2001; Balestrieri
et al., 2002, 2005, 2008; Chiacchio et al., 2005, 2007; Pais-
Correia et al, 2010). Furthermore, in vitro RT assays using
HTLV-1 virions confirmed that these NRTIs target the
enzymatic RT activity of HTLV-1 (Garcia-Lerma et al,
2001; Balestrieri et al., 2005, 2008; Macchi et al., 2011).
The first inhibitory values were obtained using a test that
is not quantitative but allows only to determine the drug
efficiency (Yamamoto et al, 1996). However, a clinical trial
involving AZT as a putative HTLV-1 RT inhibitor, showed
only a very limited efficacy in reducing HTLV-1 PVL and no
immunological or clinical responses could be demonstrated
(Taylor et al., 2006). Furthermore, other data suggested that
AZT could in fact inhibit telomerase and lead to cell death,
irrespective of the infected status of treated cells (Datta et al,
2006).

A number of studies were designed to decipher why
nucleoside analogs, contrary to HIV-1, are so inefficient against
HTLV-1. One obvious reason, already mentioned, is the pseudo-
latency of the virus (Taylor and Matsuoka, 2005; Taylor et al.,
2006). Indeed, in chronically infected asymptomatic carriers,
HTLV-1 does not frequently replicate by reverse transcription
but rather replicates through clonal expansion of the infected
cells (Wattel et al., 1995; Gillet et al., 2011, 2017). Another
explanation lies in the mode of viral cell-to-cell transmission.
As discussed above, HTLV-1 transmission through cell-free
viral particles does not seem efficient. In contrast, cell-to-cell
transmission mostly occurs through cell-cell contacts between
an infected cell and an uninfected target (Derse et al., 2001;
Ceccaldi et al., 2006; Mazurov et al., 2010; Alais et al., 2015).
HTLV-1 transmission after cell-to-cell contacts is thought to lead
to a high multiplicity of infection and to drug resistance, as
was previously described in the case of HIV (Sigal et al., 2011;
Zhong et al, 2013). Interestingly, while AZT is indisputably
recognized as an efficient HIV-1 replication inhibitor, reported
ICs are consistently higher when inhibition assays are performed
using cell-to-cell infection settings instead of cell-free virus
(Sigal et al., 2011; Agosto et al., 2014), suggesting that cell-to-
cell transmitted viruses have an inherent resistance to reverse
transcription inhibitors, which may not be linked to the
molecular enzymatic resistance of the RT. Thus, efficacy of
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TABLE 1 | Summary of reported inhibition tests using NRTI in cell-to-cell transmission (A) or in in vitro RT assays (B).

(A) Cell-to-cell transmission.

Hill et al., 2003 Zhang et al., 2001

Macchi et al., 1997

Balestrieri et al., 2008

Balestrieri et al., 2008

Cell-to-cell
transmission with MT2

Single-cycle infection
(VLP and cell-to-cell

Cell-to-cell transmission with MT2 (donors) and blood PBMCs (targets)

transmission) (donors) and cord
blood PBMCs (targets)
24 h p.i. single 4 days p.i. viral 4-7 days viral RNA 4 weeks (p19 EC5p) 4-7 days viral RNA
cycle infection RNA (IC50) (ICs0) (EC100)
(ICs0)
Tenofovir 5nM Not tested Not tested 0.73 uM 2.3 uM
AZT 0.11 pM 0.3 + 0.15 uM DNA 0.01 4 0.0 M RNA ND 0.7 uM
PCR and dot blot and
0.01 £ 0.00 uM 0.03 £+ 0.01 uM DNA
RT-PCR dot blot
ddC 0.27 uM Not tested Not tested Not tested Not tested
Abacavir 4.6 uM Not tested Not tested Not tested Not tested
aaT 14.5 uM Not tested Not tested Not tested Not tested
3TC 22 uM Not tested Not tested Not tested Not tested
(B) In vitro RT activity.
Garcia-Lerma et al., 2001 Balestrieri et al., 2008 Balestrieri et al., 2005 Macchi et al., 2011

Indirect RT activity assay on virions
from infected cells. The amount of RT in
the viral lysates was indirectly assessed
through the antigen capture assay by
measuring the amount of p19 in the
supernatant from infected cells. The RT
added to the assay was equivalent to a
standardized amount of 32 pg of p19.
RNA template = RNA extracted from
transfected cells ectopically expressing
the glycoprotein D of herpes simplex
virus type 1 (HSV-1gD, 1 pg). The
assayed compounds phosphorylated
by crude extract were added at
concentration ranging from 0.1 to

1000 nM; 1 mM dNTP, and DNA-PCR
was carried out for 35 cycles
(Yamamoto et al., 1996).

Indirect RT activity assay on virions from infected cells (RT added was equivalent to a standardized
amount of 32 pg of p19), using RNA template corresponding to total RNA extracted from HSV-D
glycoprotein transfected cells (HSV-1gD 1 pg). Inhibitors were phosphorylated by crude extract
(0.1-1000 nM) and assays were carried out with 1 mM dNTP, and 35 cycles DNA-PCR.

RT from MT-2; Hut102 and MT2 (EC1qo) C91 (EC1q0) Hut102 MT2 (EC1g0) MT2 (EC1qo) Patients’
patients’ isolates (EC1qo) (EC100) isolates
(EC100)
Tenofovir Not tested 0.4 nM 1nM 10nM 1nM 0.4 nM 10-1000 nM
(TDF)
AZT 0.12-0.38 pM 0.4 nM Not tested Not tested 10 nM 0.4 nM 4-8 nM
3TC >10 uM, i.e., no inhibition Not tested Not tested Not tested Not tested Not tested Not tested

ICs0 is inhibitory concentration 50%, ECs is effective concentration 50%. EC1qp is effective concentration 100%.

AZT or other NRTIs against HTLV-1 might be further limited
by the almost exclusive cell-to-cell transmission mode of the
virus.

Several parameters might further account for the
discrepancies between results obtained in vitro and in vivo.
First, the efficacy of AZT against HTLV-1 as measured by
the IC5p might be dependent on the experimental settings.
This is illustrated by a study that reported a 1000-fold lower
efficacy of compounds when used in cell-to-cell transmission
assays (inhibition range of 1 wM) compared to in vitro RT

inhibition assays performed on virions from supernatant of
infected cells (inhibition range of around 1 nM) [Table 1,
(Balestrieri et al., 2008)]. Thus, ICsq determined in vitro or
in cellular assays may not be relevant to what occurs in vivo.
Furthermore, sequence variation within the RT gene, in addition
to its influence on replication efficiency (Mitchell et al., 2007),
might also be responsible for different sensitivity of RT from
virions produced by different HTLV-1 infected cells lines
(Balestrieri et al., 2008) or RT derived from patient isolates
(Macchi et al.,, 2011) to NRTIs (Table 1). Even if inhibition
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is measured in cell-cell transmission assays using the same
infected donor cells, the use of different target cells might
explain the variability in NRTI efficacy. For example, AZT
efficacy was measured on HTLV-1 transmission after co-culture
of chronically infected MT2 cells with primary cord PBMCs
(Zhang et al., 2001) or adult blood PBMCs (Macchi et al,
1997; Balestrieri et al., 2008) (Table 1). In these assays, AZT
was estimated to inhibit HTLV-1 transmission after 4-7 days
of culture, as measured by viral DNA or viral RNA detected
in primary PBMCs. AZT ICsp values were 0.03 £ 0.01 and
0.01 &+ 0.00 uM for DNA and RNA, respectively, in PBMCs
and 0.30 £ 0.15 and 0.01 £ 0.00 wM for DNA and RNA in
cord blood, respectively (Table 1). The lower susceptibility to
AZT inhibition of PBMCs from adult blood highlights that
besides the direct effect of AZT on RT activity in virions released
from MT?2 infected cells (Table 1), other mechanisms exist in
the target cells that modulate the efficacy of inhibition. This
could include drug uptake and intracellular phosphorylation
that have been shown to be cell-type dependent (Deville-Bonne
et al., 2010; Roux et al.,, 2013), or RT activity in the target cell
that could differ depending on the cellular environment. Very
little is known regarding RT activity in cells during the early
steps of the viral cycle. Yet, because cell-to-cell infection is
much more efficient than cell-free infection, it is possible that
either a higher number of virions is delivered to the target cell
during cell-to-cell contact or that contact-dependent signals are
required to enhance virus replication. Such signals could also
modulate the sensitivity of target cells to RT inhibition, in a
target cell-specific manner.

Of note, although co-culture assays probably mimic HTLV-1
transmission in vivo, inhibition is measured after several
days of culture. This long-term culture of infected cells could
select for T-cells susceptible to infection and able to survive
after HTLV-1 infection, due to the immortalization potency
of the virus. Furthermore, several rounds of infection could
occur that may not be suitable for quantitative analysis of
infection and replication. Alternative experimental systems
have been developed to measure HTLV-1 spread after a
single-cycle replication (Derse et al., 2001) and to measure
viral inhibition using NRTI (Hill et al, 2003) (Table 1).
This elegant system [reviewed in (Aloia et al, 2013)] is
based on virus-like particles (VLPs) that contain HTLV-1
RT and that deliver a surrogate retroviral genome designed
to express only a reporter gene product in infected cells.
These VLPs are generated by co-transfecting cells (usually
adherent cell lines such as HEK293T) with a packaging
plasmid (allowing the expression of HTLV-1 structural,
enzymatic and regulatory proteins under the control of a CMV
promoter), a transfer reporter vector and an envelope-encoding
plasmid [reviewed in (Derse et al., 2001)]. In these settings,
the inhibition properties of several nucleoside analogs were
determined (Table 1) and results confirmed AZT ICsy to
be around 0.1 uM (Hill et al, 2003). It is worth noting that
efficiencies of all compounds tested against HTLV-1 were at
least 100-fold lower than that tested against HIV-1, further
suggesting that although both RTs have similar sequence
and enzymatic organization, the catalytic properties of the

two RTs are different and/or differently regulated by the
cellular environment of the infected cells. Moreover, although
useful to monitor single-cycle infections, this system uses
VLPs that may be different from WT virions and more
importantly, it uses transfected HEK293T donor cells that
are very different from the natural infected T-cells expected
to transfer the virus in vivo. Knowing that cell-cell contacts
may regulate HTLV-1 RT activity, the nature of the infected
cell used to transfer the virus is expected to modulate the
infectivity of the transferred virions as well as the efficacy of
NRTIs.

Strategies to Control HTLV-1 PVL in Vivo:
Replication Reactivation and Use of

NRTIs

As discussed above, HTLV-1 pseudo-latency renders this
retrovirus usually insensitive to RT inhibitors. Interestingly,
viral expression and RT-dependent de novo cellular infection
can be induced using histone deacetylase inhibitors (HDACIH)
such as valproic acid (VPA) (Lezin et al., 2007; Olindo et al.,
2011). Importantly, long-term treatment of HTLV-1-infected
patients with VPA is proven to be safe (Lezin et al, 2007;
Olindo et al., 2011). In an earlier work conducted in non-
human primates naturally infected with Simian T-Lymphotropic
Virus type 1 (STLV-1), the simian equivalent of HTLV-1,
we tested a combination of VPA, used to increase viral
replication, and AZT, used to inhibit de mnovo cellular
infection by targeting the RT activity (Afonso et al, 2010).
Because the PVL is higher in TSP/HAM patients than in
asymptomatic carriers and can therefore be considered
as a prognostic marker (Yakova et al, 2005), we selected
asymptomatic STLV-1-infected animals with a high PVL
(Afonso et al.,, 2010). Our results showed for the first time
that the AZT/VPA combination leads to a very strong and
significant PVL decrease in all tested animals. However,
STLV-1 PVL rebounded after the treatment was stopped,
thus demonstrating that the virus had not been cleared
during the treatment, a disappointing result reminiscent of
what is described for HIV-1. As for HIV-1, this rebound of
HTLV-1 viral load suggests (i) the existence of a putative
viral reservoir inaccessible to the drugs, or (ii) that AZT is
not efficient enough to block de novo HTLV-1 infection that
occurs at a level below the detection threshold, or (iii) that
viral escape mutants are selected during treatment, leading
to resistance to AZT, although this is unlikely given that
resistance mutation were not reported in human patients
undergoing AZT. Nevertheless, these results demonstrate
that preventing de novo infection is an option for controlling
the virus and foster the use of more efficient drugs that
would better control HTLV-1 dissemination within infected
individuals.

Here we show a series of results obtained with already tested
drugs as well as with newly compounds. We report for the first
time that bis-POM-PMEA (adefovir dipivoxil) and bis-POC-
PMPA (tenofovir disoproxil) are much more efficient compared
to AZT to decrease HTLV-1 cell-to-cell transmission in vitro.
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MATERIALS AND METHODS

Cells

Jurkat, Jurkat-LTR-Luc (Pais-Correia et al., 2010), and HTLV-
1-infected T-cell line (C91PL) were maintained in RPMI 1640
medium supplemented with 10% fetal calf serum and penicillin-
streptomycin (100 pg/ml, Gibco Life Technology). All cells
were grown at 37°C in 5% CO,. Jurkat-LTR-Luc cells, stably
transfected with a plasmid encoding luciferase, under the
control of the HTLV-1 long terminal repeat (LTR) promoter are
maintained under hygromycin (450 pg/ml, Sigma) selection.

Drugs

AZT, d4T, 3TC, tenofovir alafenamide, tenofovir disoproxyl and
tenofovir disoproxyl fumarate were purchased from Selleckchem.
PMPA, PMEA were provided by Dr. Alvarez (AFMB, Marseille).
S-PMPA, S-PMEA, bis-POC-S-PMPA, bis-POM-PMEA, and bis-
POM-S-PMEA were synthesized and provided by Dr Alvarez
(AFMB, Marseille). All drugs were resuspended in DMSO
or water according to the furnisher, aliquoted and stored at
—80°C until used. Aliquots were used only once to avoid drug
degradation under thawing-freezing cycles.

Inhibition of Viral Transmission Test

Jurkat reporter cells (JK-LTR-Luc, 50.000 cells) were seeded in
96-well plates and treated for 18 h in presence or absence of the
different drugs (1-50 wM, diluted in medium). Then, cells were
washed once and HTLV-1-infected cells (C91PL, 10.000 cells)
or control cells (Jurkat, 10.000 cells) were added together with
or without an additional !/2 dose of drugs, and the co-culture
was resumed for 24 h. Cell viability was measured by trypan
blue exclusion counting. The mortality index was determined
as the percentage of dead cells in each condition normalized to
the percentage of dead cells in the control condition set to 1.
A mortality index higher than 1.5 signs drug toxicity. Reporter
activities were assayed using the luciferase reporter assay system
(Promega). Luciferase activity was normalized according to
the amount of total proteins in the co-culture determined by
Bradford (Bio-Rad). Results were then expressed as a percentage
of control in the absence of drugs.

Statistical Analysis

One-way analysis of variance (ANOVA) with Bonferroni’s
post hoc multiple comparison test was used to determine
statistically significant differences. Differences were considered
significant if the p-value was < 0.05.

RESULTS

New Strategies for the Repositioning of
Anti-HIV Inhibitors as Efficient

Anti-HTLV-1 Drugs

High-throughput screening efforts against HIV-1 followed by
structure-based drug design have allowed the discovery of
several drugs that are more potent than AZT and related

nucleoside analogs, and are still ongoing (Taylor et al., 2016).
Highly active non-nucleoside inhibitors eliciting hardly any
resistant mutants have been designed when purified target
enzymes (RT, protease, integrase) were made available, providing
essential structural and functional models. In strong contrast,
discovery of anti-HTLV-1 specific drugs is currently significantly
impeded by the unavailability of purified viral enzymes. In
addition, and as stated above, because the virus is almost
exclusively transmitted through cell-cell contacts, cell infection
cannot be easily induced in vitro using cell-free particles
as a source of infectious viruses (Alais et al, 2015). This
further challenges the development of drug screening protocols.
Since HIV-1 and HTLV-1 use very similar mechanisms of
reverse transcription, we hypothesized that anti-HIV-1 NRTIs
might be efficient against HTLV-1 RT. NNRTIs, which are
highly specific to HIV-1 RT, were thus excluded from our
screen.

We thus set up an in vitro cell co-culture assay that allows for
the monitoring of HTLV-1 de novo infection in LTR-luciferase
reporter Jurkat T-cells using HTLV-1 chronically infected C91PL
T-cells as a source of virus (Alais et al., 2017) (Figure 2A). This
system was used to test the efficacy of several NRTIs known to
inhibit HIV-1 RT (Figure 2B). In addition, we selected pro-drugs
of these NRTIs and evaluated their efficacy and toxicity. AZT
(1) was used as a positive control. 2',3'-dideoxynucleosides such
as 3TC (2) and d4T (3) were also used as controls (Figure 2B).
Because highly variable data are reported in the literature on
the effectiveness of these compounds (Table 1), we also included
them to calibrate the stringency of our assay. While the ANP
Tenofovir (PMPA, 5) has been tested against HTLV-1 previously,
its congener Adefovir (PMEA, 4) has never been evaluated
on HTLV-1 so far, although its efficiency to inhibit HIV and
HBYV infections is described (De Clercq and Holy, 2005). Both
compounds were included in our screen. We also included
new ANP analogs, named thiophosphonates, S-PMEA (6) and
S-PMPA (7), which have shown potent activity against HIV and
HBYV infections (Barral et al., 2011; Roux et al., 2013; Priet et al.,
2015).

As discussed above, ANPs are NRTIs that contain a stable
phosphonate group. After penetration into the target cells, ANPs
are phosphorylated into their diphosphate forms which serve as
substrates for RT and thus exert the antiviral effect. Because ANPs
are negatively charged at physiological pH, they are less efficient
in passing through cell membranes than neutral, lipophilic
species. To address this issue, these compounds can be prepared
as prodrugs. The activity of ANPs is dramatically increased by
the use of their biolabile prodrugs: Adefovir dipivoxil (Hepsera®)
was licensed for the treatment of chronic HBV infections
during several years (Merle and Trepo, 2001) and Tenofovir is
commercialized as two prodrugs, which are much more potent
than their parent counterparts.

We therefore also evaluated Adefovir dipivoxil (bis-POM-
PMEA, 8), its thiophosphonate equivalent bis-POM-S-PMEA
(9), Tenofovir disoproxil (bis-POC-PMPA, 10), Tenofovir
disoproxil fumarate (bis-POC-PMPA, 11), Tenofovir alafena-
mide (12) and the thiophosphonate congener bis-POC-S-
PMPA (13).
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FIGURE 2 | Experimental assay and chemical structures of compounds used in this study. (A) Schematic representation of the experimental procedure.
Jurkat-LTR-Luc [reporter cells for HTLV-1 productive infection in which expression of the luciferase gene is under the control of the viral Tax-dependent promoter
(LTRY)] are pretreated or not with drugs for 18 h before their co-culture with C91PL (HTLV-1 infected T-cell line) for 24 h. Cell viability and luciferase activity are then
measured. (B) AZT (1) is used as the reference drug during all experiments, while 3TC (2) and d4T (3) are used as controls; the acyclic nucleoside phosphonate
PMEA (4), its thio-derivative S-PMEA (6) and their prodrugs (8) and (9), respectively; the acyclic nucleoside phosphonate PMPA (5), its thio derivative S-PMPA (7) and
their pro-drugs (10), (11), (12), and (13), respectively. Structures were drawn using ChemDraw. The molecule names (when available) are indicated under the
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First, we tested whether these compounds had any impact on
target cell viability (Figure 3). The concentration of these drugs
varied between 1 and 50 WM. The viability of treated cells was
represented relative to that of the untreated cells, set to 1. An
index > 1 means that the mortality of the treated cells is higher
than that of the untreated cells. We considered that cell viability
was impaired if the index was >1.5 and thus excluded all the
drug concentrations leading to a mortality index > 1,5. None of
the drugs, i.e., AZT (1), 3TC (2), d4T (3) (Figure 3A) as well as
the PMEA (4-6) and PMPA (5-7) families had any significant
effect on cell viability, i.e., their mortality index was lower than
1.5 (Figure 3B). As already reported (Roux et al., 2013), Bis-
POM-PMEA (8) and Bis-POM-S-PMEA (9) were toxic when
used at 10 pM (Figure 3C), as well as BIS-POC-PMPA (10) when
used at 50 WM (Figure 3C). Thus, these concentrations were
excluded for the subsequent evaluation of their ability to prevent
HTLV-1 transmission to reporter T-cells after co-culture with
infected donor cells (Figure 4). LTR-luciferase Jurkat reporter
T-cells were used as target cells (Alais et al., 2017). Given that Tax

is absent from the viral particle, transcription from the viral Tax-
dependent LTR requires productive infection and Tax expression
in the target cells, which can occur after contact with the infected
donor cells through the establishment of viral synapses or transfer
of viral biofilm (Pais-Correia et al., 2010). Interestingly, this
experimental system does not rely on cell-free infection and is
therefore closer to in vivo viral transmission.

Consistent with previous reports, AZT (1) had a significant
but limited effect on HTLV-1 transmission, even at the high
concentration of 50 uM (inhibition of 10-20% Figures 4A,B),
while 3TC (2) had no effect, independently of the concentration
used (Figure 4A). Surprisingly, AZT (1), had the same significant
inhibitory activity for all the doses tested, without any dose-
dependent effect (Figure 4B). d4T (3) also had no effect
(Figure 4A), suggesting that previously published cell-free
experiments using virion-associated enzymatic RT assays might
not be relevant for determining that a drug has an anti-HTLV-1
effect (Garcia-Lerma et al.,, 2001). We then tested phosphonate
PMEA (4) and PMPA (5) (Figure 4B) and compared their effect
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FIGURE 3 | Control of cell viability during drug treatment. Jurkat-LTR-Luc reporter cells were treated for 42 h and the proportion of dead cells was determined by
trypan blue dye exclusion test. Data were normalized to the proportion of dead cells in untreated control conditions, set to 1, to obtain a mortality index. A mortality
index higher than 1 indicate a drug-induced mortality. Drugs were used in the following assays if the mortality index was below 1.5. Drug concentration and
compound number are indicated. Results were grouped based on the drug family: (A) nucleoside analogs, (B) acyclic nucleoside phosphonates, (C) prodrugs of
acyclic nucleoside phosphonates. No significant differences were observed (one-way ANOVA), n = 2-4 independent experiments with triplicate samples.

to that of AZT. Contrary to AZT, PMEA (4) had a statistically
significant dose-dependent inhibitory activity (Figure 4B). When
used at 50 pM, PMEA was statistically more efficient than
AZT (70% vs. 30% of viral transmission decrease, respectively,
p < 0.0001). Of note, PMEA’ active concentration on HTLV-1
was much higher than the dose reported to inhibit HIV-1 cell-
free transmission, which is around 5 uM (Barral et al., 2011).
Importantly, it is worth noting that when HIV-1 inhibition assays
were performed using cell-to-cell infection instead of infection
with cell-free virus, reported ICsy were also consistently higher
(Sigal et al,, 2011; Agosto et al., 2014). PMPA (5) did not show
any inhibitory effect compared to control, AZT (1) or PMEA
(4), independently of the concentration used (Figure 4B). This
is somehow different from a previous report which showed
that overnight Tenofovir treatment (1 wM) before co-culture
had some effect on viral transmission from chronically-infected
MT?2 cells to PBMCs, while the same product at 0.01 pM had
no effect (Balestrieri et al., 2005). We also tested S-PMEA (6)
and S-PMPA (7) (Figure 4B), which showed a limited effect
for (6) at the highest concentrations, yet not significantly better
than (1) and significantly worse than (4). Thus, modifying
PMEA into the thio-derivative S-PMEA (6) results in a strong
decrease in HTLV-1 transmission inhibition [compare (4) vs. (6)],
consistent with the results on HIV replication for which ICsy is
threefold higher than that of the parental derivative (Barral et al.,

2011). Interestingly, modifying PMPA into its thio-derivative (7)
resulted in a limited but significant better inhibition than 5, at 1
and 10 pM (25% of inhibition p < 0.01), an effect that is lost when
the concentration is increased to 50 wM (Figure 4B), probably
due to the higher toxicity of 7 at 50 wM (Figure 3B).

We then tested ANP pro-drugs since they were reported to
display an active concentration that was better than that of their
parent compound due to the higher ability in passing through
cell membranes (Figure 4C). bis-POM-PMEA (8) showed a
statistically better, although modest, inhibition of LTR activation
at 1 pM than the parent compound PMEA (4) tested at the
same concentration (compare Figure 4C). Although S-PMEA (6)
had a significant yet modest inhibitory effect at 1 wM (20% of
inhibition p < 0.001, Figure 4C), its bis-POM modification (9)
results in a loss of this effect when used at the same concentration.
This suggests that although the cell-membrane penetration is
increased, it does not translate into a better efficacy of the
compound. This could be explained by the higher toxicity of the
pro-drug (6) at 1 pM (Figure 3C), which within the 42 h of
treatment could impair the metabolism of the pro-drug after its
penetration into the cells. Higher concentration could not be used
because of compound 9 toxicity (see Figure 3C).

For the PMPA compound family, no effect was observed when
pro-drugs (10, 11, or 12) were used at 1 M. This is consistent
with the absence of inhibition observed with the parent PMPA (5)
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FIGURE 4 | Inhibition efficacy of drugs on HTLV-1 cell-to-cell transmission. (A-E) Luciferase activity was normalized to protein concentration (in g, quantified by
Bradford assay) and expressed as percent of untreated (control) cells set as 100%. Drug concentrations and drug names are indicated. Results were grouped based
on the drug family: (A) AZT (1), 3TC (2) and d4T (3) nucleoside analogs, (B) AZT (1) and acyclic nucleoside phosphonates, (C) PMEA and S-PMEA and their
prodrugs, (D) PMPA and a series of PMPA pro-drugs, (E) S-PMPA and its pro-drug. Statistical differences were determined using one-way ANOVA (ns, not
significant, *p < 0.05, **p < 0.01, *p < 0.001, ****p < 0.0001, n = 2-4 independent experiments with triplicate samples).

compound (Figure 4D). However, when used at 10 uM, prodrugs
(10-12) had a higher effect than PMPA (5) itself and induced a
significant reduction (50%, p < 0.0001) of HTLV-1 replication.
Finally, bis-POC-S-PMPA (13) did not show any
improvement over S-PMPA (7) and even had a statistically
significant positive effect on viral transmission (Figure 4E). This
could be explained by the lower de-protection rate of (13) in cell,
thus leading to a lower concentration of active S-PMPA within
cells (Roux et al., 2013). Surprisingly, the pro-drug effect was
lower than expected from the results observed in HIV tests in
which ICs are decreased by at least 120-fold (Roux et al., 2013)
by bis-POC or bis-POM modifications. This suggests that in our
settings, the rate of pro-drugs metabolism and their subsequent
use as substrates by HTLV-1 RT might be very low, although they
could increase over time, leading to a potential better inhibition.
Altogether, our results show that PMPA (5) is not active when
HTLV-1 infection occurs through cell-cell contacts, although
(5) inhibits HTLV-1 RT in in vitro enzymatic assays (see
Table 1). However, we demonstrate that several pro-drugs of
PMPA are efficient (10, 11, 12), confirming earlier studies
(Macchi et al.,, 2011) and suggesting that they could be used
in clinical trials. More importantly, our results extend the
inhibitory potential of phosphonate derivatives by showing that
PMEA (4) is more efficient than PMPA (5) to block HTLV-1

viral transmission, without any associated-toxicity. In addition,
PMEA pro-drug (8) is also efficient, and at a 10-fold lower
concentration than all PMPA pro-drugs. However, its associated-
toxicity might compromise its use for clinical trial. Finally, the
thio-modification of PMEA (6) does not increase PMEA (4)
inhibitory potential, while PMPA thio-modification (7) increases
PMPA (5) efficiency, although this effect is lost for the pro-
drug (13).

DISCUSSION

HTLV-1-induced diseases, i.e., ATLL and TSP/HAM, are of bad
prognosis. Despite the early discovery of HTLV-1 more than
30 years ago, and despite the outstanding genetic stability of the
virus (which could be a topic of interest for the vaccine industry),
specific anti-HTLV-1 drugs have not been developed yet. In
addition, and contrary to the HIV-1 field, asymptomatic HTLV-
1-infected individuals are not treated, although a high PVL is
established to be a valuable risk factor that could be used as a
biomarker to identify individuals at risk for developing HTLV-1-
associated diseases. Rather, patients are treated once they develop
the disease, which is probably too late. Clonal populations of
infected T-cells are detected in vivo, suggesting that the virus
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mostly replicates through clonal expansion (Bangham et al,
2014), although viral expression, potentially leading to viral
production, may occur upon metabolic changes occurring in
protected body areas (Kulkarni et al., 2017). In addition, HTLV-1
does not replicate only through clonal expansion given that AZT
as an in vivo effect in asymptomatic individuals (Afonso et al.,
2010).

Anti-HIV-1 drugs were first tested using cell-free infection
systems in which it is easy to quantify viral production. This is
the reason why reverse-transcriptase inhibitors have also been
tested using HTLV-1 purified virions (Garcia-Lerma et al., 2001;
Balestrieri et al., 2005, 2008), or after co-culture between MT2
infected cell line and PBMCs from normal blood donor (Macchi
et al,, 2011). This is, however, an issue for translating results
into the clinic. Indeed, when it occurs, HTLV-1 transmission
goes through cell-cell contacts rather than through cell-free viral
particles, a transmission mode that was proven to increase viral
resistance to drugs in the HIV-1 situation. Previously described
co-culture assays for drug screening used MT2 cells as donor cells
(Macchi et al,, 1997; Zhang et al., 2001; Balestrieri et al., 2008).
Of note, this cell line was recently demonstrated to produce
poorly infectious viral particles, even when these cells were
used for viral transfer after cell-to-cell contacts (Alais et al.,
2015). We have developed an easy-to-use assay relying on the
co-culture between HTLV-1-infected C91PL T-cells and LTR-
luciferase reporter Jurkat T-cells (Pais-Correia et al., 2010). Here,
we demonstrate that this assay is useful to screen a series of
drugs, in experimental settings that most closely model the in vivo
viral transmission mode. Our results using stavudine d4T and
lamivudine 3TC are consistent with the literature and show
that, for some unexplained reasons, these drugs have no effect
on HTLV-1 RT. More interestingly, we show here for the first
time that Adefovir (PMEA) as well as its prodrug (Adefovir
dipivoxil) work much better than AZT. In the case of Tenofovir
(PMPA), the drug has no effect, however, the prodrug (Tenofovir
disoproxil) has a significant inhibitory effect when used at 10 pM.
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Human T cell leukemia virus type 1 (HTLV-1) is the etiological agent of adult T cell
leukemia/lymphoma (ATL), HTLV-1 associated myelopathy (HAM/TSP), and of a number
of inflammatory diseases with an estimated 10-20 million infected individuals worldwide.
Despite a number of therapeutic approaches, a cure for ATL is still in its infancy.
Conventional chemotherapy has short-term efficacy, particularly in the acute subtype.
Allogeneic stem cell transplantation offers long-term disease control to around one third
of transplanted patients, but few can reach to transplant. This prompted, over the
past recent years, the conduction of a number of clinical trials using novel treatments.
Meanwhile, new data have been accumulated on biological and molecular bases of
HTLV-1 transforming and infecting activity. These data offer new rational for targeted
therapies of ATL. Taking into account the double-face of ATL as an hematologic
malignancy as well as a viral infectious disease, this Mini-Review seeks to provide an
up-to-date overview of recent efforts in the understanding of the mechanisms involved
in already used therapeutic regimens showing promising results, and in selecting novel
drug targets for ATL.

Keywords: HTLV-1, ATL, antiviral agents, biological therapy, targeted therapy

INTRODUCTION

Human T cell leukemia virus type 1 (HTLV-1) is the first identified human retrovirus endemic in
southwestern Japan, the Caribbean islands, inter-tropical Africa, South America, Romania and the
Middle East, with an estimated 10-20 million infected individuals worldwide. HTLV-1 is known
to cause adult T cell leukemia/lymphoma (ATL), HTLV-1 associated myelopathy (HAM/TSP),
and a number of inflammatory diseases. Firstly detected and isolated from a cutaneous T cell
lymphoma almost 40 years ago, HTLV-1 still represents a significant challenge for the scientific
community engaged to disclose its oncogenic potential and to identify a focused therapy (Gallo,
2005; Tagaya and Gallo, 2017). HTLV-1 transforms CD4+ lymphocytes in vitro and in vivo,
and complex mechanisms control virus spreading, expression of viral proteins and host immune
response in infected individuals (Figure 1). As a consequence, ATL patients are often refractory
to intensive, conventional chemotherapy regimens. Classically used regimen are CHOP, CHOEP
dose-adjusted EPOCH, and hyper-CVAD, alternating with high-dose methotrexate and cytarabine
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FIGURE 1 | HTLV-1 driven leukomogenesis and possible mechanism of antiviral therapy. (A) Main immortalization/transformation process activated by HTLV-1
regulatory protein Tax and HBZ in newly infected CD4+ cells transmit virus to uninfected CD4+ cells and leading to epigenetic and genetic changes in ATL
transformed cells. Cell migration and cell-to-cell virus transmission, presumably involving also dendritic cells, favor the release of inflammatory cytokines and
chemokines milieu in the microenvironment and contribute to the maintaining of the infected clones. (B) AZT/IFN with or without arsenic trioxide (AS) could interrupt
the maintaining route of ATL.

(Dittus and Sloan, 2017). An intensive treatment consisting of
VCAP-AMP-VECP with the prophylactic use of G-CSF, has been
introduced in Japan (Watanabe et al., 2011). In addition, results
of preclinical studies, such as the high expression of CCR4 in
ATL cells (Ishida et al., 2003), led to hypothesize new targets for
biological therapy in ATL. Indeed, clinical trials using humanized
monoclonal antibodies such as mogamulizumab (anti-CCR4)
(Ishida et al, 2004; Yamamoto et al, 2010), alemtuzumab

(anti-CD52) (Sharma et al., 2017), or daclizumab (anti-CD25)
(Berkowitz et al., 2014) have been conducted on ATL patients
(Figure 2). However, an important hurdle emerged in practically
all the completed studies, is the limited duration of the response.
Allogeneic stem transplantation could represent an alternative,
potentially curative approach (Zell et al., 2016). Unfortunately,
its use is limited to a small percentage of ATL patients. Recently
published review articles provide detailed information on the
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state-of-the-art of treatment strategies until today adopted in
clinical trials for ATL patients and on related results (Kato and
Akashi, 2015; Hermine et al., 2018), and this mini-review will not
address these aspects.

What makes the design of therapeutic approaches for ATL
problematic is the double routes of HTLV-1 transmission in vivo,
i.e., the mitotic and the RT-dependent ones, that might require a
combined approach targeting both chronically infected host cells
and direct viral replication. Actually, in the past recent years a lot
of data have been accumulated on biological and molecular bases
of HTLV-1 transforming as well as infecting activity. These data
offer new rational for targeted therapies of ATL. Thus, taking into
account the double-face of ATL as an hematologic malignancy
as well as a viral infectious disease, this mini-review seeks to
specifically focus on providing an up-to-date overview of recent
efforts in: (i) understanding mechanisms involved in already used
therapeutic regimens showing promising results, (ii) identifying
and selecting novel drug targets for ATL.

ONCOGENIC POTENTIAL OF HTLV-1

Adult T cell leukemia/lymphoma is a severe, aggressive
leukemia, unequivocally associated to HTLV-1 infection, which
develop in 2-4% of the infected individuals after a long time
of latency. Four clinical forms/subtypes of ATL have been
recognized: acute, lymphomatous, chronic, and smoldering.
(Shimoyama, 1991). The smoldering is the mildest form
while the acute type represents the most aggressive form, but
the life expectancy for each subtype is very poor reaching a
maximum of 24 months. Although the molecular mechanism
of virus transformation is highly complex and not entirely
clarified, several studies highlighted that the viral regulatory
proteins Tax and HTLV-1 bZIP factor (HBZ) play key roles
in driving oncogenesis in HTLV-1 infected cells (Figure 1).
The Tax protein has been demonstrated to trigger a number of
immortalization/transformation related events in the early phase
after infection, such as activation of the interaction with cAMP-
responsive element-binding protein/activating transcription
factor (CREB/ATF), the activation of NF-kB transcription factor,
inhibition of p53, dysregulation of the cell cycle by interfering
with the cellular checkpoint, impairment of cellular DNA repair
mechanisms resulting in genetic instability, induction of DNA
damage through production of reactive oxygen species, induction
of both pro-apoptotic and anti-apoptotic activities (Chlichlia
and Khazaie, 2010). In particular, Tax has been recently shown to
intervene at an early phase of cell transformation by upregulating
a family of early growth factorl (EGR1), which upregulate the
NF-kB system, establishing a positive feedback loop (Huang et al.,
2017). Thus, Tax is likely required to initiate leukemogenesis
while its expression is not routinely detected later in fresh cells
from at least 50% of patients with established ATL. Recent data,
however, demonstrated that survival of ATL cells depend on
transient fax expression (Dassouki et al., 2015; Mahgoub et al,,
2018) Conversely, HBZ is persistently expressed, even if at low
level, in vivo in ATL cells, and interacts with elongation factors,
Rb/E2F-1 complex, for cell cycle progression (Kawatsuki et al.,

2016), inhibits apoptosis and upregulates expression of CCR4,
thus promoting proliferation and migration of T cells (Sugata
et al., 2016) and finally inducing global epigenetic changes in
infected cells. In addition epigenetic dysregulation plays a role in
ATL transformation consisting in GpC methylation of cell cycle,
p53, apoptotic genes and histone modification of epigenetic
reprogramming genes (Watanabe, 2017).

TARGETED BIOLOGICAL THERAPY
FOR ATL

Similarly to leukemic cells of different types, ATL cells exhibit
high expression of genes associated to cell proliferation/death,
cytokines, chemokines and/or markers of cell transformation.
Therefore, shared potential pharmacological targets can justify in
ATL the use of biological therapy set up for other malignancies.
As observed in other neoplasia, the balance between pro and
anti apoptotic response is subverted in ATL cells. Preclinical
studies have shown that HTLV-1 infection in vitro gives rise,
in a first phase, to high proliferation and a concomitant high
apoptosis rate in infected cells until, in a successive phase,
the selection of immortalized clones lead to outgrowth of
cells preferentially exhibiting anti-apoptotic gene expression
(Matteucci et al.,, 2004). Coherently, transformed clones from
ATL patients over-express in culture the anti-apoptotic Bcl-2,
Bcl-xL, and Bcl-w proteins and exhibit ex vivo a 10- to 20-fold
higher sensitivity to navitoclax (ABT-263), an orally bio-available
mimetic of the Bcl-2 homology domain 3 small molecule, as
compared to non-HTLV-1-associated leukemic cells (Tse et al.,
2008). Interestingly, molecular studies showed that the efficacy
of navitoclax in ATL cells in vitro was increased by Tax induced
upregulation of the pro-apoptotic Bax gene. However, the side
effects of navitoclax limit its therapeutic use in vivo. Another
crucial target in ATL can be detected in the complex network
of autocrine (IL-2-IL-2Ra/IL-15-1L-15Ra) and paracrine (IL-9)
loops, able to drive ex vivo spontaneous proliferation of ATL
cells at an early stage (Chen et al., 2010). The three involved
cytokines share in common a yc receptor whose expression
is regulated by a family of kinase (JAK/STAT). Interestingly,
JAK/STAT selective inhibitors suppressed the proliferation of
smoldering/chronic ATL cells ex vivo (Ju et al, 2011). Given
that combining inhibitors of the same signaling pathway can
increase the chance to block cancer cell growth, a combination
of navitoclax and of the JAK/STAT inhibitor ruxolitinib, was
tested on ATL cells ex vivo and in animals. The combination
provided additive/synergistic activity in inhibiting proliferation
of ATL cells, delayed tumor growth and prolonged survival in
tumor -bearing mice. This was associated to increasing inhibition
of Bcl-xL which favored the upregulation of the pro apoptotic
gene expression (Zhang et al., 2015). In vivo, the immune
response has a remarkable impact on the turnover of HTLV-1
infected clones. Actually, cytotoxic T lymphocytes recognizing
the immunodominant viral protein Tax and HBZ are both critical
to determine the proviral load (Bangham and Matsuoka, 2017).
Ruxolitinib is currently under evaluation in phase 2 clinical trials
in ATL patients.
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ANTIRETROVIRAL THERAPY FOR ATL

Resistance to conventional chemotherapy prompted a recon-
sideration of therapy in ATL. Taking into account the retroviral
etiology of the disease and that antiretroviral drugs proved
their effectiveness in counteracting HIV infection, the use of
AZT was tested in ATL. The rationale for this therapeutic
intervention was to keep a low level of virus spreading and,
possibly, also to limit the onset of inflammatory processes. In
fact, successful results were initially reported in two preliminary
phase II studies, using the combination of AZT and alpha
interferon (IFN) showing an unexpected high response rate,
particularly in previously untreated acute ATL patients (Gill
et al., 1995; Hermine et al., 1995, 1998). A prospective phase
IT study on 13 patients who received AZT/IFN treatment as
initial therapy, showed nine complete response (CR) and four
partial remission with mild toxicity. The CR patients survived
more than three years, after which most of the patients relapse
underlying the need for additional therapy with AZT/IFN
(Hermine et al., 2002). The impact of first-line AZT/IFN
therapy on long-term survival was reported in a worldwide
meta-analysis showing a significant improvement of survival
of the leukemic subtypes with an unprecedented 100% 5-year
overall-survival in chronic and smoldering ATL, at a median
follow-up time of 5 years (Bazarbachi et al., 2010). Although
AZT/IFN therapy provided reasonable management of ATL,
most patients relapse. To counteract this aspect, based on
previous experience in acute promyelocytic leukemia, arsenic
trioxide (AS) was tested in ATL. The arsenic/IFN combination
induced proteasomal degradation of Tax through stepwise poly-
sumoylation and SUMO-dependent ubiquitination (EI-Sabban
et al,, 2000; Dassouki et al., 2015). This combination cured
murine ATL derived from tax-transgenic through selective
targeting of ATL leukemia initiating cells (EI Hajj et al., 2010).
The triple combination of arsenic, IFN and AZT resulted in a
high rate of response in chronic ATL patients (Kchour et al,
2009). However, the mechanisms involved in the therapeutic
effectiveness of AZT/IFN are not clear, although in vitro studies
demonstrated that this combination differently affects HTLV-
1 mRNA and viral protein expression and activates the p53
pathway and apoptosis in HTLV-1 infected cells (Kinpara
et al, 2013). Nevertheless, no clear evidence was provided
concerning the inhibition of viremia by AZT/IFN in ATL
patients. However, viremia in ATL patients is low and viral
load, reverse transcriptase (RT) activity and/or other virus
related assays, carried out in lymphocytes from patients, could
be more reliable parameters for assessing HTLV-1 replicative
potential in ATL patients. Interestingly, we have recently
reported that long-term in vivo therapy with AZT and IFN
actually caused complete inhibition of RT activity, reduction
of p19 release and viral mRNA, and a dramatic decrease of
the oligoclonal index, in short-term cultures of PBMCs from
ATL patients who responded to therapy, but not in those
who did not respond (Macchi et al., 2017). Thus, the above
reported data sustain that the therapeutic efficacy of AZT/IFN
combination in ATL is actually mediated, at least in part, by
the inhibition of RT-dependent viral replication. Consequently,

we can hypothesize that the AZT/IFN combination in ATL
patients targets viral replication presumably outside leukemic
cells. This could occur in cells such as dendritic cells or in newly
infected T lymphocytes, immediately after their first contact with
the virus, or other cell types in which a dynamic, continuous
viral replication occurs. In this case, AZT/IFN treatment
can impede HTLV-1 viral replication that could provide a
microenvironment that is mandatory for survival and/or renewal
of ATL cells (Figure 1). This could occur through direct cell-to-
cell communication or paracrine stimulation through secreted
Tax or various cytokines/chemokines as reported for chronic
lymphocytic leukemia (Bazarbachi et al, 2011). Moreover,
these findings could explain the impossibility to set-up long-
term culture of ATL cells in vitro and why the AZT/IFN
combination exerts a beneficial effect in vivo but not ex vivo
on ATL cells. A recent trial using EPOCH chemotherapy
in combination with bortezomib, to block NF-kB activation,
and raltegravir, as antiviral drug, in acute ATL and in ATL
lymphoma showed that this regiment was well tolerated, leading
to 67% response rate. Changes in RNA viral load and HBZ
viral expression ex vivo were found as reliable parameters
of response as well as inhibition of viral replication and
repression of NF-kB activation through proteasome inhibition
(Ratner et al, 2016). Thus, accumulating evidence sustains
that controlling virus spread is a crucial aspect in ATL
therapy.

Regarding in vitro studies, AZT and tenofovir inhibit virus
transmission to PBMC in short-term cultures and interfere
with immortalization in the long run at a drug concentration
which was poorly toxic toward uninfected cells (Macchi et al.,
1997; Balestrieri et al., 2005). Conversely, lamivudine was not
effective in inhibiting HTLV-1 infection in vitro, presumably
owed to the presence of an isoleucine at position 118 in HTLV-
1 RT, conferring natural resistance to 3TC (Balestrieri et al.,
2002; Toro et al, 2003). Different not licensed compounds,
such as the PCOAN phosphonates, were able to inhibit cell-
to-cell HTLV-1 transmission directly inhibiting the HTLV-1
RT activity, as demonstrated by a cell-free assay (Balestrieri
et al.,, 2008b). Inhibition of HTLV-1 infection could also
rely on other still unclear mechanisms, as shown in case of
compounds of natural origin such as carbohydrate-binding
agents (Balestrieri et al., 2008a) and an extract from the
seeds of bergamot, which remarkably blocked virus horizontal
transmission in vitro (Balestrieri et al., 2011). In addition,
raltegravir and diketo acid, MK-2048, were active inhibitors of
viral transmission as well as viral immortalization of HTLV-1 in
lymphoid and non lymphoid cells, in vitro (Seegulam and Ratner,
2011).

NOVEL MOLECULAR TARGETS IN ATL

Further targets are being investigated to find new therapeutic
approaches in ATL (Figure 2). Tax is known to remarkably affect
the host cell proliferation by directly intervening in the processes
regulating DNA transcription, replication and repair. On the
basis of this regulatory role of Tax in HTLV-1 transformation,
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a few druggable targets have been demonstrated in preclinical
studies. CDKO9 is a component of a transcription factor, P-TEFb,
essential for transcription of most MHC class II genes and for the
transcriptional elongation by phosphorylating the C-terminal
domain of RNA polymerase II. The importance of CDK9 for
a targeted therapy was demonstrated in advanced stage of
chronic lymphocytic leukemia and multiple myeloma (Tong
et al., 2010). An additional reason to investigate CDK9 as a
possible molecular target in ATL is that P-TEFDb is present within
HTLV-1 transformed cells in Tax-regulated complexes (Cho et al.,
2010). In fact, the P-TEFb/CDK-9 inhibitor, BAY 1143572, was
able to block the growth of ATL cells ex vivo, and to decrease
MCL-1 and c-Myc expression levels. In addition, BAY 1143572
decreased ATL cell migration in the liver and bone marrow in
a model of ATL in vivo xenograft, in immunocompromised
NOG mice (Narita et al,, 2017). Tax was reported to affect
the replicative fork during DNA replication by blocking the
progression of the process (Chaib-Mezrag et al., 2014). Helicases
are deeply involved in DNA double-strand break repair through
the homologous repair as well as the non-homologous end-
joining pathway. In particular, the WRN helicases are mutated
in cancer and are generally highly expressed in human leukemia
(Sallmyr et al, 2008). This finding prompted to assay WRN
helicases inhibitors in ATL cells. The results showed that the
WRN inhibitors NSC 19630 and NSC 617145 efficiently killed
HTLV-1-transformed and patient-derived cells, by inducing cell
cycle arrest, downregulation of BCI-2, caspase 3 activation, and
apoptosis in a dose-dependent manner, without affecting HTLV-
1 expression (Moles et al., 2016). Tax was also recognized to
induce genomic double strand breaks during DNA replication
and alteration in the subsequent use of non-homologous end
joining pathway for repair during the S phase (Baydoun et al.,
2012). Thus, the genomic instability afforded by Tax represents
a possible target within the repair enzymes family. PJ-34, a small
molecule inhibitor of poly (ADP-ribose) polymerase (PARP),
arrested cell cycle at S/G2M phase, inducing reactivation of p53
and caspase 3 activation in HTLV-1 infected cells. However,
MT-2 chronically infected cells were resistant to PJ-34, showing
reduced caspase 3 cleavage and increased RelA/p65 expression.
These results suggest that the NF-kB system might be involved
in resistance to PJ-34 (Bai et al., 2015). The inhibitors of
JAK/STAT pathway regulating expression of IL-2R common y
chain reported as therapeutic option in ATL, were found to be
highly immunosuppressive. Thus more recent data proposed a
different JAK/STAT-pathway associated target, relying on the
Pim 1 downstream target of JAK, whose expression is regulated
by miRNA124a. The Pim 1 gene was found to be constitutively
expressed in 71% of freshly isolated ATL cells and in chronically
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Human T-cell leukemia virus type 1 (HTLV-1), the first reported human oncogenic
retrovirus, is the etiologic agent of highly aggressive, currently incurable diseases such
as adult T-cell leukemia—lymphoma (ATL) and HTLV-1-associated myelopathy/tropical
spastic paraparesis (HAM/TSP). HTLV-1 proteins, including Tax and HBZ, have been
shown to have critical roles in HTLV-1 pathogenicity, yet the underlying mechanisms
of HTLV-1-driven leukemogenesis are unclear. The frequent disruption of genetic and
epigenetic gene regulation in various types of malignancy, including ATL, is evident.
In this review, we illustrate a focused range of topics about the establishment of
HTLV-1 memory: (1) genetic lesion in the Tax interactome pathway, (2) gene regulatory
loop/switch, (3) disordered chromatin regulation, (4) epigenetic lock by the modulation
of epigenetic factors, (5) the loss of gene fine-tuner microRNA, and (6) the alteration of
chromatin regulation by HTLV-1 integration. We discuss the persistent influence of Tax-
dependent epigenetic changes even after the disappearance of HTLV-1 gene expression
due to the viral escape from the immune system, which is a remaining challenge
in HTLV-1 research. The summarized evidence and conceptualized description may
provide a better understanding of HTLV-1-mediated cellular transformation and the
potential therapeutic strategies to combat HTLV-1-associated diseases.

Keywords: HTLV-1, ATLL, epigenetics, EZH2, gene expression, gene mutations

INTRODUCTION

Human T-cell leukemia virus type 1 (HTLV-1) infection (Poiesz et al., 1980; Hinuma et al., 1981;
Yoshida et al.,, 1982) is associated with the development of adult T-cell leukemia-lymphoma
(ATL) and HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP), although
most virus carriers remain asymptomatic throughout their lifespan. ATL is a highly aggressive
T-cell malignancy refractory to the currently available combination chemotherapies (Uchiyama
et al, 1977; Tsukasaki et al,, 2007; Katsuya et al, 2012). HAM/TSP, a debilitating neuro-
inflammatory disease, expresses chronic spinal cord inflammation and progressive myelopathic
symptoms (Gessain et al., 1985; Osame et al., 1986).
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Accumulating evidence has shown that HTLV-1 exhibits
complicated involvement in the pathogenesis (Matsuoka and
Jeang, 2007; Yamagishi and Watanabe, 2012). In particular,
HTLV-1 Tax significantly affects host gene expression and
interacts with multiple partner proteins (Boxus et al., 2008;
Chevalier et al.,, 2012; Simonis et al., 2012). Moreover, Tax-
transgenic mice develop malignant lymphoma, suggesting that
Tax is an oncoprotein (Hasegawa et al., 2006; Ohsugi et al,
2007). The evolution of viral genes with virus expansion indicates
that leukemogenesis by Tax is selectively advantageous for
viral replication and cell proliferation. Transgenic expression
of HBZ in CD4*" T-cells also induces T-cell lymphomas and
systemic inflammation in mice (Satou et al, 2011). Tax and
HBZ certainly contribute to leukemogenesis in HTLV-1-infected
T-cells. However, considering the low rate of incidence, clinical
observation implies that HTLV-1 lacks a strong capacity to
induce leukemogenesis, in contrast to other animal leukemia
viruses.

Notably, most leukemic cells do not express viral genes,
excluding HBZ (Gaudray et al., 2002; Taniguchi et al., 2005; Satou
etal., 2006). Tax, a highly immunogenic protein, is not expressed
in most aggressive-type ATL cases because HTLV-1 provirus is
substantially silenced by proviral defect and/or an epigenetic
mechanism (Tamiya et al., 1996; Koiwa et al., 2002; Taniguchi
et al., 2005). It is assumed that this is one of the strategies that
viruses use to evade host immune defense.

However, leukemic cells possess similar traits as Tax-
expressing cells (Yamagishi and Watanabe, 2012). Although
the reason for this seemingly paradoxical observation is yet
to be determined, it is suggested that the acquired cellular
characteristics, including promoting cell proliferation and
apoptotic resistance, is conferred by viral genes in early-phase
infected cells and by genetic/epigenetic abnormalities in late-
phase, highly malignant ATL cells (Figure 1). Although Tax
has already disappeared at the time of ATL onset, Tax and
its interactome (described in later chapters) have already left
multiple genetic and epigenetic memories, contributing ATL
onset. This switch during leukemogenesis is indeed supported
by transcriptome data; the changes in gene expression in
infected cells are dominated by disordered homeostasis and the
characteristics of ATL.

Although cancer is typically considered to be a genetic disease,
chromatin and epigenetic aberrations as well as active roles
of HBZ play important roles in tumor potentiation, initiation,
and progression in ATL and HTLV-1-associated diseases. Based
on recent findings, we introduce a hypothesis with important
implications that might explain the underlying mechanism of the
issue: the molecular memories inherited from HTLV-1.

TRANSCRIPTOME ABNORMALITY
IN ATL

Cellular characteristics (i.e., phenotype) are strictly defined by
the regulation of gene expression. HTLV-1 Tax directly affects
host gene expression through multiple mechanisms, including
the binding with host transcription factors and the perturbation

Dependency
HTLV-1 » Genetic/
Tax 2 b o o ) epigenetic
HBZ Genetic changes abnormalities
Histone modification + HBZ

DNA methylation
microRNA changes
Insertional effects
Inflammation
immune evasion

FIGURE 1 | Transition of the molecular characteristics during latent period.
The acquired cellular characteristics such as promoting cell proliferation and
apoptotic resistance are conferred by viral genes in early-phase infected cells
and by genetic/epigenetic abnormalities in late-phase ATL cells. The aberrant
characteristics are acquired and imprinted, nevertheless Tax disappears. The
consequent genotype and epigenotype support the differential phenotypes
and the disease entities.

of multiple signaling pathways (Ballard et al., 1988; Ruben et al.,
1988; Kim et al., 1990; Migone et al., 1995; Good et al., 1996;
Takemoto et al., 1997; Boxus et al., 2008). Intriguingly, the
molecular hallmarks of aggressive ATL cells at the final stage
of progression still comprise pronounced dysregulation of the
signaling pathways that control the cell cycle, the resistance to
apoptosis, and the proliferation of leukemic cells without Tax
expression.

Cell cycle regulation is a typical example of the correlation
between gene expression and phenotypic changes. The oncogenic
function of Tax was first demonstrated in a study of cell cycle
regulation. Tax inhibits cyclin-dependent kinase (CDK) inhibitor,
CDKN2A (p16™K44) via physical interaction (Suzuki et al,
1996). The mitogenic activity of Tax is exerted through the
stimulation of G;-to-S-phase transition. Additionally, Tax affects
a cohort of cell cycle-related proteins, including CDKs, CDKNI1A,
CDKN1B, and CDKN2A, via the regulation of their expression
or physical interaction (Akagi et al., 1996; Neuveut et al., 1998;
Schmitt et al., 1998; Santiago et al., 1999; Suzuki et al., 1999; de La
Fuente et al., 2000; Iwanaga et al., 2001; Haller et al., 2002; Liang
et al., 2002).

Comprehensive gene expression profiling revealed that several
positive regulators of the cell cycle process are overexpressed
in acute-type ATL, in most of which HTLV-1 sense-transcripts
and the virus replication is silenced. Diverse abnormalities
were also found in each of these comprehensive studies;
however, several gene alterations and other critical events
have been commonly implicated as the determinants of gene
expression pattern. The abnormalities in the expression of
different cytokines, their receptors, and various proteins that act
as anti-apoptotic factors or proliferating agents are the cellular
hallmarks responsible for malignant phenotypes (Tsukasaki et al.,
2004; Sasaki et al., 2005; Watanabe et al., 2010; Yamagishi
et al,, 2012). These notable traits in the transcriptome may
be genetically and epigenetically established during long-term
latency periods.
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ESTABLISHMENT OF HTLV-1 MEMORY

Genetic, metabolic, and environmental stimuli can induce overly
restrictive or permissive epigenetic landscapes that contribute to
the pathogenesis of cancer and other diseases. The restrictive
chromatin states prevent the appropriate expression of tumor
suppressors or block differentiation. In contrast, the permissive
states allow the stochastic activation of oncogenic genes and
stochastic silencing of tumor suppressor genes. The abnormal
restriction or plasticity may also affect other processes mediated
through factors such as chromatin-DNA repair and telomere
maintenance.

Chromatin homeostasis, a basis of molecular memory
(Flavahan et al., 2017), is disrupted by genetic and epigenetic
stimuli (e.g., inflammation, aging, hypoxia, cell stress,
developmental cues, metabolism, and pathogens). The heritable,
selective adaptive changes are the hallmarks of cancers. Herein,
we introduce the abnormality contributing to the molecular
pathogenesis of HTLV-1 infection by tracing the function(s) of
Tax and the characteristics of ATL cells.

Genetic Lesion in Tax Interactome
Pathway

Tax directly participates in genetic damage (Jeang et al., 1990;
Saggioro etal., 1994; Kao and Marriott, 1999; Haoudi et al., 2003).
In parallel with this, persistent proliferation, which is boosted by
cell cycle progression, may cause genetic instability and create
stochastic genetic lesions; > 1 lesions may then act as “drivers,’
allowing clonal evolution.

The recent advanced technology-based comprehensive
characterization of genetic abnormalities delineated the spectrum
of genetic alterations in ATL (Kataoka et al., 2015). Genomic data
from a total of 426 patients with ATL identified 6,404 mainly
age-related somatic mutations (2.3 mutations/Mb/sample) by
whole-exome sequencing, including 6,096 single-nucleotide
variants and 308 insertions—deletions, strongly suggesting that
the clonal expansion of aggressive ATL cells is driven by multiple
genetic abnormalities. One of the remarkable indications is
that some of the somatically altered genes in ATL (mutation
and copy number variation) encode the pivotal molecules that
Tax physically interacts with and/or deregulates, including
the components of TCR-NF-kB pathway [activated by Tax
(Yamaoka et al., 1998; reviewed in Sun and Yamaoka, 2005)]
and p53 and p16 tumor suppressors [inactivated by Tax (Suzuki
et al., 1996; Grassmann et al., 2005)]; this strongly suggests
that ATL cells still depend on the dysregulated Tax interactome
even after the disappearance of Tax expression in most ATL
cases, i.e., the influence of Tax is genetically imprinted in ATL
cells.

Gene Regulatory Loop/Switch

Depending on the cellular status, a transient cue such as
an inflammatory cytokine can induce stable malignant
transformation through a positive feedback network that is
normally held in check by a host defense mechanism (Iliopoulos
et al, 2009; Barabasi et al., 2011; Yosef and Regev, 2011).

In this manner, network motifs, including a coherent
feedforward, mutual negative feedback, and positive feedback
loops, may switch the cell fate in some cases.

Tax can activate several signaling pathways and lead to an
abnormal gene expression pattern. For instance, it can activate
NF-kB and NFAT pathways responsible for the predominant
expression of IL-2 and its receptor IL2R (Ballard et al., 1988;
Ruben et al., 1988; Hoyos et al., 1989; McGuire et al., 1993; Good
et al., 1996), whose activation leads to a positive feedback loop.
The target transcriptome of NF-kB pathway includes the genes
encoding the members of the Rel family, p100/p105, NF-«kB-
inducing kinase (NIK), and several cytokines that stimulate the
same pathway.

Negative regulators within the network are critical for the
homeostasis of the regulatory motif. In the developmental
process of HTLV-1-infected cells, some NF-«kB negative
regulators are diminished or inactivated, leading to chronic
activation of the signaling pathway. For example, miR-31, a
new class of negative regulator of the non-canonical NF-kB
pathway, acts by regulating NIK. One mechanism of NF-kB
activation without Tax is the epigenetic silencing of miR-31 in
HTLV-1-infected cells and aggressive ATL cells (Yamagishi et al.,
2012).

Another NF-«kB negative regulator, p47, which is essential
for Golgi membrane fusion, associates with the NEMO subunit
of IxB kinase (IKK) complex upon TNF-a or IL-1 stimulation
and inhibits IKK activation. Tax inhibits the interaction between
p47 and the IKK complex. In contrast, a significant reduction
of p47 expression has been reported in ATL cells, which show
a high-level constitutive NF-kB activation that protects ATL
cells from apoptosis in a Tax-independent manner (Shibata
et al., 2012). These findings indicate that defenseless signaling
may cause automatically and chronically activated signaling
pathways (Yamagishi et al., 2015), possibly even after the loss
of Tax.

Chromatin Regulation

Chromatin is the fundamental medium through which
transcription factors, signaling pathways, and various other
cues influence gene activity. A dynamic change of the chromatin
conformation reinforces regulatory activity or repression at
each locus and causes reorganization in response to appropriate
intrinsic and extrinsic stimuli.

Genes encoding epigenetic factors, including SWI/SNF
complex members and DNA methylation modifiers, are
among the most frequently mutated genes in human cancers
(Lawrence et al.,, 2014). However, the genetic changes of such
epigenetic factors are less common in ATL, although epigenetic
dysregulation such as DNA methylation and histone acetylation
is observed at each investigated locus (Nosaka et al, 2000;
Tsuchiya et al., 2000; Hofmann et al, 2001; Yasunaga et al,
2004; Yoshida et al., 2004; Yang et al., 2005; Daibata et al., 2007;
Taniguchi et al., 2008).

The ATL is also characterized by prominent CpG island DNA
hypermethylation, leading to transcriptional silencing (Kataoka
et al., 2015). Approximately 40% of the cases showed the CpG
island methylator phenotype without any mutation at TET2,
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IDH2, and DNMT3A. Additionally, C2H2-type zinc finger genes
(implicated in the suppression of endogenous and exogenous
retroviruses) were hypermethylated and silenced. Furthermore,
the hypermethylation of MHC-I expression may contribute to
immune evasion.

When we consider the chromatin aberrations that confer
plasticity, the polycomb family and its substrate histone,
H3K27, are of particular interest. EZH2 can repress a wide
range of genes by catalyzing the trimethylation of H3K27
(H3K27me3). Regarding the cellular function, EZH2 and
H3K27me3 act in a highly context-dependent manner. EZH2
gain-of-function mutations may be oncogenic in a B-cell
lineage (Morin et al., 2010; Yap et al, 2011). In addition, an
aberrant activation of polycomb repressive complex 2 (PRC2)
mainly based on the overexpression of EZH2 is frequently
observed in hematological malignancies and solid tumors
(Yamagishi and Uchimaru, 2017). In contrast, EZH2 is genetically
inactivated in myelodysplastic syndromes (Ernst et al., 2010)
and T-cell acute lymphoblastic leukemia (Ntziachristos et al,
2012).

We recently analyzed the pattern of ATL histone modification
and integrated it with the transcriptome from primary ATL
cells to decipher the ATL-specific “epigenetic code” (Kobayashi
et al., 2014; Fujikawa et al., 2016). PRC2-mediated H3K27me3
is significantly and frequently reprogrammed at half of
genes in ATL cells. A large proportion of abnormal gene
downregulation is observed at an early stage of disease
progression, which is explained by H3K27me3 accumulation.
Global H3K27me3 alterations involve ATL-specific gene
expression changes that include several tumor suppressors,
transcription factors, epigenetic modifiers, miRNAs, and
developmental genes (Fujikawa et al, 2016), suggesting
the diverse outcomes of the PRC2-dependent hierarchical
regulation.

Importantly, the Tax-dependent immortalized cells also show
significantly similar H3K27me3 reprogramming as that of ATL
cells. A majority of the epigenetic silencing occurs in leukemic
cells from indolent ATL and in HTLV-1-infected premalignant
T-cells from asymptomatic HTLV-1 carriers.

The important implications for deciphering the triggers of
the specific histone code are physical interaction and other
influences on the host epigenetic machinery by Tax, including
the key histone modifiers HDAC1 (Ego et al., 2002), SUV39H1
(Kamoi et al., 2006), SMYD3 (Yamamoto et al., 2011), and EZH2
(Fujikawa et al., 2016).

Epigenetic Lock by Modulation of

Epigenetic Factors

The functional classification of genes has revealed that
genes epigenetically suppressed by H3K27me3 are enriched
in certain biological processes, including transcriptional
regulation and histone modifiers, in ATL. Among these,
the expression of KDM6B, encoding a JMJD3 demethylase
of H3K27me3, is significantly downregulated upon
H3K27me3 gain (Fujikawa et al, 2016). Because JMJD3
downregulation causes the global accumulation of H3K27me3,
ATL cells seemingly acquire a coherent pattern that

produces and maintains the
H3K27me3.

Another coherent pattern is observed in EZH2 regulation.
EZH2 is sensitive to promiscuous signaling networks, including
NF-kB pathway. Upregulated EZH2 causes excessive PRC2
activity and suppresses multiple target genes such as NF-«kB
negative regulators (Yamagishi et al, 2012); this forms a
positive feedback loop. HTLV-1 Tax is significantly involved in
this motif by interacting with EZH2 and activating NF-kB
pathway (Fujikawa et al, 2016). Regarding the chronic
activation of PRC2 without Tax, an initial triggering
event is unnecessary for the maintenance of epigenetic
loop.

systematic abnormality of

Loss of Gene Fine-Tuner microRNA

Among the regulators of gene expression, microRNAs are
recognized as “buffers” and/or “fine-tuners.” MicroRNA can
reduce the noise in gene expression; thus, the loss of microRNA
may create perturbed gene expression at the post-transcriptional
level (Huntzinger and Izaurralde, 2011; Ebert and Sharp,
2012).

One of the key characteristics of ATL is the global
downregulation of microRNA (Yamagishi et al., 2012). Although
it has not been experimentally demonstrated, the loss of
functional small RNA may cause disordered gene expression
through transcriptional and post-transcriptional levels. Notably,
this global loss is caused and imprinted by HTLV-1-induced
H3K27me3 accumulation, suggesting that the global loss of
microRNA is one of the processes required for the developmental
pathway leading to ATL.

Alteration of Chromatin Regulation by
HTLV-1 Integration

Recent advances regarding insertional effects by HTLV-1
have provided critical implications. Satou et al. (2016) found
that CTCF (a key regulator of chromatin structure and
function) binds to the provirus in the provirus pX region
and acts as an enhancer blocker, leading to long-distance
interactions with flanking host chromatin. Indeed, HTLV-1
was reported to alter local higher-order chromatin structure
and gene expression in the host genome (Satou et al,
2016).

Rosewick et al. (2017) employed stranded RNA-seq
data in combination with improved DNA-seq-based high-
throughput mapping of integration sites and found that
HTLV-1/BLV proviruses are integrated near cancer drivers,
which they affect via provirus-dependent transcription
termination or as a result of viral antisense RNA-dependent
cis-perturbation. Remarkably, a similar result was observed at
polyclonal non-malignant stages, indicating that provirus-
dependent host gene perturbation contributes to the
initial selection of the multiple clones characterizing the
asymptomatic stage, requiring additional alterations in the
clone that will evolve into aggressive leukemia/lymphoma.
Although the hotspots of proviral integration sites and the
influence of their insertion into the host genome/epigenome
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are still being discussed, the previously unrecognized
mechanisms may be complementary to viral gene products
and the acquisition of somatic alterations in the host
genome.

EPIGENETIC LANDSCAPE OF
HTLV-1-INFECTED CELLS

The biologist Conrad Waddington first conceptualized
developmental fate decision as an epigenetic landscape wherein
differentiating cells proceed downhill along the branching canals
separated by the walls that restrict cell identity (Waddington,
1957).

Decades of research have revealed that transcription factors
are the predominant specifiers of cellular identity (Zaret and
Mango, 2016; Bradner et al., 2017). However, the topography
of this “hill” seems to be determined by the chromatin pattern,
which is directly regulated by epigenetic mechanisms in response
to the intrinsic and extrinsic (environmental) stimuli exemplified
in this review.

Therefore, as a hypothesis, we propose, in agreement
with the established developmental pathway of HTLV-
l-infected cells, that disease progression fits with the
epigenetic landscape, wherein the height of the walls
between the canals is determined by several molecular events
(Figure 2).

The initial trigger for restricting gene expression is HTLV-1
infection. This violent event significantly affects cell fate,
primarily by Tax and HBZ. Then, the immortalized cells possibly
undergo several molecular events, as described above (including
genetic and epigenetic alterations). During a long period, several
aberrant characteristics are acquired and fixed, nevertheless Tax
disappears. The consequent genotype and epigenotype support
the differential phenotypes and the disease entities of ATL and
HAM/TSP.

HTLV-1 provirus is frequently defective or silenced in
ATL. However, the lesions recurrently detected in ATL cells
imitate the function of Tax and would be stably inherited
in the progeny of the malignant cells. This raises several
critical possibilities such as that the active imprinting of
the viral function into the host genome and epigenome is
one of the critical steps of leukemogenesis. Furthermore,
the features of ATL cells are not accidental but are the
products of HTLV-1 infection. In addition to the sustained
roles of HBZ (reviewed in Ma et al., 2016), some crucial
outcomes (including gene mutations in the components of
TCR-NF-kB pathway and abnormal H3K27me3 accumulation)
and many other stochastic events shape ATL cells and their
characteristics.

FUTURE DIRECTION

At present, researchers and hematologists are sharing their
findings on the characteristics of ATL cells. Additionally, the
phenotypic characteristics of HAM/TSP have been studied.

Epigenetic landscape

HTLV-1 infection

y CD4 | Epigenetic reprogramming
= 9 Genetic lesion
N Gene regulatory loop/switch
infe } N g ry loop
’

»
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8 3 Y ot N Epigenetic lock
2o 4L Ry, miRNA changes
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FIGURE 2 | A hypothetical model of developmental pathway in
HTLV-1-associated diseases [adapted from Waddington (1957)]. The height of
the walls between the valleys (or canals) is determined by several molecular
events. The first HTLV-1 infection and the accompanied epigenetic alterations
change the cell fate. The permissive state induced by HTLV-1-infection allows
following stochastic perturbations such as genetic mutations and
dysregulation of the signaling pathways and clonal selection, paralleled by a
decrease in transcriptional noise, and the stabilization of cell states (deepening
of the valleys).

v

Inhibitors of signaling pathways
Epigenetic drugs

FIGURE 3 | The mechanism-based medicines such as epigenetic drugs and
inhibitors of signaling pathways could reprogram the fate of HTLV-1-infected
cells (conceptualized as a reduction or elevation of the walls (blue arrows),

which promote crossing or bypassing within the epigenetic landscape (black

curved arrows) into the normal state).

Considering the therapeutics for the HTLV-1-associated diseases
and the need to eliminate the premalignant cell population,
the establishment of a precise understanding of disease
developmental pathways (routes, branch points, and the
events that influence the landscape, as shown in Figure 2)
is an urgent requirement. Therefore, there is a need to
investigate the abnormalities contributing to the molecular
pathogenesis, including those in master transcription factors
and chromatin regulators. Furthermore, in addition to cellular
traits, environmental parameters such as aging, cellular stress,
and immune response should be integrated into our model
of this process. The order of the molecular events is just
a pathway of disease development. HTLV-1 infection and
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following epigenetic reprogramming may be an initial step of fate
changes.

Intentional regulation such as by inhibitor treatment
will reprogram the fate of HTLV-l-infected cells, which
can be conceptualized as a reduction or elevation of the
walls between the canals in the epigenetic landscape, in line
with the analogy mentioned above (Figure 3). Realizing
the potential of such mechanism-based medicines and
advanced diagnostic tools for the detection and evaluation
of tumor stage and heterogeneity will require a deeper
understanding of epigenetic plasticity and restriction. The
road ahead is long but must be challenged to capture this
major component of HTLV-1 biology and its associated
diseases.
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IFNG +874A/T Polymorphism Among
Asymptomatic HTLV-1-Infected
Individuals Is Potentially Related to a
Worse Prognosis

Maria A. F. Queiroz*, Vdnia N. Azevedo, Ednelza da S. G. Amoras, Tuane C. F. Moura,
Marluisa de O. Guimaraes Ishak, Ricardo Ishak, Antonio C. R. Vallinoto and
Rosimar N. Martins Feitosa

Laboratory of Virology, Institute of Biological Sciences, Federal University of Pard, Belém, Brazil

HTLV-1 infections are persistent and frequently latent; however, productive infections
trigger different types of immunological responses that utilize cytokines to control
infection. The present study investigated the role of IFNG +874A/T polymorphisms
among 153 HTLV-1-infected individuals (33 clinically diagnosed with TSP/HAM, 22 with
rheumatologic manifestations, 2 with dermatitis, 1 with uveitis, and 95 asymptomatic
patients) and 300 healthy control individuals. Genotyping and proviral HTLV-1 load
assessment were performed using real-time PCR assays, and the plasma levels of
IFN-y were measured using an enzyme immunoassay (ELISA). Genotype frequencies
were not significantly different, but the presence of the T allele was higher (o < 0.0142)
among the asymptomatic patients. Plasma levels of IFN-y were significantly higher
(o < 0.0137) among those with the TT genotype. Their proviral load was also higher,
although this elevation did not reach statistical significance. There was no difference in
the IFN-y plasma levels among the symptomatic patients, even when ranked according
to disease severity (TSP/HAM or rheumatologic manifestations). However, the difference
among asymptomatic patients with the T allele was significantly higher (o < 0.0016) and
similar to the plasma levels observed among symptomatic individuals. These results
suggest that the IFNG +874A/T polymorphism may modulate the plasma levels of IFN-
y during HTLV-1 infection. Asymptomatic carriers of the polymorphic genotypes appear
to develop an inflammatory response in a shorter timeframe, triggering progression to
HTLV-1-related symptoms and disorders. These results further suggest that HTLV-1-
infected asymptomatic individuals expressing the IFNG +874A/T polymorphism should
be monitored more closely in order to readily detect the increase in clinical symptoms,
as these patients are potentially at risk of a poor prognosis and should therefore start
available treatment procedures earlier.

Keywords: HTLV-1, IFN-y, polymorphism, plasma dosage, clinical symptoms

INTRODUCTION

Human T-cell lymphotropic virus type 1 (HTLV-1) infects approximately 5-10 million people
worldwide (Cassar and Gessain, 2017). The most relevant endemic regions are located in
southeastern Japan, sub-Saharan Africa, the Caribbean, the Middle East, the Austro-Melanesia
region, and South America (Gessain and Cassar, 2012). Brazil is an important endemic area for the
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virus, and a great diversity of diseases associated with HTLV-1
have been observed there (Pombo de Oliveira et al.,, 1999;
Rathsam-Pinheiro et al., 2009; Grassi et al., 2011; Okajima et al,,
2013). The prevalence of infection varies among different regions
of the country: the southern region usually shows the lowest rates,
and the northeast region shows the highest rates (Catalan-Soares
etal., 2005).

Most HTLV-1 infections are asymptomatic; however, under
certain conditions not yet fully understood, the virus may lead
to the development of associated diseases, including HTLV-1-
associated myelopathy/tropical spastic paraparesis (HAM/TSP),
adult T-cell leukemia/lymphoma (ATLL), and inflammatory
syndromes such as rheumatoid arthritis, dermatitis, and uveitis
(Yakova et al., 2005; Okajima et al., 2013; Quaresma et al., 2015).
The development of symptoms, particularly those of HAM/TSP
and rheumatoid arthritis, are associated with a high proviral load
in the peripheral blood and dysregulation of the immunological
response against the virus (Grassi et al.,, 2011; Coutinho et al,,
2014; da Silva Dias et al., 2016). Several studies have investigated
the mechanisms underlying how immunological factors may
change the course of HTLV-1 infection (Goon et al., 2004; Kato
et al.,, 2004; Yakova et al., 2005; Best et al., 2009; Araya et al,,
2014; Coutinho et al., 2014). The virus induces spontaneous
proliferation of T CD4" and T CD8™ lymphocytes and natural
killer cells (Goon et al., 2004; Pinto et al., 2011). The increases
in the numbers of these cells may lead to the development
of a hyperimmune response and the marked production of
proinflammatory cytokines, contributing to the pathogenesis of
inflammatory disorders associated with HTLV-1 (Montanheiro
et al., 2009; Yamano et al., 2009).

Genetic variations in important components of the
immunological system are associated with the presence of
symptoms in HTLV-1 infection (Vallinoto et al., 2012; Shirdel
etal., 2013; de Sa et al., 2016). IFN-y is the main proinflammatory
cytokine associated with clinical symptoms etiologically linked
to HTLV-1 infection (Montanheiro et al., 2009; da Silva Dias
et al., 2016). The IFNG gene expresses CA-repeat microsatellite
polymorphisms, and the major one—IFNG +874 A/T—is
associated with the increased production of IFN-y (Pravica et al.,
1999). The presence of this polymorphism has been associated
with multiple viral infections, including HIV-1, hepatitis B virus
(Freitas et al., 2015; Al Kadi and Monem, 2017) and susceptibility
to HTLV-1 infection (Rocha-Junior et al., 2012).

The direct influence of this polymorphism on IFN-y
levels in HTLV-1-infected individuals has not reportedly been
characterized. The marked inflammatory response observed with
HTLV-1-associated diseases was therefore investigated in order
to determine the influence of the IFNG 4874 A/T polymorphism
on the plasma level of IFN-y and its relationship with the
progression of HTLV-1 infection to symptomatic disease.

MATERIALS AND METHODS

Study Population
This study examined 153 HTLV-1-infected individuals (33
clinically diagnosed with HAM/TSP, 22 with rheumatic

manifestations, 2 with dermatitis, 1 with uveitis, and 95
asymptomatic individuals) of both sexes, older than 18 years, not
currently being treated with glucocorticoids, who were followed
in the outpatient clinic of the Tropical Medicine Division of
the Federal University of Pard. Clinical and laboratory criteria
were used to diagnose the diseases associated with HTLV-1
according to the Brazilian Guidelines for HTLV-1 diseases from
the Brazilian Ministry of Health (Brasil. Ministério da Satde,
2013). The control group consisted of 300 blood donors from the
Center for Hemotherapy and Hematology of Para (HEMOPA)
who were used to compare the genotype and allele frequencies
of the IFNG +874 A/T polymorphism. The control group was
matched by age and sex with the HTLV-1-infected individuals.

Collection and Storage of Samples

Blood samples were collected (10 mL) by intravenous
puncture using a vacuum collection system containing
ethylenediaminetetraacetic acid (EDTA) as an anticoagulant.
The samples were centrifuged at 3,000 rpm for 10 min to
separate the leukocytes. Leukocytes were used to extract genomic
DNA for analysis of the IFNG +874 A/T polymorphism and
quantification of the proviral load. Plasma samples were used for
the quantification of IFN-y. Samples were stored at —70°C until
use.

Laboratory Tests

DNA Extraction

DNA was extracted from peripheral blood leukocytes using a
Puregene kit (Puregene, Gentra Systems, Inc., United States)
according to the manufacturer’s protocol, which included cell
lysis, protein precipitation, DNA precipitation, and hydration.
After extraction, the DNA was quantified using a Qubit® 2.0
fluorometer (Life Technologies, Carlsbad, CA, United States) and
the Qubit™ DNA Assay Kit (Life Technologies, Carlsbad, CA,
United States) reagents, following the manufacturer’s protocol.

Quantification of the Proviral Load of HTLV-1

Proviral load was quantified by qPCR using three target
sequences synthesized using the TagMan® system (Life
Technologies, Foster City, CA, United States), according to
a previously described protocol by Tamegao-Lopes et al. (2006),
namely, collection of 5 mL of whole blood for DNA extraction
from leukocytes, followed by relative quantification using
real-time PCR. The obtained results were further adjusted to an
absolute proviral quantification by considering the leukocyte
counts per mm?, and the results were expressed as DNA proviral
copies/mm?.

Genotyping of IFNG+874 A/T (rs2430561)

IFNG +874 A/T polymorphism located in the first intron
of the gene encoding IFN-y was analyzed by real-time PCR
using a StepOnePLUS™ Real-Time PCR system. The specific
primers (IFNG-F: 5'-TTC AGA CAT TCA CAA TTG ATT TTA
TTC T-3' and IFNG-R: 5-CCC CCA ATG GTA CAG GTT
TC-3") and probes (FAM-AAAATCAAATCTCACACACACA-
MGB and VIC-AAAATCAAATCACACACACACA-MGB) were
previously described (Tso et al., 2005). The reaction followed a
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program of 10 min at 95°C, 40 cycles of 15 s at 95°C and 1 min at
60°C.

Quantification of Plasma IFN-y Levels

Plasma IFN-y levels were measured by the Ready-SET-Go®
enzyme-linked immunosorbent assay (ELISA) (eBioscience,
San Diego, CA, United States), which uses specific monoclonal
antibodies to detect the cytokine following the manufacturer’s
instructions.

Statistical Analysis

Genotype and allele frequencies were estimated by direct
counting. Significant differences between groups were
determined using the chi-squared test. Hardy-Weinberg
equilibrium was calculated to evaluate whether the distribution
of the genotype frequencies observed was in agreement with
the expected frequencies. Plasma IFN-y levels were compared
between groups using the non-parametric Mann-Whitney test.
All tests were performed using the software BioEstat 5.3 (Ayres
et al., 2011). Statistical associations at p-values < 0.05 were
considered statistically significant.

Ethical Considerations

The project was approved by the Research Ethics Committee
of the Jodo de Barros Barreto University Hospital of the
Federal University of Para (protocol no. 2061/2005). All study
participants were fully informed of the research objectives, and
those who agreed to participate signed an informed consent form.

RESULTS

The majority of HTLV-1-infected individuals were female (69.9%,
107/153), with a mean age of 50.3 years. The frequency of the
wild-type genotype was higher in the infected group, but there
was no significant difference between the genotype and allele
frequencies when compared to the control group (Table 1).

Comparison of genotype frequencies between infected
(asymptomatic) and diseased (symptomatic) individuals showed
no significant differences. However, the presence of the T allele
was significantly higher (p = 0.0142) among asymptomatic
individuals than among diseased patients (Table 2).

Plasma IFN-y levels were significantly higher (p = 0.0137)
in the group with the TT genotype (Figure 1A); they also
showed a higher proviral load, although this difference was
not statistically significant when compared with the other
genotypes (Figure 1B). The proviral load was significantly
higher (p = 0.0002) among the HAM/TSP patients than
among asymptomatic individuals (Figure 1C). No significant
difference in plasma levels was observed between patients with
the wild-type genotype and those with the polymorphic allele
in the symptomatic group (Figure 2A), and no significant
difference was observed when comparing patients with the
wild-type genotype and those with TSP/HAM or those with
rheumatic disease (Figures 2C,D). However, there was a
significant difference among the asymptomatic HTLV-1-infected
individuals: IFN-y plasma levels among patients with the T
allele were significantly higher (p = 0.0016) and reached values
that were similar to those exhibited by symptomatic individuals
(Figure 2B).

DISCUSSION

The immunological response elicited by HTLV-1-infected
individuals appears to be influenced and modulated by the virus,
as its presence may promote the spontaneous proliferation of
T CD4* and T CD8" lymphocytes and induce the production
of proinflammatory cytokines responsible for the symptoms of
various diseases, such as HAM/TSP (Goon et al.,, 2002). Along
with other cytokines involved in this process, IFN-vy is likely the
most important in the immunological pathogenesis of HAM/TSP
(Montanheiro et al., 2009), and genetic alterations in its gene
sequence lead to an exacerbated inflammatory process and an
increase in the severity of the disease.

In the present study, the IFNG 4874 A/T polymorphism
was not associated with susceptibility to HTLV-1 infection; there
was no significant difference in genotype or allele frequencies
between HTLV-1-infected individuals and those in the control
group. However, the polymorphic allele was associated with the
absence of symptoms in HTLV-1-infected individuals. The wild-
type allele was already associated as a risk factor for HIV-1
infection (Freitas et al., 2015) and for the disease progression
of hepatitis B (Al Kadi and Monem, 2017). The results obtained
herein with the allele frequencies suggest that the T allele would

TABLE 1 | Genotype and allele frequencies of the IFNG +874 A/T polymorphism
among HTLV-1-infected individuals and the control group.

TABLE 2 | Genotype and allele frequencies of the IFNG +874 A/T polymorphism
among symptomatic and asymptomatic HTLV-1-infected individuals.

Genotypes and alleles HTLV Control p* Genotypes and alleles Symptomatic Asymptomatic p*

n (%) n (%) n (%) n (%)
AA 83 (54.25) 174 (58.00) 0.5153  AA 34 (58.63) 49 (51.58) 0.6689
AT 58 (37.91) 110 (36.67) AT 19 (32.75) 39 (41.05)
TT 12 (7.84) 16 (5.33) T 5 (8.62) 7(7.37)
*A 0.73 0.76 0.7456 *A 0.87 0.72 0.0142
*T 0.27 0.24 *T 0.13 0.28

n, number of individuals; *chi-squared () test.

n, number of individuals; *chi-squared () test.
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FIGURE 1 | (A) IFN-y plasma levels classified according to IFNG +874 A/T genotypes, (B) proviral load among HTLV-1-infected individuals expressing IFNG +874
A/T genotypes, and (C) proviral load classified according to the presence or absence of symptoms. Mann-Whitney test.

Manifestation

act as a protective factor against the progression to disease among
HTLV-1-infected individuals.

These results were not correlated with IFN-y levels measured
in plasma. Plasma IFN-y levels were significantly higher among
individuals carrying the IFNG +874 T allele (genotypes AT
and TT); these individuals also showed a higher proviral load,
although the differences were not statistically significant. The
presence of the polymorphism may increase the levels of
inflammation and lead to disease progression. Elevated IFN-y
levels in patients with HAM/TSP have previously been associated
with central nervous system inflammatory disorders (Yamano
et al., 2009).

Proviral load was higher in the patient group; however, in
contrast to a previous report from Yakova et al. (2005), the plasma
proviral loads of patients with rheumatic disease were higher
than those of asymptomatic individuals but lower than those
of TSP/HAM patients. Statistical significance was achieved only

when HAM/TSP patients were compared with asymptomatic
carriers of the virus.

The polymorphism did not affect plasma IFN-y levels among
symptomatic patients when they were assessed according to the
clinical presentation of the disease or in the presence of the
enhanced inflammatory process involving the nervous tissue
and joints, as observed among patients with HAM/TSP and
rheumatoid arthritis. Several other factors have been associated
with the severity of disease, which may be more relevant than the
presence of the IFNG +874 A/T polymorphism in this situation
(Ahuja et al., 2007; Quaresma et al., 2015).

A significantly different situation was observed with the
comparison of IFN-y levels in the asymptomatic group.
Individuals carrying the polymorphic allele showed significantly
higher levels of IFN-y than those carrying the wild-type allele.
This may represent a previously unidentified risk factor for
disease progression, as these infected individuals show IFN-y
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FIGURE 2 | IFN-y plasma levels among (A) symptomatic and (B) asymptomatic HTLV-1-infected individuals carrying IFNG +874 A/T genotypes, as well as (C,D)
according to the presence and presentation of disease. Mann-Whitney test.

levels similar to those of symptomatic individuals. The proviral
load was occasionally detected, and the increase in IFN-y levels
may serve as a safe, reliable immunological marker of a poor
prognosis and the evolution of disease pathogenesis, which may
indicate clinical progression to HAM/TSP (Montanheiro et al.,
2009; da Silva Dias et al., 2016).

Although the proviral load is reportedly elevated among
HTLV-1-infected individuals with neurological dysfunction
(Silva et al,, 2007; Grassi et al, 2011), several asymptomatic
individuals may present a pattern of immunological response that
is associated with a high proviral load (Coutinho et al., 2014)
and an inflammatory response similar to those with HAM/TSP
(Santos et al., 2004).

Another investigation of the IFNG +874 A/T polymorphism,
albeit one that did not measure the intensity of the inflammatory
process (using the IFN-y levels as a marker of inflammation),
showed that the AT genotype was associated with a higher
proviral load (Rocha-Junior et al, 2012). This suggests that
asymptomatic HTLV-1-infected individuals with the T allele
of IFNG +874 A/T and a high proviral load have a high
probability of developing HTLV-1-associated inflammatory
diseases.

The immunological response during HTLV-1 infection is
complex, and although IFN-vy is crucial in fighting intracellular
viral agents by blocking their replication (Schoenborn and
Wilson, 2007), elevated levels of this cytokine are harmful to the
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host; in the case of HTLV-1, this may lead to the progression of
severe diseases, including HAM/TSP.

CONCLUSION

The present results suggest that the IFNG +874 A/T
polymorphism may influence IFN-y plasma levels upon HTLV-
1 infection. Asymptomatic individuals carrying the T allele
appear to be more likely to develop inflammation more rapidly,
which could lead to the onset of associated diseases. The
present investigation identifies IFN-y levels and its sequence
polymorphism as an important biomarker to be further
investigated and monitored among HTLV-1-infected patients
as part of the routine follow-up of asymptomatic individuals, as
they are potentially at risk of developing a worse prognosis of
disease and should start available treatment procedures earlier.
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Adult T cell Leukemia (ATL) is an aggressive lymphoproliferative malignancy secondary
to infection by the human T-cell leukemia virus type | (HTLV-I) and is associated with
a dismal prognosis. ATL leukemogenesis remains enigmatic. In the era of precision
medicine in oncology, mouse models offer one of the most efficient in vivo tools for
the understanding of the disease biology and developing novel targeted therapies. This
review provides an up-to-date and comprehensive account of mouse models developed
in the context of ATL and HTLV-I infection. Murine ATL models include transgenic
animals for the viral proteins Tax and HBZ, knock-outs for key cellular regulators,
xenografts and humanized immune-deficient mice. The first two groups provide a key
understanding of the role of viral and host genes in the development of ATL, as well as
their relationship with the immunopathogenic processes. The third group represents a
valuable platform to test new targeted therapies against ATL.

Keywords: adult T cell leukemia, HTLV-l, mouse models, Tax, HBZ

INTRODUCTION

Human T Cell Leukemia Virus

Human T-cell leukemia virus type I (HTLV-I) retrovirus belongs to the deltaretroviridae family of
viruses (reviewed in Matsuoka and Jeang, 2007). It is the first described oncogenic retrovirus and
is responsible for a spectrum of diseases, the most aggressive of which is Adult T Cell Leukemia
(ATL) (Poiesz et al., 1980; Hinuma et al., 1981; Yoshida et al., 1982, reviewed in Watanabe, 2017;
Zhang et al., 2017). Approximately 5-20 million people are infected with HTLV-I worldwide
(reviewed in Gessain and Cassar, 2012). However, the highest prevalence is reported in endemic
areas that include Japan, the Caribbean, South America, inter-tropical Africa, Pacific islands, some
areas in the Middle East, and Romania (Nosaka et al., 2017, reviewed in Edlich et al., 2003;
Gessain and Cassar, 2012). The genome of this virus encodes for classical structural proteins
required for retroviral replication and a series of accessory and regulatory proteins including
the viral transcriptional activator Tax (Lee et al., 1984, reviewed in Azran et al, 2004) and
the HTLV-I bZIP factor gene (HBZ), a viral protein encoded from the 3’ long terminal repeat
(LTR) in the complementary strand of the proviral genome (Gaudray et al., 2002, reviewed in
Matsuoka and Jeang, 2011; Giam and Semmes, 2016; Ma et al., 2016). Both Tax and HBZ are
linked to HTLV-I pathogenesis (reviewed in Boxus and Willems, 2009; Kannian and Green, 2010
Giam and Semmes, 2016).
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Adult T Cell Leukemia

Adult T cell leukemia is an aggressive hematological malignancy
with very poor prognosis, high relapse rate, resistance to therapy,
and a limited survival rate (Takatsuki et al., 1977; reviewed in
Hermine et al., 1998; Bazarbachi et al., 2004, 2010; Goncalves
et al., 2010; Marcais et al., 2013; Nasr et al., 2017; Watanabe,
2017). ATL develops in around 5% of infected carriers, following
a long latency period exceeding 20 years (reviewed in Ishitsuka
and Tamura, 2014; Bangham and Ratner, 2015).

Adult T cell leukemia is characterized by the presence of
leukemic cells with atypical morphology and lobulated nucleus
(Shimoyama et al., 1983). The majority of these cells are
mature CD3% CD4% CD25% CD7~ cells exhibiting an increased
expression of the alpha chain of interleukin 2 receptor (IL-2R) but
also an overexpression of Foxp3, a marker of T regulatory (Treg)
cells (Waldmann et al., 1984; Shimoyama, 1991; Okayama et al.,
1997; Karube et al., 2004).

Tax as a Viral Oncoprotein

Tax is a 40 kDa viral transactivator protein that promotes viral
transcription via the 5-LTR. Tax functions as an oncogene
resulting in leukemia (Grassmann et al., 1989; Tanaka et al,
1990). In rat fibroblasts, the expression of Tax is sufficient
for induction of transformation and development of tumors
(Grassmann et al., 1989, 1992; Tanaka et al., 1990). Tax trans-
activates transcription by activating promoters implicated in cell
proliferation, activation, and survival leading to accumulation
of diverse genetic and epigenetic mutations, genetic instability,
cell cycle checkpoint disruption, and damage of DNA repair
mechanisms (reviewed in Marriott and Semmes, 2005; Kfoury
et al., 2012; Bazarbachi, 2016; Watanabe, 2017). Tax binds critical
transcription factors including the cAMP response element
binding protein (Zhao and Giam, 1992; Brauweiler et al., 1995;
Giebler et al., 1997), AP-1 (Fujii et al, 2000; Iwai et al,
2001), and serum response element (SRF) (Fujii et al., 1991,
1992). In addition, Tax inactivates tumor suppressor genes
including p53 (Pise-Masison et al., 1998; Portis et al., 2001)
and pl6 (Suzuki et al, 1996), represses the expression of
cyclin A, and antagonizes apoptosis through inhibiting apoptotic
genes expression such as Bax and promoting anti-apoptotic
ones including Bcl-xL and BFI-1 (Brauweiler et al, 1997;
Nicot et al., 2000; Marriott and Semmes, 2005; Macaire et al,,
2012).

Importantly, Tax activates the NF-kB pathway (Sun et al,
1994; Good and Sun, 1996; Mori et al., 1999; Hironaka et al.,
2004), after binding the regulatory subunit of the IkappaB kinase
(IKK) complex called nemo or IKK-y (Harhaj and Sun, 1999;
Kfoury et al., 2008; Wang et al., 2016) resulting in the activation
of downstream effector genes (reviewed in Kfoury et al., 2005).
Furthermore, Tax induced NF-kB activation is highly dependent
on its post translational modifications namely ubiquitylation
and sumoylation (reviewed in Kfoury et al, 2012). Tax also
affects the expression of various micro RNAs (mi-RNA) including
mi-RNA31 known to inhibit the expression of the NF-kB non-
canonical pathway components (Yamagishi et al., 2012). Tax-
induced mi-RNA31 downregulation occurs via a deregulation of
polycomb proteins, leading to a consequent activation of NF-kB,

and inhibition of apoptosis in ATL cells (Yamagishi et al., 2012).
Moreover, Tax modulates the microenvironment and increases
ATL cells’ invasion and extravasation through affecting gap
junctions between endothelial cells and infected cells (EI-Sabban
et al., 2002; Bazarbachi et al., 2004).

Due to genetic/epigenetic alterations in the HTLV-I genome,
including mutations and promoter methylation, most ATL cells
lack detectable Tax expression (Takeda et al, 2004). Despite
its undetectable levels in ATL patients (Matsuoka and Jeang,
2007), Tax is essential for ATL cells survival as its silencing
results in cell death (Dassouki et al., 2015; Bazarbachi, 2016).
Recent data revealed transient Tax expression in the form of
Tax bursts (Tax expression switching on/off) occurring in a
small fraction of ATL-derived or HTLV-I transformed cells
(Mahgoub et al., 2018, reviewed in Bangham and Matsuoka,
2017). In a similar context, ATL epigenome was analyzed and
an ATL-specific “epigenetic code” paramount for cell identity
was deciphered (Fujikawa et al., 2016). In more details, Tax
was shown to induce an epigenetic-dependent global alteration
including increased polycomb complex 2 (PRC2) trimethylation
at histone 3 (H3k27me3) resulting in cellular transformation,
immortalization, and epigenome reprogramming, similar to
that observed in ATL patients (Fujikawa et al, 2016). All
these properties make Tax an ideal oncoprotein for in vivo
investigation.

HBZ Biology in ATL

HBZ is a nuclear protein encoded by the complementary strand
of HTLV-I RNA genome (Larocca et al., 1989; Gaudray et al.,
2002). Unlike Tax that is often undetected in ATL cells, Hbz gene
undergoes no abortive mutations and the protein is expressed in
all ATL patients and HTLV-I infected carriers (Fan et al., 2010;
Kataoka et al., 2015; reviewed in Satou et al., 2006; Matsuoka and
Jeang, 2011). HBZ was found to be a negative regulator of Tax-
mediated viral transcription (Gaudray et al., 2002). This opposite
expression pattern of the two proteins may indicate a possible
differential role in HTLV-I pathogenesis and suggests HBZ as a
candidate for a possible HTLV-I vaccine (Mahieux, 2015; Sugata
et al,, 2015). The mRNA of HBZ positively correlates with the
proviral load of HTLV-1 in carriers, and ATL patients (Saito et al.,
2009). In vitro, HBZ promotes the proliferation of ATL cells but
its suppression by short hairpin RNA (shRNA) results in modest
inhibition of ATL cells proliferation (Satou et al., 2006; Arnold
et al.,, 2008). HBZ affects several cellular pathways implicated
in cellular proliferation such as NF-kB (Zhao et al., 2009; Panfil
etal., 2016), AP-1 (Matsumoto et al., 2005), JunD (Thebault et al.,
2004; Kuhlmann et al., 2007), c-Jun, JunB (Basbous et al., 2003),
and CREB (Lemasson et al., 2007). In contrast to Tax which
constitutively activates both canonical and non-canonical NF-
kB pathways, HBZ was shown to inhibit the canonical pathway
of NF-kB via proteasomal degradation of p65 while the non-
canonical pathway was not affected (Zhao et al., 2009; Panfil et al.,
2016).

Animal Models in ATL

Due to the complexity of HTLV-I associated diseases and the
enigmatic mechanisms dictating their occurrence, in particular
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in ATL, animal models have been instrumental in providing
a platform for answering pivotal questions related to HTLV-I
infection, disease progression, and importantly developing new
effective therapeutic approaches (reviewed in El Hajj et al., 2012;
Niewiesk, 2016). Among these models, rabbits, monkeys but
also rats were useful to understand early HTLV-I viral infection
and transmission as well as the induced host immune response
against the virus (reviewed in El Hajj et al., 2012). More recently,
transgenic Drosophila models expressing Tax in the compound
eye and plasmatocytes were generated (Shirinian et al., 2015).
However, mice remain by far one of the most efficient tools
helping in understanding the biology of this affliction. Murine
ATL models include transgenic animals for the viral proteins Tax
and HBZ, xenografts inoculated with ATL cells (either cells lines
or patient-derived cells) and humanized mouse models (reviewed
in Panfil et al., 2013; Niewiesk, 2016). In this review, we attempt
to provide an updated summary of these various mouse models,
the key advances they offered in the understanding of HTLV-I
infection, as well as their contribution to ATL research and drug
development.

MOUSE MODELS OF ATL

Immunocompromised Mouse Models

Mice are relevant tools to study the molecular mechanisms
of carcinogenesis and to develop new antitumor therapies.
However, in immunocompetent mice, transplantation is often
hindered by the functional host immune response resulting in
low or no tumor engraftment. This problem was overcome
after the discovery of the immunocompromised CB17 scid/scid
(SCID) mouse model making a revolution in the cancer field.
These mice harbor a spontaneous non-sense mutation in the
scid gene, encoding for the protein kinase DNA activated
catalytic polypeptide (Pkrdc), indispensable for efficient B and
T lymphocytes recombination (Bosma et al., 1983). The loss of
Pkrdc results in impaired adaptive immunity whereby B and
T cells are both non-functional. Despite the lack of adaptive
immunity, SCID mice retain a normal innate immunity in which
macrophages, antigen-presenting cells, and natural killer (NK)
cells carry normal functions (Bosma et al., 1983).

To further improve tumor engraftment, a non-obese diabetic
(NOD/SCID) model exhibiting additional mutations resulting
in further impairment of NK activity was generated (Shultz
et al, 1995). This model was further immunosuppressed to
generate the NOD/SCID B2-microglobulin™ mice in which
the B2-microglobulin gene was deleted resulting in a complete
abolishment of the NK cell activity (Koller and Smithies, 1989).
Importantly, a NOD/SCID IL2-Ry~/~ or NSG model was
generated by deletion or truncation of the gamma chain of IL-
2R (Ito et al., 2002), reviewed in (Ito et al., 2008). Therefore,
in addition to all the abnormalities of their predecessors, NSG
mice possess a defective production of IL-2, IL-4, IL-7, IL-9, IL-
15, and IL-21 as well as a severe impairment of the dendritic
cell (DC) and their capacity to produce interferon y (IFN-
y) upon stimulation (Ito et al., 2002; Ishikawa et al., 2005).
For further immunosuppression, the Rag2~/~yc™/~ model was

established. These mice have a deletion of the Recombination
Activating Genes (RAG2), impairing the production of both T
and B cells and NK cell-mediated immunity in murine hosts.
Moreover, because the rag proteins are not involved in DNA
repair, RAG2-deleted mice do no show the leakiness or radio-
sensitivity observed in SCID mice (Traggiai et al., 2004; reviewed
in Chicha et al., 2005). Because of these properties, these mice
allowed to study human hematopoiesis (Hiramatsu et al., 2003;
Ishikawa et al., 2005; reviewed in Pearson et al., 2008).

ATL Development in Xenograft Mouse
Models

The use of xenograft mice has provided invaluable information
pertaining to the tumorigenic and proliferative potential of ATL
(Ohsugi et al, 1994). Under this section, we will provide an
overview of most tested immunocompromised animals injected
with HTLV-I-transformed or ATL-derived cell lines or those
injected with patient-derived ATL cells. Initial xenograft studies
investigating ATL development and progression were performed
in the SCID mouse model (Ishihara et al., 1992; Feuer et al.,
1993; Kondo et al., 1993). Later studies reported the use of
NOD/SCID and SCID/Beige mice for injection of transformed
or immortalized cell lines (Liu et al., 2002). More recently, an
HBZ xenograft mouse model was generated by transplantation
of retrovirally transduced T cells with Bcl-xL, AKT, and HBZ
(Kasugai et al., 2016). Only mice groups transplanted with T cells
triply transduced with plasmids encoding for the three proteins
generated tumors, highlighting the need of key components from
different cellular pathways along with the viral HBZ for cellular
transformation (Kasugai et al., 2016) (Table 1).

Xenograft Mouse Models as Platforms for ATL
Targeted Drug Development

Given its resistance to therapy and its high relapse rate, ATL
remains an aggressive disease with an unfavorable prognosis
(reviewed in Bazarbachi et al., 2011; Nasr et al., 2017). Despite
remarkable progress in ATL therapies with the use of antiviral
therapy and allogeneic stem cell transplantation (Bazarbachi
etal, 2010, 2014), most patients relapse highlighting the necessity
of novel therapeutic approaches (Table 2).

Targeting the NF-x B pathway in ATL therapy

Adult T cell leukemia development entails the deregulation of
multiple cellular pathways, including the constitutive activation
of the NF-kB pathway (reviewed in Kfoury et al, 2005),
making this pathway an attractive therapeutic target against ATL.
Accordingly, a wide array of NF-kB inhibitors including specific
(Bay 11-7082), and non-specific inhibitors (such as bortezomib
and Dehydroxymethylepoxyquinomicin DHMEQ), were tested
in ATL xenograft mouse models.

Bay 11-7082, specifically inhibiting the NF-kB DNA binding
activity, prevented primary tumor growth and leukemic organ
infiltration in NSG mice xenografted with HTLV-I infected cell
lines (Dewan et al., 2003). Bortezomib prevented tumor growth in
an ED, ATL-derived T cell line, xenografted SCID model (Satou
et al., 2004). DHMEQ, known to inhibit the activation of NF-kB
by preventing the nuclear translocation of its active subunit p65
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TABLE 1 | Summary of the contribution of mouse models to ATL biology.

Model

Contribution to ATL biology

Reference

Xenografts

Xenograft mouse models injected with
HTLV-I transformed, ATL-derived cell
lines or ATL patients derived cells

Humanized

HTLV-I infected human CD34* in
Rag2~/~ gamma ¢/~ mice models

HTLV-I infected human CD133* in NSG

Tax Transgenics
LTR-Tax-Tg

Double transgenic -Bgal-Tg model
LTR-Tax HTLV-I LTR

huGMZBTax

GMZ-Tax-Tg

Granzyme promoter

CD3- Tax Tg

CD3-epsilon promoter/enhancer
tTA/Tax mice

Bi-transgenic doxycycline inducible
model, EmuSR alpha
promoter-enhancer

Ick-Tax-tg model

Lck-proximal promoter

Represented a platform for targeted drug development.

Provided a potential tool to test therapeutic agents:

- Targeting the constitutively active NF-kB pathway.

— Specifically targeting leukemic cells.

Allowed a better understanding of the immune response against HTLV-I.

Was instrumental for studying early stages of primary HTLV-I infection and
subsequent clonal proliferation.

Allowed the assessment of early steps of HTLV-I infection, proviral load, and clonal
proliferation.

Allowed the understanding of early infection stages.

Confirmed the in vivo correlation of Tax and NF-«B activation upon expansion of
CD4*+CD25" malignant cells.

Generated a human adaptive immune system in immunodeficient mice.

Was the closest model to recapitulate the in vivo ATL development.

Assessed the initiated immune system against the virus and clonal selection.
Established Tax as an oncoprotein and HTLV-I as transforming virus resulting in
mesenchymal tumors and neurofibroma.

Showed that Tax expression in oxidative fibers resulted in HTLV-I associated
myopathies.

Showed that Tax induced autoimmune like Sjogren like syndrome.

Showed that Tax induced skeletal abnormalities and fragile bones similar to ATL
patients.

Showed that Tax is arthrogenic and induced ankylotic arthropathy.

Showed that Immune system activation contributes to ATL pathogenesis in infected
carriers.

Unveiled tissues supporting tax-mediated transcriptional transactivation.
Provided a model system to study the mechanism of gene regulation by Tax.
First model to generate leukemia (LGL), tumor infiltration, and splenomegaly partly
resembling ATL.

Showed that Tax functionally inactivates P53 contributing to late stage tumor
progression.

Showed that innate immune system, specifically IFN-v, is crucial for ATL
development.

Revealed malignant hypercalcemia and osteolytic bone lesions resembling human
ATL.

Showed that Tax expression in vivo induced constitutive activation of HTLV-I.
Revealed that Tax activation of lymphocytes recruits, activates, and transforms
NK/T-cells.

Model failed to develop leukemia.

Tax expression closely associated with apoptosis in vivo.

Revealed ATL-like cutaneous lesions and splenomegaly via HTLV-| activation.
Showed that Tax or HTLV-I suppression resolves cutaneous symptoms.

Showed diffuse large cell lymphoma after prolonged latency.

Model exhibits acute ATL like symptoms and HTLV-I activation.

Provided a candidate ATL stem cells of CD38~/CD71~/CD117+ phenotype and
decreased expression of Tax, Notch, BMI1 were isolated.

Zimmerman et al., 2011;
Ishitsuka et al., 2012;
Masaki et al., 2013;
Saitoh et al., 2016
Phillips et al., 2000;
Zhang et al., 2003, 2005;
Maeda et al., 2010, 2015
Ishihara et al., 1992;
Feuer et al., 1995;
Stewart et al., 1996;
Uchiyama, 1996;

Liu et al., 2002

Miyazato et al., 2006

Takajo et al., 2007

Villaudy et al., 2011

Tezuka et al., 2014

Hinrichs et al., 1987;
Nerenberg et al., 1987
Nerenberg and Wiley, 1989

Green et al., 1989
Ruddle et al., 1993

Habu et al., 1999
Swaims et al., 2010

Bieberich et al., 1993

Grossman et al., 1995

Portis et al., 2001

Mitra-Kaushik et al., 2004

Gao et al., 2005

Bernal-Mizrachi et al., 2006
Rauch et al., 2009b

Hall et al., 1998

Kwon et al., 2005

Hasegawa et al., 2006

Yamazaki et al., 2009

(Continued)
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TABLE 1 | Continued

Model

Contribution to ATL biology

Reference

Ick-Tax-tg model
Lck-Distal promoter
HBZ transgenic
HBZ-Tg model
CD4-specific

promoter/enhancer/silencer

Double Transgenic Tax/HBZ

HBZ/Tax model

CD4 promoter/enhancer

Showed leukemia of mature CD4+ cells resembling mature CD4F ATL cells

Showed systemic inflammation and later lymphoma in 30% of mice upon aging.
Increased effector/memory CD4* cells and functionally impaired CD4* Foxp3+

Treg cells.

Showed that HBZ promotes a pro-inflammatory phenotype via labile Foxp3

expression.

Showed that HBZ suppresses Th1 cytokines and impairs cell-mediated immunity.
HBZ-Tg mice exhibit ATL stem cells of c-kitt/CD4~/CD8~ phenotype.

This model failed to generate ATL-like leukemia.

Skin lesions, T-cell lymphoma, and splenomegaly with increased CD4+ memory

and Foxp3* Treq cells.

Ohsugi et al., 2007b

Satou et al., 2011
Yamamoto-Taguchi et al.,
2013

Sugata et al., 2012

Kuribayashi et al., 2016

Zhao et al., 2014

TABLE 2 | ATL mouse models as platform for ATL targeted therapy.

Model Drug Drug target ATL therapy Reference

Xenograft model Bay 11-7082 NF-kB Prevented tumor growth and infiltration. Dewan et al., 2003
Bortezomib NF-kB Prevented tumor growth in an ED SCID. Satou et al., 2004
DHMEQ NF-kB Prolonged survival and Prevented tumor Ohsugi et al., 2007a

Humanized model

Transgenic model

9-aminoacridine and
Campath-1H

Compound E, Bortezomib, and
Romidepsin

AR-42

Campath-1H and HAT or MEDI
507

Flavopiridol and HAT

HAT, MAT, and 7G7B6
7G7/B6 and daclizumab

Daclizumab and Depsipeptide

A20 ShRNA

ABT-737
Adoptive patient-autologous
Tax-CTL

Tinofovir and Azidothymidine

TARC-PES38
Arsenic/IFN

ST1926

NF-«kB and CD25

y-secretase,
NF-kB, and HDAC

HDAC
CD2 and CD25

cyclin-dependent kinase and
CD25

CD25
CD25

CD25 and HDAC inhibition

A20, ubiquitin-editing
Enzyme

Bcl-2 and Bcl-xL inhibition
ATL cells

Reverse Transcriptase inhibition
CCR-4

NF-«B, Tax, LIC
NF-kB, Tax, LIC

growth.

Prolonged survival and induced
P53-mediated apoptosis.

Assessed interaction between Notch-1 and
HTLV-I pathways, combination exhibited
synergy supporting clinical trials.
Prolonged survival.

Targeting different CD25 epitopes exhibited
synergy.

Synergy enhancing antitumor effect and
survival.

Inhibited tumor growth.

Presented osteoponin-integrin interaction
as novel therapeutic target for ATL.
Improved survival and attenuated tumor
infiltration and viral production.

Decreased tumor growth and revealed a
novel role for ubiquitin-editing enzymes in
ATL development.

Inhibited tumor growth.

Decreased tumor infiltration and enhanced
survival in vivo.

Prophylactic potential by blocking primary
infection in vivo.

CCR4 is a potential ATL target.

Cured ATL via LIC elimination.

Highlights retinoids as promising therapies
by enhancing survival and decreasing
tumor infiltration.

Juetal, 2014

Yu et al,, 2015

Zimmerman et al., 2011
Zhang et al., 2006

Chen et al., 2009

Maeda et al., 2010
Maeda et al., 2015

lkebe et al., 2013

Saitoh et al., 2016

Ishitsuka et al., 2012
Masaki et al., 2013

Miyazato et al., 2006
Hiyoshi et al., 2015

El Haj et al., 2010
El Haj et al., 2014

DHMEQ), dehydroxymethylepoxyquinomicin; HDAC, histone deacetylase; HAT, humanized anti-Tac, MAT, murin anti-Tac, arsenic, arsenic Trioxide, IFN, interferon-alpha;
LIC, leukemia initiating cells.

(Ohsugi et al., 2006), showed a significantly prolonged survival
and prevented tumor growth in an ATL NSG xenograft mouse

model (Ohsugi et al., 2007a).

In a similar context, a small molecule, 9-aminoacridine (9AA)
selectively induced in vitro ATL cell death through inhibition of

the NF-kB pathway and induction of p53 responsive genes (Ju
et al., 2014). The efficacy of 9AA alone or in combination with

Campath-1H (a monoclonal antibody directed against CD52)

was assessed using a xenograft NOD/SCID model, inoculated
with MET-1 cells. MET-1 are activated T cells that express CD2,
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CD3, CD4, CD25, CD122, and CD52. An enhanced survival
of tumor bearing mice was reported upon treatment with
both compounds as compared to either compound alone. This
involved the induction of p53, PARP cleavage, and apoptosis of
splenic cells from leukemia-bearing mice (Ju et al., 2014).

Finally, and in order to assess the physical and functional
interaction between Notch-1 signaling (increased in some ATL
patients) and NF-kB activation, the therapeutic efficacy of
the y-secretase inhibitor compound E along with bortezomib
and romidepsin, a histone deacetylase inhibitor (HDACI), was
explored in an NSG model injected with MT-1 cells (Yu et al,,
2015). Each of the three reagents alone or in double combination
inhibited tumor growth as monitored by tumor size, the level
of tumor markers in the serum, and significantly prolonged the
survival of tumor-bearing animals (Yu et al., 2015).

At the cellular and molecular levels, and to assess the in vivo
implication of NF-kB in ATL pathogenesis, Nitta et al. (2008)
investigated ATL development in a defective NF-kB setting.
In this study, alymphoplasia (aly/aly) mice bearing an NF-«kB
inducing kinase (NIK) mutation were used. These mice harbored
defects in lymphoid organs development and severe deficiencies
in both humoral and cell-mediated immunity. In contrary to
BALB/c and C57BL/6] control mice, aly/aly animals inoculated
with HTLV-I producing MT-2 cells, did not maintain the provirus
and antibodies against HTLV-I were not detected suggesting that
NIK is required for the initial proliferation and maintenance of
HTLV-I infected cells in mice (Nitta et al., 2008).

Targeted ATL drug development other than NF-x B inhibition
One of the suggested approaches in ATL treatment is virotherapy.
Oncolytic virotherapy is a relatively new approach in cancer
treatment, utilizing replication-competent viruses that selectively
target cancer cells while sparing the normal healthy ones (Russell
et al.,, 2012). MET-1 NOD/SCID model was used to evaluate the
potential of measles-virus-virotherapy in treating ATL. Measles
virus treatment of tumor cells lacking type I interferon (IFN-o)
secretion was shown to be more efficient both in vitro and in vivo
as compared to other tumor cells (Parrula et al., 2011). Using
the same animal model, Zimmerman et al. (2011) investigated
the therapeutic effect of AR-42, an HDACI, in alleviating HTLV-
I-associated lymphoid malignancies. A dietary formulation of
AR-42 was shown to prolong survival of ATL engrafted mice as
compared to controls.

Non-obese diabetic/SCID xenograft mice were also used to
test ABT-737, a small molecule inhibitor of Bcl-2 and Bcl-xL,
whereby ABT-737 resulted in a significant inhibition of the tumor
growth in vivo (Ishitsuka et al., 2012).

In another study, Ikebe et al. (2013) investigated the efficacy
of 17-DMAG, an HSP90 inhibitor, as a therapeutic agent against
ATL. Oral administration of 17-DMAG dramatically attenuated
the aggressive infiltration of multiple organs in an ATL xenograft
mouse model. It also inhibited the de novo viral production and
improved the overall survival of ATL mice (Ikebe et al., 2013).

More recently, an unrecognized role of ubiquitin-editing
enzyme, A20, in the survival of HTLV-I-infected cells was
unveiled in a SCID model. In brief, the ATL-derived HuT-102 cell
line was first transduced with A20 shRNA and then inoculated

into SCID mice (Saitoh et al., 2016). Depletion of A20 induced
apoptosis and affected the in vivo growth of HTLV-I infected cells,
highlighting the importance of ubiquitin in ATL development.

Monoclonal antibodies as an ATL therapy in xenograft
mouse models

The expression of specific cell surface markers on ATL cells
implanted into mice, renders them an excellent model for
testing the pre-clinical therapeutic potential of monoclonal
antibodies. In this context, and given that ATL cells express
CD2 and CD25 among other surface markers, the effect of
monoclonal antibodies targeted against these two surface markers
was performed in NOD/SCID mice intraperitoneally injected
with MET-1 cells (Zhang et al., 2003). Furthermore, the effect
of campath-1H (anti CD52), either alone or in combination
with a humanized anti-Tac (HAT) or MEDI 507, a monoclonal
antibody directed against CD2, was investigated. Campath-1H
led to a striking prolongation of the survival of MET-1 ATL-
bearing mice. This survival was significantly longer than that of
the group receiving HAT. Moreover, the study revealed the anti-
leukemic mechanism of action of Campath-1H which involves
FcR-gamma-containing receptors (e.g., FcRgamma-III) present
on polymorphonuclear leukocytes and macrophages, known
to normally mediate antibody-dependent cellular cytotoxicity
(ADCC) and/or trigger cross-linking induced apoptosis (Zhang
et al., 2003). The same group explored the use of flavopiridol,
a cyclin-dependent kinase inhibitor, alone or in combination
with HAT. HAT/flavopiridol combination resulted in a prolonged
survival and dramatic enhancement of the antitumor effect in
MET-1 NOD/SCID mice as compared to the control group
(Zhang et al., 2005).

A MET-1 NOD/SCID mouse model was also used to
investigate the anti-leukemic effects of specific antibodies
targeting IL-2R (Phillips et al., 2000) whereby HAT, murine
anti-Tac (MAT), and 7G7/B6, all of which targeting IL-2Ra,
significantly delayed leukemia progression resulting in enhanced
survival (Phillips et al., 2000). To decipher the mechanism
of action of these antibodies, comparison between treated-
NOD/SCID and NSG mice was carried out (Zhang et al., 2004).
In contrast to what was seen in NOD/SCID mice, treatment
of NSG mice did not affect leukemia growth nor improved
mice survival highlighting that the immune system difference,
specifically polymorphonuclear cells, plays a crucial role in
leukemia elimination by anti-IL-2R antibodies (Zhang et al,
2004).

Another promising therapeutic target is CC chemoreceptor
4 (CCR4). CCR4 is a chemokine receptor expressed by tumor
cells in about 90% of ATL patients (Ishida et al., 2003). Several
studies have investigated the effect of monoclonal Anti-CCR4
antibodies in vivo as potential therapies in ATL (Yano et al., 2008;
Ito et al., 2009; Ishii et al., 2010; Hiyoshi et al., 2015). Using an
ATL SCID xenograft mouse model, Yano et al. tried to augment
the ADCC effect induced by defucosylated chimeric Anti-CCR4
IgG1 monoclonal antibody KM2760 via addition of granulocyte
colony stimulating factor (G-CSF). Addition of G-CSF resulted
in a more robust antitumor effect as compared to KM2670 alone
(Yano et al,, 2008). Using the same model, another monoclonal
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anti-CCR4 antibody KW-0761 was investigated (Ishii et al,
2010). KW-0761 also presented promising antitumor activity
where tumor volume was significantly decreased (Ishii et al.,
2010).

Anti-CD25 antibodies such as 7G7/B6 and daclizumab,
directed against different epitopes of CD25 were also tested
either alone or in combination (Zhang et al., 2006). Overall,
91% of the mice receiving the combination survived showing the
promising synergistic effect of these two antibodies, especially
when compared to the single antibody treatment (Zhang et al.,
2006). In a similar study and using the same model, daclizumab
was investigated in combination with an HDAI, depsipeptide,
and showed an enhanced antitumor effect and survival of the
leukemia-bearing mice, compared with those in the depsipeptide
or daclizumab alone groups (Chen et al., 2009).

Given that some ATL cells express CD30 on their surface,
the therapeutic effect of two anti-CD30 monoclonal antibodies
was also investigated. SGN-30, a chimeric anti-CD30 mAb,
and SGN-35, a monomethyl auristatin E-conjugated anti-CD30
mADb, were used. Maeda et al. (2010) treated NOD/SCID
mice subcutaneously engrafted with HTLV-I-infected cells and
reported a significant inhibition of the tumor growth upon
treatment with either antibodies (Maeda et al., 2010).

In another context, the therapeutic efficacy of adoptive
patient-autologous Tax-specific cytotoxic T cells (Tax-CTL) was
assessed in NSG mice bearing primary ATL cells from three
patients. Tax-CTL treatment resulted in a significant decrease
of ATL cell infiltration into blood, spleen, and liver as well as
a significant prolonged survival time in ATL NSG mice that
received cells from two out of three patients (Masaki et al., 2013).

More recently, the NSG mice were used to investigate the
physiological roles of osteopontin (OPN)-integrin interaction in
ATL pathogenesis in vivo. ATL cell lines inoculated into NSG
mice resulted in an increased OPN plasma levels. Treatment of
these mice with anti-OPN mAbs inhibited not only tumor growth
but also tumor invasion and metastasis suggesting a pivotal role
of OPN in these processes (Maeda et al., 2015).

Altogether, the above studies highlight the importance of
xenograft mice models in targeting and understanding ATL.

Humanized Mouse Models of ATL

Despite the importance of ATL xenograft mouse models, these
models present with the limitation of being injected with ATL-
derived or HTLV-I-transformed cell lines that were maintained
for years in culture. This entails the potential changes in their
genetic drift and the attenuation in their in vivo potential.
Moreover, ATL xenograft mouse models do not provide answers
to how HTLV-I induces ATL at early steps and how it maintains
leukemogenesis (reviewed in Niewiesk, 2016). In this context,
humanized mouse models were generated (reviewed in Panfil
et al., 2013; Duc Dodon, 2014; Niewiesk, 2016) (Table 1).

Humanized Mouse Models: A Transformation in ATL
Biology and Immune Responses

The lack of an adaptive and/or innate immune system is
advantageous for HTLV-I replication and tumor engraftment.
Injecting CD34" hematopoietic stem cells into NSG mice

resulted in generation of human lymphocytes. The first
humanized ATL model was developed by Miyazato et al. (2006)
in which human peripheral blood mononuclear cell (PBMC)
were first injected in NSG mice to establish a human-like setting
followed by inoculation of HTLV-I virus producing MT-2 cells.
MT-2 cells ensured cell-to-cell transmission required for HTLV-
I infection. In this model, proviral load was increased in both
CD4™ and CD8™ cells (Miyazato et al., 2006).

In a similar study, PBMC from HTLV-I infected carriers were
injected in NSG mice to establish HTLV-I infection (Takajo et al.,
2007). Despite the different methodology, both studies resulted in
mice harboring human infected cells, which later undergo clonal
proliferation (Miyazato et al., 2006; Takajo et al., 2007).

Another humanized model was developed by Villaudy
et al. (2011) whereby CD34" human umbilical stem cells
(HUSC) were intra-hepatically inoculated into newborn
BALB/c/Rag22/2IL-2Rgc2/2 (also known as BRG mice) mice
generating human lymphocytes. These lymphocytes were
later infected by intraperitoneal injection of irradiated HTLV-
producing MT-2 cell line. This study reported an alteration in T
cell development alongside an increase in the proviral load and
expansion of CD4*CD25" cells. Mice also developed ATL- like
splenomegaly as well as lymphoma (Villaudy et al., 2011).

In a different study, intra-bone marrow injection (IBMI)
of cord blood CD133" stem cells intratibialy into sublethally
irradiated NSG mice was performed (Tezuka et al., 2014). This
study is based on the idea that CD133% cells are believed to
be the ancestral of CD34" in hematopoiesis and carry the
potential to differentiate to any hematopoietic cells including
lymphocytes (Tezuka et al., 2014; reviewed in Duc Dodon,
2014). One month following CD133% inoculation, human
CD45" leukocytes were found to completely reconstitute the
murine bone marrow. Later, human B and T lymphocytes were
detected and a balanced B/T lymphocyte ratio was attained and
remained stable for up to 8 months (Tezuka et al., 2014). After
establishing a human immune system in this model, HTLV-I
infection involved the injection of sublethally irradiated MT-
2 cells known to produce HTLV-I. Shortly after infection, an
increase in CD4 " cells was reported where CD4™ CD25™ clones
gradually dominated indicating clonal selection. ATL like features
including splenomegaly, hepatomegaly with ATL infiltration,
and ATL-like “flower cells” were also reported (Tezuka et al,
2014). Screening of cytokines profiles demonstrated an initial
elevation in the levels of IL-6, IL-8, IL-10, IL-12, IL- 13,
IFN-y, and TNF-a. In addition, granulocyte-macrophage colony-
stimulating factor (GM-CSF) and chemokine (C-C motif) ligand
4 were also increased, clearly referring to an initiated immune
response against the virus (Tezuka et al., 2014). One of the main
findings of this study was the generation of a functional adaptive
immune response in a humanized mouse model, summarized
by detection of anti-HTLV-I antibodies as well as Tax-specific
cytotoxic T cells (CTL). These CTL inversely correlated with
proviral load of infected cells (Tezuka et al, 2014). Thus
Tezuka’s model was by far the closest one in recapitulating the
development of ATL in vivo. While most of the other humanized
models developed lymphoma and/or thymoma, Tezuka’s model
exclusively developed leukemia. This may be due to the fact that
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infection was carried out after a humanized immune system may
be fully developed.

Another humanized ATL model was generated by Nakamura
et al. (2015) where PBMC from ATL patients were injected
into NOD/SCID/Jak3-null mice (NOJ mice). In Brief, the model
involved subcutaneous injection of the ATL SIT cell line into
mice, followed by subcutaneous, intraperitoneal, or intravenous
transplantation of primary ATL cells. ATL cells successfully
infiltrated various organs and could transplant into secondary
mice establishing NOJ mice as successful models for primary ATL
xenotransplantation (Nakamura et al., 2015).

Humanized Models as Platforms for ATL Therapy
After the revolution that humanized mouse models generated
in the ATL field, they provided a strong platform for testing
anti-ATL therapies (Table 2). Two antiviral reverse transcriptase
inhibitors, Tenofovir and Azidothymidine, were tested in the first
humanized ATL model developed by Miyazato et al. (2006). After
the uncertain role of these agents in halting HTLV-I infection,
their prophylactic potential was investigated. Both agents were
reported to block primary infection in these mice (Miyazato et al.,
2006).

Moreover, humanized models proved instrumental in
investigating the anti-tumor potential of anti-CCR4 antibodies.
NSG mice inoculated with primary ATL cells and autologous
immune cells belonging to the same patient were used to assess
the antitumor efficacy of KM2760 antibody (Ito et al., 2009).
KM2760 decreased the number of ATL cells in blood, spleen,
and liver, as well as ATL lesions and organ infiltration, and
lowered IL-2R concentration in serum (Ito et al., 2009). Using a
humanized mouse model similar to that developed by Villaudy
et al. (2011), the efficacy of TARC-PE38 targeting CCR4 was
investigated (Hiyoshi et al., 2015). TARC-PE38 is a complex
of thymus and activation-regulated chemokine (TARC), CCR4
ligand, fused to a truncated Pseudomonas aeruginosa exotoxin
A (PE38). TARC-PE38 efficiently killed HTLV-I-infected cell
lines and shrank HTLV-I-associated solid tumors size. Moreover,
TARC-PE38 markedly inhibited the proliferation of HTLV-I-
infected human CD41TCD25" or CD4TCD25"CCR4 cells and
reduced the proviral loads in PBMC obtained from both patients
and asymptomatic carriers (Hiyoshi et al., 2015).

Using the NOJ model generated by Nakamura et al. (2015)
the antitumor effect of pyrrolidine dithiocarbamate (PDTC), an
antioxidant agent, was tested in ATL and showed that PDTC
significantly enhanced the survival of these mice (Nakamura
etal., 2015).

Transgenic Mouse Models of HTLV-I

To decipher the oncogenic potential role of HTLV-I proteins
in vivo, transgenic mice overexpressing the viral oncoproteins
Tax or HBZ were generated. So far several Tax transgenic models
expressing Tax under different promoters and two HBZ models
were developed. Despite exhibiting many features of ATL, none of
these models could exactly recapitulate HTLV-I-associated ATL.
For instance, and as opposed to HTLV-I infection where HBZ-
and Tax-specific CTLs and antibodies are generated, transgenics
for both oncoproteins lack a host induced immune response

against these viral proteins. the importance of transgenic models
in the ATL context lies in confirming the oncogenic functions of
HTLV-I proteins, Tax and HBZ, in vivo and in disclosing various
host pathways manipulated by these proteins ultimately leading
to tumor generation (Table 1).

Tax Transgenic Models Develop ATL-Like
Leukemia/Lymphoma

Tax transgenic mice

The generation of Tax transgenic models relied on the earliest
discoveries of the in wvitro Tax oncogenic potential, from
independent laboratories (Grassmann et al., 1989; Tanaka et al,,
1990). To investigate the in vivo role of Tax in leukemogenesis,
several mouse models have been generated (reviewed in Ohsugi,
2013; Niewiesk, 2016). Depending on the used promoter, Tax
expression resulted in various tumors (Ohsugi, 2013). Except for
models utilizing the lymphocyte-specific protein tyrosine kinase
p56 (Ick) or granzyme promoters, most of the models could not
generate leukemia/lymphoma and rather resulted in less typical
HTLV-I tumors and manifestations (Ohsugi, 2013; Panfil et al,,
2013; Niewiesk, 2016). Nerenberg et al. (1987) established the
first Tax transgenic mouse where Tax gene was under the control
of the natural HTLV-I promoter, the LTR promoter [Tg (HIV-
tat) 6-2Gja] (Nerenberg et al., 1987). Referred to initially as tat
protein, Tax exhibited tissue-specific expression and LTR-Tax
mice mainly developed mesenchymal tumors in the nose, ear,
mouth, tail, as well as the foot. Despite not recapitulating human
ATL, this research was novel in establishing Tax as an oncoprotein
and HTLV-I as a transforming virus in vivo (Nerenberg et al.,
1987). Beside mesenchymal tumors, LTR-Tax mice developed
tumors at other multiple sites resembling neurofibroma making
this model useful for studying neurofibromatosis (Hinrichs
et al., 1987). Apart from tumors, mice were shown to develop
myopathies similar to those associated with HTLV-I, which
are due to the atrophy/degeneration of oxidative muscle fibers
(Nerenberg and Wiley, 1989). Using the same model, Habu et al.
(1999) reported high incidence of inflammatory polyarthropathy
resembling arthritis. Profound skeletal alterations resulting in
fragile bones with high turnover rate were also reported (Ruddle
et al., 1993). Salivary and lacrimal glands showed exocrinopathy
and lesions resembling Sjogren’s syndrome due to the attack by
immune cells (Green et al., 1989).

Afterwards, a bi-transgenic mouse was generated by crossing
LTR-Tax mice with LTR-B gal mice (B-galactosidase) to better
visualize the organ involvement in ATL (Bieberich et al., 1993).
Tax acts on the LTR resulting in an increased p-gal expression;
and this enzyme was detected in specific tissues including
bones, muscles, exocrine glands, as well as mesenchymal tumors
(Benvenisty et al., 1992; Bieberich et al., 1993). Using this same
model, Swaims et al. (2010) assessed the interaction with the host
immune system and demonstrated that the activation of infected
CD4™ T cells may induce Tax expression and thus may contribute
to ATL pathogenesis in infected carriers. In addition, infected
CD4™ cells harboring Tax exhibited changes in the expression
of surface markers and resulted in changes in CD4" subtype
specifications (Swaims et al., 2010, reviewed in Kress et al.,
2011). Despite not developing leukemia/lymphoma, the LTR-Tax
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model provided a clear-cut evidence that Tax expression is solely
sufficient for tumor induction establishing Tax as an oncoprotein
in vivo.

In another attempt, a Tax transgenic model of C57BL/6TgN
mice (huGMZBTax) was developed where Tax expression was
controlled by the granzyme B promoter (Grossman et al., 1995).
This promoter restricted the expression of Tax to the T cell
compartment specifically CD4" and CD8™", NK, and lymphokine
activated killer cells. In this model, mice developed large
granular lymphocytic leukemia (LGL), neutrophil dominated
inflammation, as well as tumors on the ears, tail, and leg
(Grossman et al, 1995). Mice also developed symptoms
resembling human ATL such as high white blood cell count,
splenomegaly, neutrophilia, and lymphadenopathy. LGL cells
disseminated to distant organs such as lungs, bone marrow, and
liver (Grossman et al., 1995). Despite not fully recapitulating
the human disease, this model was instrumental in showing
that Tax expression in the lymphocytes is sufficient to cause
leukemia. Later, Gao et al. (2005) demonstrated that these mice
also exhibited malignant hypercalcemia and symptoms associated
with metastasis such as osteolytic bone lesions which again
resemble the disease in ATL patients (Gao et al., 2005). Activated
NK and T cells from this model demonstrated Tax-mediated
constitutive activation of NF-kB in both its canonical and non-
canonical pathways (Bernal-Mizrachi et al., 2006). Using the
same model, the role of p53 inactivation in Tax-induced tumor
development was assessed and showed that the p53 apoptotic
pathway was functionally inactivated (Portis et al., 2001). P53
mutations in tumors were also detected but were associated with
secondary organ infiltration. In the same context, mating of these
Tax-transgenic mice with P53-deficient mice did not accelerate
the initial tumor development (Portis et al., 2001). However,
it significantly increased disease progression and mortality in
P53 heterozygous mice. This suggested that Tax functionally
inactivates p53 which contributes to late stage tumor progression
rather than initial tumor formation (Portis et al., 2001).

In a different study, the role of the innate immune system
and inflammation in ATL development was assessed. The Tax-
granzyme model was mated with an IFN-y knock-out model.
The resulting mice exhibited enhanced tumorigenesis with
accelerated lesions development (Mitra-Kaushik et al., 2004).
Using the same model, Rauch et al. generated Tax-LUC double
transgenic mouse model whereby luciferase bioluminescent
imaging techniques allowed to track tumor engraftment in vivo
(Rauch et al., 2009a,b). The onset of peripheral subcutaneous
tumors was preceded by the formation of microscopic intra-
epithelial lesions. This suggests that Tax activates lymphocytes,
which then recruit NK/T-cells to be activated and transformed
(Rauch et al,, 2009b). Another study from the same group
suggested that in Tax-LUC model, lymphoma development is
promoted by an inflammatory stimulus whereby T cell activation
via T cell receptor (TCR) was shown to promote/exacerbate
tumorigenesis (Rauch et al, 2009a). Afterwards, the same
Tax-LUC model was utilized to investigate the role of IL-15
in spontaneous lymphoma development (Rauch et al., 2014).
IL157/~ Tax-LUC mice were generated and resulted in an
aggressive lymphoma development and accelerated mortality,

suggesting that IL-15 contributes to the antitumor immunity
in ATL. Knocking out IL-15 also resulted in elevation of IL-1a
and IL-1a driven cytokines (Rauch et al., 2014). Treatment with
anti-IL-1a antibodies resulted in decreased tumor growth. This
study suggested IL-15 and IL-1a as potential therapeutic options
in ATL.

Hall et al. (1998) established another Tax transgenic model
where Tax gene was under the control of CD3-epsilon promoter-
enhancer sequences. These mice, of C57/CBA origins, developed
a variety of tumors including salivary and mammary adenomas
as well as mesenchymal tumors, specifically at wound sites, yet
failed to develop leukemia (Hall et al., 1998).

In an attempt to target Tax expression to the leukocyte
compartment, a bi-transgenic doxycycline inducible model [Tg
(EmuSR-tTa) 83Bop] was generated (Kwon et al., 2005). This
conditional “tet oft” Tax transgenic model targeted both wild-
type Tax and Tax mutants that selectively compromise NF-kB
or CREB pathways to the leukocyte compartment. Wild type
Tax transgenic mice developed a lethal cutaneous disease with
skin lesions infiltrated by CD3tCD4tMHC-2%1 T cells, similar
to those seen in ATL patients. Mice also developed systemic
lymphadenopathy and splenomegaly. Moreover, inflammatory
cytokines including TNF-a, IL-6, IL1 o/B, IFN-y were induced
(Kwon et al., 2005). Of note, suppression of Tax by doxycycline
administration resulted in disappearance of skin lesions directly
linking Tax to this dermal pathogenesis (Kwon et al., 2005).

To further restrict Tax expression to the thymus compartment,
being the site of maturation of T cells, the two Lck promoters,
distal and proximal, were used. The proximal promoter drives
gene expression in thymocytes while the distal one restricts
gene expression specifically to mature T lymphocytes (Hasegawa
et al., 2006; Ohsugi et al., 2007b; reviewed in Ohsugi, 2013).
Hasegawa et al. (2006) generated a Tax transgenic model using
the Ick proximal promoter [C57BL/6-Tg (Lck-HTLV-I Tax)]. As
compared to previous transgenic models, Hasegawa’s model was
the closest to recapitulate ATL. In this model, mice developed
CD4~CD8~CD447CD25" diffuse large cell lymphoma and
leukemia after a prolonged latency period of around 18 months
resembling the latency period required in humans to generate
tumors (Hasegawa et al., 2006). Interestingly, mice exhibited
clinical and histological resemblance to acute ATL seen in
patients, such as characteristic “flower cells” in blood smears,
lymphadenopathy, splenomegaly with extensive infiltration by
lymphomatous cells, as well as distant organ infiltration of bone
marrow, liver, kidney, lung, skin, and meninges. Infiltrating T
cells were of malignant phenotype with increased expression of
CD25" cell surface marker (Hasegawa et al., 2006). In addition,
mice exhibited further common features with ATL patients such
as significant leukocytosis, hypercalcemia, elevated LDH, and
constitutive NF-kB activation (Hasegawa et al., 2006). A major
difference between Hasegawa’s mice and human ATL is in the
phenotype of leukemic cells; mice exhibited immature CD4™"
cells while human ATL involves leukemia generally of mature
CD4T cells (reviewed in Ohsugi, 2013). Since the development of
leukemia required a long time, splenocytes derived from this Tax
transgenic model were intraperitoneally injected in SCID mice.
This model recapitulated most of the ATL phenotypes, similar to
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the transgenic model and to ATL patients, in less than 1 month
(Hasegawa et al., 2006; El Hajj et al., 2010). Moreover, this model
was the first to be used for the isolation of candidate ATL stem
cells of CD387/CD717/CD117% phenotype (Hasegawa et al.,
2006; Yamazaki et al., 2009). These stem cells exhibited decreased
levels of Notch, Tax, and BMI-1 expression all of which indicate
their early hematopoietic cell origin (Yamazaki et al., 2009).

The distal promoter of Lck was also used to develop Tax
transgenic mice (Ohsugi et al.,, 2007b). The expression of Tax
under the distal promoter resulted in leukemia of mature CD4*
cells unlike the immature ones obtained in the Hasegawa et al
generated Tax transgenic model (Ohsugi et al., 2007b).

Tax transgenic models for ATL-targeted therapy
Despite the improvements in prolonging survival of the leukemic
subtypes of ATL upon using zidovudine and IFN-a (IFN)
(Bazarbachi et al., 2010), most patients relapse underlying the
urgent need for novel therapies and targets. Different drugs
and drug combinations were investigated, of which a very
promising treatment is the combination of arsenic trioxide
(arsenic) and IFN-a (Table 2). In vitro studies involving
ATL cell lines and primary patients’ leukemic cells showed
the efficacy of the arsenic/IFN combination in triggering Tax
degradation by the proteasome resulting in cell cycle arrest
and apoptosis (Bazarbachi et al., 1999; El-Sabban et al., 2000;
Nasr et al., 2003). To assess the efficacy of this combination
in vivo, El Hajj et al. used spleen cells derived from the
murine Tax transgenic ATL model (Hasegawa et al, 2006)
and injected them into SCID mice (EI Hajj et al, 2010).
Approximately 1 month after transplantation, mice recapitulated
ATL manifestations (Hasegawa et al., 2006; EI Hajj et al., 2010).
Strikingly, arsenic/IFN cured ATL in these mice. Although
this combination did not rapidly decrease the tumor bulk,
as ATL cells only underwent modest cell cycle arrest and
apoptosis, the curative efficacy of arsenic/IFN occurred through
clearance of leukemia initiating cells (LIC). Briefly, using the
serial transplantation method, ATL cells derived from primary
mice treated with the arsenic/IFN combination resulted in
lower leukemia transplantation ability in untreated secondary
mice and no transplantation in untreated tertiary mice (El Hajj
et al,, 2010). Addition of the proteasome inhibitor bortezomib
to arsenic/IFN treatment of primary mice reversed all the
observed phenotypes and led to normal ATL development
in serial transplantation experiments, demonstrating that Tax
degradation is the critical step for LIC exhaustion which
further highlighted the oncogenic addiction of ATL cells to
Tax (El Hajj et al., 2010). Later, Kchour et al. (2009) have
investigated the effect of the triple combination of zidovudine,
arsenic, and IFN, and translated the promising pre-clinical
results to patients. Interestingly, the triple drug combination of
zidovudine/arsenic/IFN resulted in 70% complete remission rate
and 100% overall response rate in chronic ATL patients, as well
as an unpreceded prolonged survival in some patients, strongly
suggesting a similar mechanism of LIC eradication in patients
(Kchour et al., 2009).

Using the same in vivo model, the preclinical efficacy of
a synthetic retinoid ST1926 was investigated (El Hajj et al,

2014) (Table 2). Oral treatment of ST1926 induced massive
apoptosis, prolonged survival and decreased tumor infiltration,
leukocytosis, and splenomegaly as compared to untreated group
of animals. This study highlights the potential of synthetic
retinoids as a promising therapy for ATL (El Hajj et al., 2014).
It remains to be determined whether ST1926 treatment alone
targets LIC in ATL.

HBZ Transgenic Models Generate T-Cell Lymphoma
but Not Leukemia

HBZ transgenic models

The first in vivo HBZ transgenic mouse model (HBZ-Tg mice)
was generated by Satou et al. (2006), where the HBZ gene
was expressed under the control of a murine CD4-specific
promoter/enhancer/silencer (Satou et al., 2006). Restricted HBZ
expression to CD4™ T cells resulted in systemic inflammation
and development of T cell lymphoma in only 30% of mice
after a long latency period. HBZ-Tg spontaneously developed
systemic dermatitis, alveolitis, and later lymphoma upon aging
(Satou et al., 2011). At the cellular level, HBZ increased the
generation and proliferation of Foxp3™ T cells as well as
the transcription of Foxp3 mRNA. HBZ-Tg mice exhibited an
increase in the number of functionally impaired CD41 Foxp3™
Threg cells as well as effector/memory CD47T T cells (Satou et al.,
2011). Recently, this model was used to investigate whether
the proliferation of CD4" T cells is increased in vivo. Allergic
encephalomyelitis was experimentally induced by immunization
with myelin oligodendrocyte glycoprotein (MOG)/complete
Freund’s adjuvant. Disease severity was not increased but the
number of CD4™ T cells was increased only in the immunized
HBZ-Tg mice suggesting that HBZ-expressing T cells have higher
susceptibility to immune stimulation in vivo (Kinosada et al.,
2017). Using the same model, Yamamoto-Taguchi et al. (2013)
showed that HBZ promotes inflammation through labile Foxp3
expression; Treg cells induced by HBZ have unstable Foxp3
expression and tend to convert to Foxp3™T cells producing IFN-
y. This HBZ-induced pro-inflammatory phenotype of CD4™ T
cells was suggested to be involved in the HTLV-I-associated
pathogenesis and inflammation (Yamamoto-Taguchi et al., 2013).
Later, Mitagami et al. (2015) closely investigated HBZ-induced
inflammation and revealed that in HBZ-Tg mice, inflammation
severity significantly correlate with lymphoma development.
The study suggested a link between HBZ inflammation and
oncogenesis in CD4™ T cells (Mitagami et al., 2015).

In another context, HBZ expression was found to impair
the cell-mediated immunity of HBZ-Tg via suppression of Th-
1 cytokine production (Sugata et al., 2012). Despite being of
low immunogenicity, anti-HBZ antibodies can be detected in
patient’s serum. Sugata et al. (2012) have utilized the HBZ-
Tg mouse model to investigate the possibility of generation of
HBZ-targeted HTLV-I vaccine. Accordingly, splenocytes from
HBZ mice, called HT-48, were inoculated into immunodeficient
mice generating an ATL model. C57BL/6 mice immunized by a
recombinant vaccinia virus-based HBZ vaccine generated HBZ-
specific CD4 and CD8 T-cell response. Afterwards, inoculation
of anti-HBZ cytotoxic T cells into the generated HT-48 mouse
model increased survival of these mice suggesting that HBZ
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might be a candidate for vaccine production (Sugata et al.,
2012). Recently, ATL stem cells were identified in an HBZ
model (Kuribayashi et al., 2016). In this study, HT-48 cells
from HBZ-Tg mice were injected intraperitoneally into C57BL/6
mice, then serial transplantation experiments were done to assess
the presence of LIC where nine consecutive transplantations
were done (Kuribayashi et al., 2016). Surprisingly, HT-48 cells
were able to regenerate leukemia in all transplantations. In this
model, ATL stem cells were identified as c-kit"/CD4~/CD8~
cells. Compared to the T cell progenitors, reported ATL stem
cells had a similar gene expression profile (Kuribayashi et al.,
2016).

More recently, a transgenic HBZ mouse model using
Granzyme B (Gzmb-HBZ) was generated (Esser et al,
2017). In addition to splenomegaly, abnormal white cell
count, tumors developing after 18 months, in two thirds
of the Gzmb-HBZ mice, as well as pathologic bone loss
and hypercalcaemia were obtained (Kinosada et al, 2017)
(Table 1).

The Double Transgenic HBZ/Tax Mouse Model Fails
to Recapitulate ATL

Zhao et al. (2014) established a double transgenic mouse model
expressing both Tax and HBZ viral proteins. In this model,
both proteins were exclusively expressed in CD47T cells. The
concomitant transgenic expression of both Tax and HBZ resulted
in skin lesions, T-cell lymphoma, and splenomegaly resembling
in part diseases observed in HTLV-I infected individuals (Zhao
et al.,, 2014). In addition, HBZ/Tax double expression resulted
in an increase in the number of CD4" memory T cells and
Foxp3™ Ty cells. Overall, they reported that little difference
is seen between the phenotype produced by HBZ-Tg model
and HBZ/Tax double transgenic model. However, in contrast to
all published findings, this study reported that “Tax expression
alone failed to generate major health problems” and did not
result in tumor development (Zhao et al., 2014). In addition, this
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with Human T cell Leukemia Virus type 1 (HTLV-1) infection. Among its four main
clinical subtypes, the prognosis of acute and lymphoma variants remains poor. The
long latency (3—6 decades) and low incidence (3-5%) of ATLL imply the involvement
of viral and host factors in full-blown malignancy. Despite multiple preclinical and
clinical studies, the contribution of the stromal microenvironment in ATLL development
is not yet completely unraveled. The aims of this study were to investigate the
role of the host microenvironment, and specifically fibroblasts, in ATLL pathogenesis
and to propose a murine model for the lymphoma subtype. Here we present
evidence that the oncogenic capacity of HTLV-1-immortalized C91/PL cells is enhanced
when they are xenotransplanted together with human foreskin fibroblasts (HFF) in
immunocompromised BALB/c Rag2~/~y,~/~ mice. Moreover, cell lines derived from
a developed lymphoma and their subsequent in vivo passages acquired the stable
property to induce aggressive T cell lymphomas. In particular, one of these cell lines,
C91/lll cells, consistently induced aggressive lymphomas also in NOD/SCID/IL2Ry KO
(NSG) mice. To dissect the mechanisms linked to this enhanced tumorigenic ability,
we quantified 45 soluble factors released by these cell lines and found that 21 of
them, mainly pro-inflammatory cytokines and chemokines, were significantly increased
in C91/1ll cells compared to the parental C91/PL cells. Moreover, many of the increased
factors were also released by human fibroblasts and belonged to the known secretory
pattern of ATLL cells. C91/PL cells co-cultured with HFF showed features reminiscent
of those observed in CO1/Ill cells, including a similar secretory pattern and a more
aggressive behavior in vivo. On the whole, our data provide evidence that fibroblasts,
one of the major stromal components, might enhance tumorigenesis of HTLV-1-infected
and immortalized T cells, thus throwing light on the role of microenvironment contribution
in ATLL pathogenesis. We also propose that the lymphoma induced in NSG mice by
injection with C91/I1ll cells represents a new murine preclinical ATLL model that could be
adopted to test novel therapeutic interventions for the aggressive lymphoma subtype.

Keywords: HTLV-1, ATLL, lymphoma, microenvironment, fibroblasts, preclinical model
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INTRODUCTION

According to the criteria of the World Health Organization
[WHO] (2008) for classification of tumors originating
from hematopoietic and lymphoid tissues, Adult T cell
Leukemia/Lymphoma (ATLL) is defined as a peripheral T cell
neoplasia linked to infection with Human T cell Leukemia
Virus type 1 (HTLV-1), a virus identified first by Gallo and
co-workers in 1980 (Poiesz et al.,, 1980). ATLL incidence is
therefore linked to the prevalence of HTLV-1 infection, which
is not uniformly distributed around the world; clusters of
high HTLV-1 prevalence are mainly found in Southwestern
Japan, the Caribbean Basin and some parts of Africa and
South America (Gessain and Cassar, 2012). ATLL develops
almost exclusively in adults, although a few cases in children
have been reported (de Oliveira et al., 1990; Watanabe, 2017).
The diagnosis is mainly based on clinical features, presence
of HTLV-1 infection and, when detected, peculiar tumor cell
morphology, represented by atypical circulating lymphocytes
with petal-shaped nuclei (Matutes, 2007). From the clinical
point of view, ATLL is characterized by a high heterogeneity
in its presentation and clinical course. Four main subtypes
have been described (Shimoyama, 1991), two aggressive and
fast-growing (acute leukemia, lymphoma) and two indolent
(smoldering, chronic) variants. A new classification has recently
been proposed that combines clinical features with specific
genetic aberrations shown to have a prognostic value (Kataoka
et al., 2018). Treatment strategies are based on ATLL subtype,
and antiviral therapy is usually effective in slowly progressing
subtypes. Prognosis of fast-growing variants remains poor in
spite of various attempts of pharmacologic treatments (Hermine,
2015; Katsuya et al., 2015).

The very prolonged latent period (decades) between primary
infection and development of full-blown disease and the relative
rare occurrence of ATLL among asymptomatic HTLV-1 carriers
(3-5%) suggest that additional genetic and/or epigenetic changes
in infected T cells as well as host factors are necessary for ATLL
induction. Besides ATLL, HTLV-1-infected subjects may also
feature opportunistic infections (Nakada et al., 1987) and develop
chronic inflammatory disease such as myelopathy (Gessain et al.,
1985; Osame and Igata, 1989), arthropathy, myositis, uveitis,
and dermatitis (Yamano and Sato, 2012). Thus, circumstantial
evidence indicates that the infection with HTLV-1 induces
deficiency and dysregulation of host immunity.

HTLV-1 belongs to the deltaretrovirus genus, together with
the simian T lymphotropic virus and bovine leukemia virus.
HTLV-1 is a complex retrovirus whose genome comprises
structural, regulatory and accessory genes. Accumulating
evidence indicates that the regulatory gene ftax is crucially
involved in ATLL pathogenesis. In fact, Tax protein exhibits
pleiotropic functions (Romanelli et al, 2013); besides
transcriptionally activating its long terminal repeats (Felber et al.,
1985; Seiki et al., 1986), it interacts with cellular transcription
factors (NF-kB, CREB, and AP-1) and upregulates the expression
of multiple cellular genes involved in cell proliferation and
genomic instability (Armstrong et al., 1993; Baranger et al., 1995;
Munoz and Israel, 1995; Fujii et al., 2000; Grassmann et al., 2005;

Fochi et al., 2018). However, in the majority of cases, ATLL cells
show a Tax-low or Tax-negative phenotype, suggesting that Tax,
while critical for T cell immortalization and transformation,
may be not crucial in late stages of ATLL (Takeda et al., 2004).
In contrast, another viral gene, the HTLV-1 basic leucine zipper
factor (HBZ) encoded in the minus strand of the viral genome,
appears to be transcribed in all cases of ATLL (Gaudray et al.,
2002). Furthermore, it has been reported that HBZ mRNA, but
not HBZ protein, could induce T cell proliferation and promote
cell survival (Satou et al., 2006). Thus, a current hypothesis is
that transactivation by Tax is needed to initiate the processes
that lead to ATLL, while HBZ is responsible for maintaining the
neoplastic phenotype of ATLL cells (Matsuoka and Jeang, 2007;
Giam and Semmes, 2016).

Bidirectional communication of potentially oncogenic cells
with surrounding stroma creates a tissue microenvironment
permissive to disease initiation and progression. Among the
stromal components, fibroblasts play a prominent role; the
tumor-promoting activity of cancer-associated fibroblasts has
been extensively studied in epithelial cancers (Olumi et al., 1999;
Erez et al, 2010). Within the tumor stroma, fibroblasts, likely
through a transforming growth factor beta signaling, acquire
an activated phenotype which is mainly characterized by their
expression of alpha-smooth muscle actin similar to that observed
in the wound healing process (Vaughan et al., 2000). These cells
are provided with an armamentarium of released factors that
can alter tissue homeostasis, promote angiogenesis, cancer cell
proliferation and invasiveness, and recruit immunosuppressive
and tumor-promoting cells (Kalluri and Zeisberg, 2006; Mueller
et al,, 2007; Erez et al., 2010; Bissell and Hines, 2011). Specific
bone marrow stromal niches have been identified for leukemia
development (Jin et al., 2008; Zhang et al., 2012). Concerning
ATLL, in vitro interaction with epithelial and fibroblastic cell lines
was shown to induce apoptosis resistance in primary ATLL cells
and ATLL cell lines (Miyatake et al., 2013, 2015) as well as viral
latency (Kinpara et al., 2009), highlighting the role of stromal
components in ATLL pathogenesis.

Different preclinical models have been developed to better
understand the pathogenesis of ATLL and HTLV-linked
degenerative/inflammatory diseases (Panfil et al., 2013). Good
models for HTLV-1 infection have been established in non-
human primates, rabbits and rats (Dodon et al., 2012; Hajj et al.,
2012). However, mice are preferred as they are more manageable
and cost-effective models to study the virus/host factors critical
for ATLL induction and for evaluation of its specific treatments.
Xenografts of ATLL cells or some ATLL-derived cell lines in
immunocompromised mice successfully replicated features
of ATLL (Parrula et al., 2009). On the other hand, T cells
immortalized in vitro by HTLV-1 showed no or poor growth,
depending mainly on the host constitutive immunodeficiency
degree, the innate immunity by natural killer (NK) cell antitumor
activity being particularly critical for restraining the engraftment
(Ishihara et al., 1992; Feuer et al., 1993, 1995; Imada et al., 1995;
Liu et al., 2002).

The aim of the present study was to analyze the evolution
of HTLV-1-infected T lymphocytes from the immortalized
status, commonly observed in asymptomatic carriers, to the
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quite rare neoplastic transformation leading to clinically
overt ATLL. Among the multiple factors involved in this
oncogenic switch, including genetic and epigenetic cell
alterations, our attention was focused on the influence of
one of the major microenvironment components, specifically
fibroblasts. Moreover, we established of a highly lymphomagenic
C91/PL-derived cell line that, when xenotransplanted into
immunodeficient NSG mice, may constitute a new preclinical
mouse model for the lymphoma variant of ATLL.

MATERIALS AND METHODS

Cell Lines

The HTLV-1-immortalized C91/PL cell line was established by
co-cultivation of umbilical cord blood T cells with leukemic T
cells from an ATLL patient (PL) (Popovic et al., 1983), and
was originally obtained from Prof. Robin Weiss (Chester Beatty
Laboratories, London). This cell line and its ex vivo-derived
cell lines (designated as C91/I, C91/II and CO91/III) were
grown in RPMI 1640 (Sigma-Aldrich, Munich, Germany)
supplemented with 10% fetal calf serum (FCS, Gibco, Foster
City, CA, United States), 2 mM L-glutamine (Gibco) and
50 pg/mL gentamycin (Sigma-Aldrich) (complete medium).
Human foreskin fibroblasts (HFF) were a kind gift from Dr.
Abatangelo and Dr. Zavan (University of Padova). HFF were
propagated in Dulbecco’s modified Eagle Culture Medium
(DMEM, Sigma-Aldrich) supplemented with 10% FCS, 2 mM
L-glutamine and 50 pg/mL gentamycin.

Analysis of the clonal T cell receptor (TCR) beta chain
and gamma chain gene rearrangements in C91/PL cells
and in C91/PL-derived cells was carried out using the
IdentiClone™ TCRB + TCRG T cell Clonality Assay
(Invivoscribe Technologies, San Diego, CA, United States),
according to the manufacturer’s instructions. Short tandem
repeat (STR) profile of C91/PL and C91/PL-derived cell lines was
carried out with the PowerPlex 18D System (Promega, Madison,
WI, United States) using an Applied Biosystems 3130XL
genetic analyzer and Genemapper ID Ver. 3.2.1 software (BMR
Genomics S.r.l,, Padua, Italy). As an STR profile of C91/PL cells is
not available in DMSZ, ATCC, and COG databases, C91/PL cells
and their more tumorigenic counterparts (C91/II and C91/III)
were authenticated by comparing the STR profile obtained
with 18 genetic markers to that determined using the C91/PL
cells received by the National Institute for Biological Standards
and Controls (NIBSC), United Kingdom. The presence of the
HTLV-1 provirus was confirmed in all ex vivo cell lines by
qualitative single-round PCR with primer pairs specific for the
tax region as previously reported (Calabro et al., 1993). All cell
lines were mycoplasma-free, as confirmed by periodical PCR
check.

Mice

BALB/c  Rag2/Common 7y  chain (yc)-double KO
(Rag2™/~y.~/7) mice were originally received from the
Freiburg University Medical Center, Germany. Null mutation
of the RAG2 gene prevents B and T lymphocyte development

in these mice, while absence of the cytokine receptor common
gamma chain, required for signal transduction of multiple
cytokines [including interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15,
and IL-21] prevents NK cell maturation. Mice were inbreed and
maintained in our animal facility, and were used in the first set of
experiments and for the in vivo passages of the C91/PL-derived
cells. Because of a temporary closure of our animal SPF facility for
enlargement and renovation, all mouse colonies were eliminated
and subsequently, after a 7 month-gap, restored with new stocks.
Therefore, the second set of experiments was conducted with
BALB/c Rag2™/~y.~/~ (BRG) mice (“excluded flora,” i.e., free of
rodent pathogens and seven selected opportunistic pathogens as
well as Segmented Filamentous Bacteria) obtained from Taconic
(Germantown, NY). Other experiments were performed using
NOD/SCID/IL2Ry. KO (NSG) mice, obtained from Charles
River (Charles River Laboratories, Calco, Italy), that combine
the NOD/SCID background to the lack of a functional common
gamma chain.

Ethics Statement

This study was carried out in accordance with the institutional
guidelines that comply with the Italian Animal Welfare Law
(D.L. No. 116/1992; and subsequent documents). The project
was evaluated and approved by the local ethics committee of
the University of Padova (Comitato Etico di Ateneo per la
Sperimentazione Animale, CEASA) and communicated to the
relevant Italian authority (Italian Ministry of Health, VI Office)
(Project No. 32/2009; Permit Protocol No. 51740, 15/09/2010).
The project had to be renewed, and it was evaluated and approved
by the Italian Ministry of Health (Project and Permit protocol No.
932/2016, 10/10/2016).

Assessment of the Contribution of

Fibroblasts to Lymphoma Growth in Vivo
Exponentially growing HFF and C91/PL cells mixed in a 1:2
ratio were suspended in a final density of 6 x 107 total cells/mL,
and 0.1 mL of this cell suspension (ie., 2 x 10° HFF and
4 x 10° C91/PL) was injected intraperitoneally (i.p.) into each
mouse. Control mice were i.p. injected with 4 x 10® C91/PL
cells. Mice were checked biweekly for cachexia and presence of
abdominal masses. For ethical reasons, tumor-bearing animals
were killed when presenting signs of suffering, and each mouse
was considered to have died from tumor progression on this date.
At necroscopy, the finding of organ involvement, abdominal and
pelvic tumor masses were considered lymphoma growth, which
was subsequently confirmed by histological examination.

Assessment of Engraftment and
Tumorigenesis of C91/PL-Derived Cell

Lines

Fragments of masses from Rag2™/~y.~/~ mice affected by
lymphomatous growth were processed under sterile conditions
and the obtained cell suspension was used to set up ex vivo
cultures. After in vitro growth for 3-4 weeks, these cells were
used as inoculum to assess their ability to induce a lymphomatous
growth in mice. Different cell lines were thus obtained from
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the subsequent in vivo passages: C91/I, C91/II and CI1/1II,
corresponding to the first, second and third in vivo passage,
respectively. Each cell line was then tested for lymphoma
induction in different doses and ages of injected mice.
Engraftment efficiency and tumorigenesis of C91/1II cells were
also assessed in NSG mice. Six-day-old mice were i.p. injected
with 4 x 10® COI/III cells/mouse. Four-week-old mice were
injected with 1 x 10° and 4 x 10® C91/III cells/mice (five mice
per group). Moreover, we further analyzed the contribution of
HEFF to lymphoma growth by injecting C91/PL cells after in vitro
co-culture with HFF. To this end, 5-day-old NSG mice were
injected i.p. with 4 x 10° co-cultured C91/PL cells (nine mice).
Control mice were injected i.p. with 4 x 10° C91/PL cells (seven
mice). Mice were checked, culled and analyzed as reported above.

Histology and Immunohistochemistry
Fragments of infiltrated murine organs and tissues were fixed
in 10% formalin and embedded in paraffin. Sections were
cut (4-mm thick) from ex vivo samples and prepared for
appropriate staining. Hematoxylin—eosin staining was used for
histological diagnosis. Sections were immunostained for CD25
(Leica Biosystems, Nussloch, Germany) and for Ki67 (Dako,
Glostrup, Denmark), as previously reported (Di Stefano et al,
2008).

Immunophenotypic and Viral
Characterization of C91/PL, C91/l1ll and

HFF-Co-cultured C91/PL Cell Lines
C91/PL, C91/III and HFF-co-cultured C91/PL were analyzed
for the expression of surface antigens by flow cytometry.
The following anti-human monoclonal antibodies were used:
fluorescein isothiocyanate (FITC)-conjugated anti-CDla (BD
Pharmingen, Franklin Lakes, NJ, United States), phycoerythrin
(PE)-conjugated anti-CD2 (Life Technologies, Carlsbad, CA,
United States), Alexa488-conjugated anti-CD3, anti-CD4,
and anti-CD25 (Bio-Rad Laboratories, Inc., Hercules, CA,
United States), phycoerythrin-Cy5 (PC5)-conjugated anti-CD5
and anti CD-7 (Coulter, Fullerton, CA, United States), FITC-
conjugated anti-CD34 (BD Pharmingen), PE-conjugated
anti-CD117 (Miltenyi Biotec, Bergisch Gladbach, Germany),
Allophycocyanin  (APC)-conjugated anti-CD133  (Miltenyi
Biotec), A488-conjugated anti-FOXP3 (AbD Serotec, Oxford,
United Kingdom), PE-conjugated anti-CD54 (eBioscience,
Inc.,, San Diego, CA, United States), and FITC-conjugated
anti-cell adhesion molecule 1 (CADM1, Medical and Biological
Laboratories, Nagoya, Japan). Samples were analyzed on a
BD LSR II flow cytometer (BD Biosciences, Milano, Italy).
All cytofluorimetric data were analyzed using Kaluza Analysis
software Ver. 1.3 (Beckman Coulter, Brea, CA, United States).
Quantitative analysis of HTLV-1 transcripts in C91/PL,
C91/1I1 and HFF-co-cultured C91/PL cells was performed as
previously described (Rende et al., 2011; Cavallari et al., 2013).

Quantitative Analyses of Soluble Factors
To measure soluble factors released by C91/PL, C91/III
and HFF-co-cultured C91/PL cells, cells were seeded at a

concentration of 1 x 10°/mL. Supernatants were collected
after 72 h and centrifuged for 5 min at 200 g. Cell pellets
were discarded, and supernatants were centrifuged for 30 min
at 2,800 g to eliminate cell debris. Supernatants were also
collected from the three cell lines kept in culture to evaluate
concentration fluctuations and consistency of detectable factors
during standard passage. The secretory pattern of HFF was
measured by seeding 3 x 10° cells in a six-well plate; supernatants
were collected after 72 h and processed as described above.
To compare the profile and amount of factors released by all
cell lines, a Luminex xMAP approach was used (ProcartaPlex
Human Cytokine/Chemokine/Growth Factor Panel 1 96 tests,
Affymetrix eBioscience Ltd., Hatfield, United Kingdom) for
the multianalyte detection of 45 secreted proteins. This assay
detects the following proteins: IL-1 receptor antagonist (IL-1RA),
IL-lalpha (IL-1a), IL-1beta (IL-1B), IL-2, IL-4, IL-5, IL-6, IL-7,
IL-8/ C-X-C motif chemokine ligand 8 (CXCLS), IL-9, IL-10, IL-
12p70, IL-13, IL-15, IL-17A, IL-18, IL-21, IL-22, IL-23, IL-27, IL-
31, leukemia inhibitory factor (LIF), tumor necrosis factor alpha
(TNFa), TNF beta/lymphotoxin-alpha (TNF@/LTA), interferon
alpha (IFNa), IFN gamma (IFNY), growth-regulated oncogene-
alpha GROa/CXCL1, eotaxin/C-C motif chemokine ligand 11
(Eotaxin/CCL11), IFNy-induced protein 10 (IP10)/CXCL10,
monocyte chemotactic protein-1 (MCP-1)/CCL2, macrophage
inflammatory protein-1 alpha (MIP-1a)/CCL3, MIP-1 beta, MIP-
1B/CCL4, regulated on activation normal T cell expressed and
secreted (RANTES)/CCL5, stromal cell-derived factor 1 alpha
(SDF-10/CXCL12), brain-derived neurotrophic factor (BDNF),
granulocyte-macrophage colony-stimulating factor (GM-CSE),
hepatocyte growth factor (HGF), placental growth factor (PLGF),
epidermal growth factor (EGF), fibroblast growth factor 2
(FGF-2), platelet-derived growth factor-BB (PDGEF-BB), stem
cell factor (SCF), nerve growth factor beta (BNGF), vascular
endothelial growth factor A (VEGF-A), VEGF-D.

IL-8/CXCL8 and TNFa were also quantified using cytokine-
specific assays (Human IL-8-ELISA and Human TNFa-ELISA
Ready-SET-Go Kits, Affymetrix eBioscience Ltd.), according to
the manufacturer’s instructions.

Analysis of the Crosstalk Between

C91/PL Cells and HFF

To assess whether HFF were able to modulate C91/PL cell
turnover, 2 x 10° C91/PL cells were co-cultured in the
presence or absence of semiconfluent HFF seeded onto a
six-well plate. Induced apoptosis was measured after 24, 48, and
72 h of culture by flow cytometry after Annexin V/Propidium
Iodide (PI) staining (Annexin-V-FLUOS Staining Kit, Roche
Diagnostics, Mannheim, Germany). Apoptosis was induced by
serum reduction (5% FCS). Proliferation was analyzed by flow
cytometry after staining with carboxyfluorescein succinimidyl
ester (Cell Trace™ CESE, Life Technologies).

Long-term HFF-co-culture of C91/PL cells was carried out in
T75 flasks to periodically assess morphological and phenotypic
changes. Two-month co-culture of C91/PL cells was carried out,
and then cells were removed from co-culture and maintained
as long as 6 weeks in culture to ensure the absence of
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residual fibroblasts. The secretory pattern, the profile of HTLV-1
transcripts and the ability to induce in vivo lymphoma of these
long-term co-cultured cells were analyzed at this time point.

To assess the contribution of soluble factors in the crosstalk
between C91/PL cells and HFE, short-term co-cultures in six-well
plates were set up, with C91/PL cells added directly to the
HEFF or placed into transwell chambers (BD Falcon Cell Culture
Inserts, Durham, NC, United States; pore size 0.4 wm). The
amount of secreted IL-8/CXCL8 and TNFa was measured in the
supernatants collected after 3 and 10 days of co-culture.

Statistical Analyses

Curves reporting the percentage of survivors over time were
estimated by the Kaplan-Meier method and compared with the
log-rank test. Data analysis was performed using the MedCalc
statistical software (Mariakerke, Belgium). Statistical data are
presented as mean =+ standard deviation. Two-sided Student’s
t-test was used to estimate statistical significance of differences
between the two cell lines. P-values < 0.05 were considered
significant.

RESULTS

Co-inoculation of Fibroblasts Promotes
the Tumorigenesis of C91/PL Cells

Preliminary experiments conducted to xenograft, either ip.
or subcutaneously, the HTLV-1-immortalized C91/PL cell line
at different doses (from 2 to 10 x 10° cells per mouse)
in immunodeficient adult Rag2™/~y.~/~ mice did not lead
to tumor development (data not shown). The evidence that
fibroblasts are effective in promoting tumor initiation and
progression in different mouse models of carcinogenesis (Bissell
and Hines, 2011) prompted us to analyze whether co-injection
of fibroblasts with C91/PL cells in newborn Ragz_/ _yc_/ -
mice could facilitate the engraftments of this cell line. Thus,
we performed a first set of experiments using six 4-6-day-
old Rag2™/~y.~/~ mice per group: control mice were ip.
injected with 4 x 10° C91/PL cells, whereas the experimental
group received the same dose of C91/PL cells mixed with HFF
in a 2:1 ratio. This experiment was repeated twice and each
experiment was stopped after 200 days. As shown in Table 1,
all control mice (12 of 12) were disease-free throughout the
experiment and autopsy did not disclose any pathological sign.
Conversely, among the 12 animals receiving C91/PL cells mixed

TABLE 1 | Lymphomagenic efficiency of C91/PL cells in Rag2~/~y¢~/~ mice.

No. of positive mice/total No. of mice?

Co1/PL
C91/PL + HFF

0/12
4/12b

a4-6-day-old mice were intraperitoneally (i.p.) inoculated with 4 x 106 C91/PL
alone or with 2 x 10° human foreskin fibroblasts (HFF) cells. PMice with
lymphomatous abdominal infiltration were culled at 70, 90, 120, and 195 days
after i.p. cell inoculation.

with HFF, four developed lymphoma with a median survival time
of 105 days.

At necroscopy, tumor masses were found in the abdomen,
often extending into the pelvic cavity. The tumor infiltrated the
mesentery, the small and large intestine, the liver hilum and the
pancreas. The spleen was only slightly enlarged and free from
lymphoma invasion. Histologically, the neoplastic tissue was
composed of large pleomorphic cells with abundant eosinophilic
cytoplasm and vesicular basophilic, irregularly lobulated nucleus
with prominent nucleoli. Numerous multinucleated syncytial
giant cells were also observed and mitotic figures were common.
Necrotic and hemorrhagic areas were sometimes found within
the lymphomatous masses and organ infiltrates.

Thus, in this set of experiments, using mice deriving from an
in-house long-lasting Rag2~/~y.~/~ colony, co-inoculation of
fibroblasts was found to trigger the oncogenic potential of the
HTLV-1-immortalized T cell line.

Ex Vivo C91/PL-Derived Cell Lines

Induce Aggressive Lymphoma

The tumor mass from one of the four diseased mice of the
first set of experiments, culled 90 days after cell injection, was
removed and processed under sterile conditions and a continuous
cell culture was obtained (C91/1), as shown in Figure 1A. These
cells were then i.p inoculated into 4-5-day-old Rag2~/~y.~/~
mice at different doses and all (7 of 7) animals belonging
to the group injected with the higher dose developed a very
aggressive and invasive lymphoma with a short latency period
(median survival, 15 days, Table 2). Two subsequent in vivo
passages, followed by establishment of tumorigenic cell lines
(C91/II and CI91/III), were performed. C91/II cells engrafted
into mice with high efficiency and also induced aggressive and
diffused tumor masses in 2-4-week-old mice (Table 2). All mice
(10 out of 10) inoculated with 4 x 10° C91/III cells at 4-8 days
of age developed a lymphoma with a median latency of 32 days.
C91/1I and CIO1/1II cell lines showed an increased lung tropism,
resulting in frequent lung metastases as well as in lymphomatous
lung involvement as primary presentation. Mice inoculated
with these cell lines showed a pathological picture similar
to that described above and shown in Figure 1B. Moreover,
involvement by lymphomatous whitish tissue was also observed
in the renal pericapsular fatty tissue, with invasion of cortical
kidney parenchyma. In some animals, tumor infiltration was
also found in ovary, uterine wall and testis. The abdominal and
diaphragmatic peritoneal surface was frequently scattered with
small neoplastic white nodules and, in two mice, injected with
4 x 10% C91/11I cells at 4 days of age, slightly hemorrhagic ascitic
fluid was also found in the peritoneal cavity. Furthermore, the
muscles surrounding the lumbar spinal column often appeared
infiltrated by whitish tumor tissue. Microscopically, mice showed
histological and cytological features indicative of lymphomatous
growth (Figure 1C); kidney, pancreas, liver and intestinal wall
were constantly infiltrated (Figures 1D-G). Neoplastic white
nodules or small metastatic cell embolic aggregates and single
neoplastic cells (Figure 1H) within capillaries were found
in the lung of 10 mice. Immunochemical staining of lung
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A TABLE 2 | Lymphoma induction by C91/PL-derived cells in Rag2~/~ys~/~ mice.
JUCCSTILLITTNON
y"‘ .."u C91/PL- Age of mice  No. of cells No. of positive Median
K C91/PL cells HFF "“ i.p. injected derived (days) injected mice/total No. latency
: QOG 0@ " @;%\ : HE=m— /‘“& cells of mice (Range, days)
‘o’ @ Q @ @\\_).: R 5
0,.. “‘0 Co1/l 4-5 1 x 10 0/4 -
@ 4-5 4 x 100 7/7 15 (12-34)
Cot/ll 4-8 4 x 108 15/15 17 (9-41)
J]ﬂ]]ﬂ]l 16 4 % 108 3/3 112 (61-112)
in vivo passage @ Q ) A 30 4 % 10° 3/7 138 (63-202)
/ -&va\ —a=H 08¢ Nphomats 30 4 % 108 3/6 34 (26-34)
@ mass in culture cot/il 5 1 x 108 2/3 52 (41-62)
€91/l cells 4-8 4 % 108 10/10 32 (17-62)

FIGURE 1 | Xenotransplantation of C91/PL-derived cell lines in
Rag2~/~y.~/~ mice. (A) Schematic representation of the in vivo
experiments. C91/PL cells intraperitoneally co-injected with human fibroblasts
into a 5-day-old Rag2~—/~vy,~/~ mouse lead to lymphoma development.

A fragment of the induced abdominal lymphomatous mass was processed
under sterile conditions and cultured in vitro to establish a C91/PL-derived
lymphomatous cell culture (C91/1). Injection of these cells into a
Rag2~/~y.~/~ mouse led to an aggressive Adult T cell Leukemia/Lymphoma
(ATLL)-like lymphoma. Additional in vitro/in vivo passages were done with the
establishment of two other lymphomatous cell lines (C91/1l and C91/Ill).

(B) Macroscopic view of lymphomatous masses developed in a mouse
injected with C91/Ill cells involving mesenteric nodes (white arrow) and the
liver hilum (green arrow). (C) Hematoxylin and eosin staining of formalin-fixed,
paraffin-embedded tissues shows tumor mass composed of pleomorphic
cells mixed with syncytial cells (white arrow) with giant nuclei; the green arrow
shows a pleomorphic cell with a giant nucleus. Original magnifications 400x.
(D-G) Lymphomatous infiltration of kidney pericapsular area, pancreas, liver,
and intestinal wall, respectively. Original magnification 200x. (H) Lung
parenchyma with small embolic metastasis; arrow indicates abnormal tripolar
mitosis. Original magnification 400x.

metastases to detect human CD25 (i.e., IL-2 receptor alpha
chain) showed the presence of a consistent number of neoplastic
cells (Supplementary Figure S1). The spleen was free from
lymphomatous involvement, being characterized by erythroid
and myeloid hyperplasia of the red pulp.

These findings indicated that the highly tumorigenic capacity
acquired by C91/PL cells following co-transplantation with HFF,
and through in vitro/in vivo passages, is a stable and reproducible

property.

In Vivo Validation of the Supporting Role

of Fibroblasts

To further confirm the supporting activity exerted by fibroblasts,
a second set of experiments was performed. As the previously
tested Rag2™/~y.~/~ mice were no longer available in our
animal house (see section “Materials and Methods”), we used
brand new mice with identical knock-out genes (BALB/c
Ragz_/ ~y.~/~, BRG), but obtained from a different source and
with a well-defined, restricted microbiota, that were endowed
with high susceptibility to tumor xenoengraftment (Yamamoto
and Schiestl, 2014; Rosshart et al., 2017). The experimental setting
was identical to the previous one and two groups of six, 5-day-
old, BRG mice were similarly i.p. injected with C91/PL cells
alone (control group) or mixed with HFF in a 2:1 ratio. Mice
injected with HFF and C91/PL cells developed lymphoma as
did control mice injected with C91/PL cells alone (Figure 2A).
However, HFF co-inoculation significantly triggered lymphoma
development compared to control mice, with a twofold decrease
in survival time (log-rank test, p = 0.0168). The pathological
findings of mice developing lymphoma were substantially similar
to those observed in the first set of experiments.

Therefore, these data indicate that, in appropriate
hosts, C91/PL cells may per se induce lymphoma in
immunocompromised mice. However, HFF co-inoculation
exerts a significant enhancement of the oncogenic potential
of C91/PL cells in vivo, confirming the relevance of stromal
contribution in HTLV-1-mediated lymphomagenesis.

C91/l1ll Cells Efficiently Engraft in NSG
Mice

To further confirm the constitutive capability of C91/III cells to
induce lymphoma with high reproducible efficiency, a different
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FIGURE 2 | Kaplan—-Meier survival curves for mice injected with C91/PL cells,
C91/PL cells with human foreskin fibroblasts (HFF), or C91/Ill cells.

(A) Five-day-old BRG mice intraperitoneally injected with C91/PL cells and
HFF showed a statistically significant decrease in the survival time compared
to control mice injected with C91/PL cells (six mice per group).

(B) Engraftment of C91/Ill cells in NSG mice. Survival curves for 6-day-old or
4-week-old mice intraperitoneally inoculated with different doses of C91/IlI
cells (five mice per group). P-values reported in the figure were calculated by
the log-rank test; p-value in B refers to all pairwise comparisons and was
adjusted for multiple comparisons with Bonferroni correction.

mouse strain was employed. Therefore, mice of NSG strain
were ip. injected with C91/III cells. Figure 2B shows the
Kaplan-Meier survival curves for mice injected with C91/11I cells
at 6 days or 4 weeks of age (five mice each group). Six-day-old
mice injected with 4 x 10° cells had a median survival time
(33 days) similar to that of baby Rag2~/~y.~/~, and showed
at necroscopy diffused mesenteric lymphomatous masses; two of
them showed macroscopic lung metastatic nodules. Interestingly,
the same dose of C91/III cells induced lymphoma in all young
adult mice with a median survival time of 47 days. Moreover, even

atadose of 1 x 10° cells, all young adult mice died from a diffused
tumor, with a median survival time of 78 days. At necroscopy,
diseased mice showed abdominal tumor masses involving the
peritoneal and pelvic organs and frequent lung involvement.
These data show that CO9I/III cells, even in low dose,
engraft with high efficiency in NSG mice and induce an
aggressive lymphoma with a relative short latency in young
adult mice. Therefore, C91/1II cells xenotransplanted in the adult
NSG mouse setting might usefully be employed for preclinical
evaluation of drug candidates for ATLL lymphoma variant.

Characterization of the Tumorigenic
C91/lll Cell Line

Based on the results obtained in NSG mice, C91/III cells were
chosen as a representative tumorigenic cell line for further
characterization. Analysis of clonality showed an identical
monoclonal pattern in the rearrangement of the  and y chains
of the TCR gene in C91/PL and C91/III cells (not shown). STR
profile of C91/III cells further confirmed derivation from the
parental cell line (Supplementary Table S1). The presence of the
HTLV-1 provirus was confirmed by a qualitative standard PCR
using primer pairs specific for the tax region (not shown).

COI/II cells morphologically resembled C91/PL cells,
although the percentage of giant cells was higher (Figure 3A).
Phenotypic analyses did not disclose substantial differential
expression of surface markers (Table 3). C91/III cells were
all CD4+/CD25+ as the parental C91/PL cell line, they
expressed similar levels of CD5 and, at high intensity, the two
adhesion molecules CADM1 and CD54. C91/PL and C91/III
cells did not stain for stem cell markers (CD34, CD117, and
CD133). Intracellular staining for forkhead box P3 (FOXP3)
transcriptional factor was similar in the two cell lines.

Comparative qRT-PCR analysis of the viral transcript profile
in C91/PL and C91/III cells showed no significant variation in
the expression of the gag, env, and tax/rex mRNAs. In contrast,
all the transcripts coding for the accessory proteins showed a
marked increase in C91/III cells, ranging from 4-fold (p2lrex)
to 18-fold (p13). Statistical analysis showed that these differences
were significant (p < 0.05) except for HBZ Spl (p = 0.056)
(Figure 3B).

Characterization of the Secretory Profile
of C91/PL, C91/lll Cells, and HFF

To assess whether CO9I/III cells were characterized by a
differential profile of secreted soluble factors, we measured 45
cytokines, chemokines and growth factors in the supernatants of
both cell lines (Supplementary Table S2). The secretory profile of
C91/111 cells did not qualitatively differ from that of the parental
cell line, at least in the 45 soluble factors tested using the Luminex
technology. However, the release of 22 factors was quantitatively
altered in C91/III cells, as shown in Figure 4A. The amount of 21
soluble factors was significantly increased in C91/III cells, while
only one (IP-10/CXCL10) was reduced. Many of the upregulated
factors were direct pro-inflammatory cytokines (IL-la, IL-6,
TNFa) and o and B chemokines (Supplementary Table S2), able
to amplify the inflammatory response. Interestingly, the highest
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FIGURE 3 | Morphologic and viral characterization of C91/PL and C91/Ill cell lines. (A) Phase contrast images of C91/PL and C91/Ill cells in standard culture
conditions. The tumorigenic C91/Ill cell line showed a higher percentage of multinucleated giant cells. Original magnification 100x; Upper right-end side insert 200 .
(B) Profile of Human T cell Leukemia Virus type 1 (HTLV-1) transcripts. C91/1ll cells showed a statistically significant increase in the normalized copy number (NCN) of
all transcripts encoding the viral accessory proteins compared to C91/PL cells. NCN values were calculated by normalizing the absolute copy number of each
transcript for the copy number of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcripts. Values are the mean of three independent measurements
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increase was shown by IL-8/CXCLS8, a chemokine involved
in tumorigenesis through autocrine and paracrine signaling
responsible for the triggering of invasiveness, angiogenesis and
metastasis (Balkwill and Mantovani, 2001).

We also characterized the secretory pattern of HFF used
in our in vivo experiments (Supplementary Table S2). The
high release of many chemokines and IL-6 indicated that HFF
partially overlapped the secretory profile of “activated” fibroblasts
(Kalluri and Zeisberg, 2006). Among the growth factors, HGF,
BNGE, and VEGF-A were found in measurable amounts, while
EGE FGEF-2, and PDGEF-BB, which are other soluble mediators
secreted by activated fibroblasts, were not detected. Interestingly,

some of the factors released by C91/III cells showing the most
pronounced increase were characteristic of the HFF secretory
profile (Figure 4B) suggesting that C91/III cells might have
reinforced autonomous stimulatory activity, thus becoming
independent from the microenvironment support.

Analysis of the Crosstalk Between
C91/PL Cells and HFF

As HFF were found to trigger tumorigenesis of C91/PL cells,
we studied the impact of HFF on C91/PL cells in a co-
culture system. Results showed that co-cultivation with HFF
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TABLE 3 | Immunophenotypic characterization of C91/PL and C91/Ill cells.

Marker C91/PL cot/m
CD1a -2 _
cD2 - -
CD3 - -
CD4 ++++0 o/t
CD5 +H/+++ +H/+++
cp7 - -
CD25 4+ +H/+++
CD34 - -
cD117 - -
CD133 - -
CD54 -+ ++++
CADM1 -+ ++++
FOXP3 +++ +++

aNegative. b4 indicates that <25% of cells expressed the analyzed surface marker
by cytofluorimetric analyses; ++ indicates 25-60%,; ++-+ indicates 50-75%;
++++ indicates >75%.

significantly decreased the induced apoptosis in C91/PL cells
after 48 and 72 h of co-culture (Figures 5A,B). On the other
hand, HFF-co-cultured C91/PL cells showed proliferation rates
comparable to those of C91/PL cells, as assessed by CFSE labeling
(Figure 5C). Of interest, short-term and long-term co-culture
with HFF led to morphologic changes in C91/PL cells resembling
those of C91/11I cells (Figure 5D, see Figure 3A for comparison),
whereas immunophenotypic variations were not observed for the
periodically checked surface antigens (CD4, CD25, and CD54,
data not shown).

In vivo lymphomagenic activity was analyzed in 5-day-old
NSG mice injected i.p. with co-cultured C91/PL cells, which
showed a statistically significant reduction (log-rank test,
p =0.0005) in the survival compared to control mice i.p. injected
with C91/PL cells (Figure 5E).

On the other hand, no significant variation in the expression of
any of the viral mRNAs was detected (Figure 5F), suggesting that
the co-culture microenvironment does not have an impact on
either HTLV-1 rate of transcription or on the alternative splicing
pattern of viral mRNAs.

Interestingly, the secretory pattern of co-cultured C91/PL
cells was similar, albeit not identical, to that found in C91/III
cells (Supplementary Figure S2), with a statistically significant
increase in IL-8/CXCL8 and many other chemokines. Among
pro-inflammatory factors, a significant increase was evidenced
for TNFa, whereas IL-1o and IL-6 were augmented but not at
a statistically significant level.

To assess the relevance of the paracrine crosstalk between
C91/PL cells and HFF, two soluble factors were measured after 3
and 10 days of co-culture in direct contact or in transwell inserts.
Transwell co-culture induced an increase, even though less
pronounced, in secreted IL-8/CXCL8 and TNFa (Supplementary
Figure S3), suggesting that soluble crosstalk is also implicated in
this heterotypic cell interaction.

On the whole, these data indicated that HFF may increase
the survival of C91/PL cells in vitro and may contribute to

the induction of morphological and secretory changes similar
to those of C91/1II cells. Most importantly, co-cultured C91/PL
cells were much more tumorigenic compared to the parental
cells when injected into baby NSG mice. On the other hand, the
remarkably overlapping viral expression patterns of C91/PL cells,
with or without HFE, argue against a role of viral genes in the
in vivo more aggressive behavior of co-cultured C91/PL cells and,
likely, of C91/III cells.

DISCUSSION

To recapitulate ATLL pathogenesis in vivo, transgenic and
humanized mouse models have been developed. Tax-transgenic
mice mainly developed arthropathy and other inflammatory
disorders (Iwakura et al., 1991; Yamamoto et al., 1993; Saggioro
etal., 1997) or solid tumor (Hinrichs et al., 1987; Nerenberg et al.,
1987) and leukemia (Grossman et al., 1995; Hasegawa et al., 2006;
Ohsugi, 2013), depending on the promoter used. HBZ-transgenic
mice develop not only T-cell lymphoma but also systemic chronic
inflammation after a long latency period and with low/variable
incidence (Satou et al., 2011). Thus, transgenic mice are useful
tools to investigate the activities of the Tax and HBZ proteins
but are limited in that the resulting phenotypes are dependent
on a given promoter and the functions of other viral products are
missing.

Further ATLL models exploiting the humanized mice
were recently developed, based on immunodeficient animals
transplanted with human hematopoietic stem cells from cord
blood or fetal liver, thus able to reconstitute a human
immune system permissive to HTLV-1 infection. Villaudy et al.
(2011) generated humanized mice by intrahepatic engraftment
of human cord blood CD34" cells into Rag2~/~y./~
mice. During thymocyte maturation, these mice were infected
with intraperitoneal injection of irradiated MT-2 cells as
virus donors. Some of the animals, after a long latency,
showed pathological signs resembling the lymphoma variant
of ATLL. A different clinical presentation was achieved
in HTLV-1-infected humanized NOG mice (Tezuka et al,
2014), showing ATLL-like leukemogenesis, characterized by
leukocytosis, hepatosplenomegaly, high plasmatic levels of
cytokines and sporadic appearance of flower cells in peripheral
blood. The humanized mouse model, although promising for
investigating the natural history of HTLV-1 infection and
the host-specific immune response, critical steps for eventual
development of ATLL, is however not easily achievable because
of the rather complex procedures including the ethics committee
evaluation for the use of human primary hematopoietic stem cells
and fetal tissues.

Engraftment of in vitro HTLV-1-infected and immortalized T
cells gave variable results in SCID mice, depending on which cell
line was tested (Feuer et al.,, 1993; Imada et al., 1995), and was
shown to be facilitated by abrogation of the host NK function
obtained through irradiation or treatment with an anti-asialo
GM1 antibody (Ishihara et al., 1992; Feuer et al., 1995).

Subsequent experiments on xenotransplantation of
in vitro HTLV-1-transformed T cell lines or peripheral blood
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FIGURE 4 | Soluble factors differentially released by C91/IIl cells. (A) Data are reported as ratio between the mean of the values, expressed in pg/mL/108 cells,
measured in the supernatants of C91/Ill cells and in the supernatants of C91/PL cells; standard deviations of the ratio are calculated according to the theory of error
propagation (Calabro et al., 2009). Only significantly different soluble factors are shown, and statistical significance is referred to the comparison of the concentration
values between the two cell lines, calculated by two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. (B) The figure schematically shows that some of
the soluble factors increased in the lymphomagenic cells belong to the HFF secretory profile, suggesting that C91/Ill cells acquired an autocrine stimulatory loop,
becoming independent from HFF support.

mononuclear cells from HTLV-1-infected asymptomatic carriers
in mice with various degrees of immunodeficiency confirmed
that lack of innate immunity is crucial for a favorable neoplastic
infiltration and/or outgrowth (Liu et al., 2002; Takajo et al., 2007).

This finding is consistent with the beneficial effect exerted by
alloreactive donor NK cells, generated following hematopoietic
stem cell transplantation, on the clinical outcome of leukemia
patients (Gismondi et al., 2015).
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percentage of Annexin V—positive cells in two different co-cultures and the standard deviations (SD) of the ratio are calculated among four different experimental
groups. Data are presented as mean + SD. SD of the ratio was calculated according to the theory of error propagation. Statistical significance was determined by
two-tailed Student’s t-test. *p < 0.05, **p < 0.01. (B) Flow cytometry analysis of Annexin V/Propidium lodide (PI) stained C91/PL cells cultured in standard
conditions (Upper) and in co-culture with HFF (Lower) at three different time points. A representative experiment is shown and the percentage of cells in each
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quadrant of the flow plots is provided. (C) Measurement of the in vitro proliferation of C91/PL cells cultured in the absence (Left) or presence (Right) of HFF. Cells
were labeled with carboxyfluorescein succinimidyl ester (CFSE) and analyzed with XL Epic cytofluorimeter after O h (red), 24 h (green), 48 h (blue), and 72 h (violet).
The shaded histogram shows the unlabeled cells. The plots show that co-culture with HFF does not affect the proliferation rate of C91/PL cells. Histograms
represent the data obtained in two independent experiments. (D) Phase contrast images of C91/PL cells after co-culture with HFF. Eight-week-co-culture with HFF
induced an increase in giant cells, thus resembling the C91/Ill cell line. Original magnification 100x. (E) Kaplan-Meier survival curves for 5-day-old NSG mice i.p.
injected with 4 x 106 C91/PL cells (seven mice) and with 4 x 10% co-cultured C91/PL cells (nine mice). A statistically significant reduction (log-rank test; p = 0.0005)

in the overall survival of mice injected with co-cultured cells was observed. (F) Analysis of HTLV-1 transcripts. Quantitative analyses of viral transcripts showed no
significant variation in any of the HTLV-1 mRNAs in co-cultured C91/PL cells compared to the C91/PL cell line, suggesting that the increased survival and in vivo
lymphoma induction acquired by co-cultured cells were not likely due to virus-encoded factors. Data are reported as described in Figure 3B.

Therefore, to focus on the influence of host microenvironment
other than immune cell components, BALB/c Rag2~/~y.~/~
and BRG (“excluded flora”) mice, characterized by
immunological dysfunction of T, B, and NK cells, were
employed in the present study. By injecting intraperitoneally
newborn mice with C91/PL cells together with HFF a significant
triggering of lymphoma development was observed in two sets of
experiments (Table 1 and Figure 2A). The different percentage of
mice developing lymphoma in the two series of experiments may
likely be explained by mouse intra-strain genetic background
variation (Eisener-Dorman et al, 2009) and/or different gut

microbiota (Yamamoto and Schiestl, 2014; Rosshart et al,
2017). Unfortunately, experiments could not be continued in
the Rag2™/~y.~/~ mice first employed in our experiments, as
these animals are no longer available. C91/PL-derived cell lines
were further established, which consistently induced neoplastic
infiltration when injected alone in newborn and young adult
RagZ_/ _yc_/ ~ and NSG mice (Table 2 and Figure 2B). This
indicated that a stable and highly tumorigenic capacity was
acquired by C91/PL cells following co-transplantation with
HFF and subsequent in vitro/in vivo passages. Immunodeficient
mice xenotransplanted with C91/I, C91/1I, and C91/III cell lines
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exhibited lymphomatous masses diffused to lungs, abdominal
and pelvic organs, reminiscent of the lymphoma variant of ATLL
(Figure 1). Their engraftment efficiency was more reproducible
and shorter in latency than that exhibited by the parental C91/PL
cells. Interestingly, the frequent lymphomatous involvement of
lungs in mice injected with C91/II and C91/III cells indicates an
increased lung tropism, a peculiar feature of ATLL cells. In fact,
pulmonary chronic inflammatory lesions were described in about
30% of HTLV-1 carriers and lung lymphomatous infiltration was
observed in 45% of ATLL patients (Yoshioka et al., 1985; Okada
et al., 2006).

The role of stromal microenvironment, and particularly of
fibroblasts, its major cellular component, on tumor induction
has been extensively documented in epithelial cancers, leading to
the notion that fibroblasts exhibit a bimodal effect (Bhowmick
et al,, 2004; Kalluri and Zeisberg, 2006). In the initial phase
of tumorigenesis, they constrain the oncogenic conversion by
remodeling the stromal architecture, while in later stages they
promote tumor progression and invasiveness, engaging an
active crosstalk with the cancerous cells (Marsh et al., 2013;
Heneberg, 2016). Complex crosstalk between bone marrow
microenvironment and leukemia cells has also been reported,
and therapeutic interventions targeting leukemia niches have
been proposed (Jin et al., 2008; Zhang et al., 2012). Similarly,
lymphoma cells may interact with stromal components to acquire
a more aggressive and invasive behavior. In the setting of
ATLL, co-culture of clinical samples of ATLL cells, in vitro
HTLV-1-transformed and ATLL-derived cell lines with murine
bone marrow stromal cells supported the growth of primary
ATLL cells as well as established cell lines (Nagai et al., 2008).
The proliferative enhancement was paralleled by downregulation
of Tax, while the expression level of HBZ gene remained
unchanged (Nagai et al, 2008). Kinpara et al. (2009) also
found that co-culture of ATLL-derived or HTLV-1-transformed
T cells with human epithelial-like cells (HEK293T cells) or
with murine NIH3T3 fibroblasts did suppress viral p19 and gag
mRNA, and this effect, albeit reversible, was mediated by IFN-
a and IFN-B. ATLL cell lines and primary ATLL cells, after
short-term co-culture with epithelial-like cells were found to
be protected from apoptosis, became quiescent and acquired a
cancer stem cell-like phenotype (Miyatake et al., 2013, 2015). All
these findings highlight the relevant impact of microenvironment
in ATLL pathogenesis, indicating that stromal signaling may
contribute to the establishment of viral latency as well as
may induce in vitro a more aggressive neoplastic phenotype.
In the present study we show the role of human primary
fibroblasts in T-cell lymphomagenesis using an in vivo preclinical
setting.

Preliminary characterization of the lymphomagenic C91/I1I
cell line, derived from the parental C91/PL cells, did not show
relevant phenotypic changes (Table 3), but the analysis of
its secretory repertoire indicated that mechanisms involved in
epithelial cancers may also apply to ATLL. Indeed, a relevant
role in lymphomagenesis is played by cytokines and chemokines
which provide a milieu favorable to tumor growth and a
signaling path for cell migration and tissue invasion (Hsu et al.,
1993). The disseminated nature of the neoplasia developed in

C91/I1I-injected mice was paralleled by a substantial alteration
in the secretory profile of these cells, mainly characterized
by the significant increase of several soluble factors, most of
which equipped with a direct (IL-1a, IL-6, TNFa) or indirect
(mainly chemokines) pro-inflammatory activity (Figure 4). The
major fold increment was found in IL-8/CXCL8, an important
mediator for tissue infiltration (Balkwill and Mantovani, 2001).
Remarkably, some of the factors increased in C91/III cells also
belonged to the secretory profile of ATLL cells (Yamada et al.,
1996) as well as of HFE, and are known to facilitate tumor
progression in vivo (Davalos et al., 2010). These data suggest that
C91/1II cells may autonomously induce a pro-inflammatory-like
status that, through autocrine and paracrine loops, is able
to promote tumorigenesis and organ infiltration. Interestingly,
the in vitro crosstalk of C91/PL cells with HFF led to
the acquisition of a pro-inflammatory secretory phenotype
similar to that observed in the tumorigenic CO91/III cells
(Supplementary Figure S2). HFF-co-cultured C91/PL cells not
only changed their turn over, acquiring resistance to induced
apoptosis (Figures 5A,B) but, most importantly, acquired an
enhanced lymphomagenic capability upon xenotransplantation
(Figure 5E).

Transwell experiments also demonstrated a moderate increase
in IL-8/CXCL8 and TNFa secretion, thus suggesting that, in
addition to cell-to-cell contact, soluble factors play a role in
the heterotypic cell interaction (Supplementary Figure S3).
However, it should be mentioned that in vivo preliminary
experiments by co-injection of conditioned medium from HFF
with C91/PL cells failed to increase cell tumorigenesis (data
not shown). Additional studies are needed to further confirm
that HFF-secreted factors are not sufficient per se to modify the
in vivo behavior of C91/PL cells. The overall increase in the
expression of all viral accessory mRNAs observed in C91/III
cells (Figure 3B) might suggest the acquisition of defective
proviruses during the process of clonal evolution of these cells,
and denotes another feature reminiscent of ATLL cells in vivo
(Ohshima et al., 1991). However, HFF-co-cultured C91/PL cells
showed no significant differences in the viral transcriptional
profile (Figure 5F), suggesting that the increased tumorigenicity
of co-cultured cells, and likely of C91/1II cells, is not driven by
viral factors.

Evolutionary models of cancer development imply the
existence of silent precursor cells from which, through a
stepwise process of accumulation of somatic mutations,
aggressive malignancies eventually rise (Greaves, 2015). Actually,
persistence of the pre-leukemic precursors, carrying a founder
mutation, albeit not malignant per se, has recently been
demonstrated in acute leukemia (Shlush et al., 2014). In the
ATLL setting, it may be envisaged that the insertion of the
HTLV-1 DNA provirus in the genome of T cells constitutes
the “founder” mutation conferring them the properties of
persistent, pre-malignant ancestors, which, upon additional
favorable forces, may ultimately reach full oncogenic capacity.
A well-known similar condition is represented by the long life
persistence of B cells immortalized by the Epstein-Barr virus
from which lymphomas may develop in immunosuppressed
subjects.
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CONCLUSION

The finding that fibroblasts possessing an activated-
like, pro-inflammatory secretory phenotype enhance the
tumorigenesis of C91/PL cells throws light on the triggering
activity of the host microenvironment on HTLV-1-linked
lymphomagenesis. More work is needed to clarify the basis
of this triggering effect as well as to reveal whether genetic
and epigenetic changes, produced within the HTLV-1-
immortalized T cells, share the responsibility for full-blown
malignancy.

Furthermore, our results show that the C91/IIT cell line,
originating from a long-term in vitro HTLV-1-immortalized T
cell line, is endowed with a highly reproducible lymphomagenic
capacity in NSG mice that may be exploited as a simple
murine preclinical model to investigate in vivo the efficacy
of therapeutic interventions against the lymphoma variant of
ATLL.
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Human T cell lymphotropic virus type 1 (HTLV-1) infection can lead to development of
adult T cell leukemia/lymphoma (ATL) or HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP) in a subset of infected subjects. Understanding the interaction
between host and HTLV-1 and the molecular mechanisms associated with disease
pathogenesis is critical for development efficient therapies. Two HTLV-1 genes, tax and
HTLV-1 basic leucine zipper factor (HBZ), have been demonstrated to play important
roles in HTLV-1 infectivity and the growth and survival of leukemic cells. Increased
HTLV-1 Tax expression induces the expression of various cellular genes such as IL-2 and
IL-15, which directly contributes to lymphocyte activation and immunopathogenesis in
HAM/TSP patients. However, little is known about the molecular and cellular mechanism
of HBZ in development of HAM/TSP. It has been reported that HBZ mRNA expression
was detected in HAM/TSP patients higher than in asymptomatic carriers and correlated
with proviral load and disease severity. Unlike HTLV-1 tax, HBZ escapes efficient anti-
viral immune responses and therefore these reactivities are difficult to detect. Thus, it is
important to focus on understanding the function and the role of HTLV-1 tax and HBZ in
disease development of HAM/TSP and discuss the potential use of these HTLV-1 viral
gene products as biomarkers and therapeutic targets for HAM/TSP,

Keywords: HTLV-1, HAM/TSP, Tax, HBZ, neuroinflammatory disease

INTRODUCTION

Human T lymphotropic virus type 1 (HTLV-1) is the first human retrovirus discovered belonging
to the deltaretrovirus family and is thought to infect approximately 10-20 million people
worldwide (Poiesz et al., 1980; de The and Bomford, 1993). Several highly endemic areas for
HTLV-1 are known in the world such as southern part of Japan, the Caribbean, North and
South America, Central and West Africa, and foci in Middle East, Australia and Melanesia
(Gessain and Cassar, 2012). HTLV-1 has been demonstrated to be the etiological agent of an
aggressive mature T cell malignancy termed adult T cell leukemia (ATL) (Uchiyama, 1988)
and a chronic, progressive neurological disease termed HTLV-1-associated myelopathy/tropic
spastic paraparesis (HAM/TSP) (Gessain et al., 1985; Osame et al., 1986). Although the majority
of infected individuals are asymptomatic carriers of the virus, approximately 0.25-3.8% of
infected individuals develop HAM/TSP. HAM/TSP is clinically characterized by progressive lower
extremity weakness, spasticity, and bladder/bowel sphincter dysfunction (Umehara et al., 1993).
The disease development of HAM/TSP mainly occurs in adults, with a mean age at onset of
40-50 years, which is more common in women than in men (Yamano and Sato, 2012). The
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disease usually progresses slowly without remission, but the
clinical course and rate of progression may vary greatly
among patients (Yamano and Sato, 2012). HAM/TSP is also
characterized by perivascular inflammatory infiltrates in the
brain and spinal cord (Umehara et al, 1993; Aye et al,
2000). In early stages of HAM/TSP, infiltrating CD4" and
CD8" lymphocytes are present in the inflammatory lesions
in the spinal cord while CD8' T cells are predominantly
detected in the chronic inflammatory lesions of patients with
longer duration of disease (Umehara et al., 1993). The spinal
cord is associated with a chronic inflammatory process with
marked parenchymal exudation of inflammatory cells in both
the gray and white matter, initially causing lower thoracic cord
atrophy with extensive lateral and posterior column involvement
(Iwasaki, 1990). As the disease progresses, axonal loss and
degeneration in the form of myelin pallor is severe in the
white matter and increases throughout the entire cord (Iwasaki,
1990). Recent studies of measuring spinal cord cross-sectional
areas in HAM/TSP patients by magnetic resonance imaging
(MRI) revealed that HAM/TSP patients had more atrophic
cords compared to ACs and healthy normal donors, which
was associated with disease duration (Liu et al.,, 2014; Azodi
et al., 2017). In HAM/TSP patients who present with rapid
progression, spinal cord atrophy has been demonstrated to
begin in the thoracic cord and progress to the cervical cord
(Azodi et al., 2017). A higher HTLV-1 proviral load (PVL) is
frequently observed in the blood and the cells from cerebrospinal
fluid (CSF) of HAM/TSP patients than ACs (Nagai et al.,
2001b). High levels of antibodies against HTLV-1 antigens are
present in blood and CSF (Gessain et al., 1985; Osame et al.,
1986). Intrathecal HTLV-1-specific antibody production provides
additional data to support the diagnosis of HAM/TSP. Thus,
chronically activated immune responses against HTLV-1 and
infiltration of inflammatory cells including HTLV-1 infected cells
into the central nervous system (CNS) have been suggested to
underlie the pathogenesis of HAM/TSP.

Like other retroviruses, the HTLV-1 proviral genome has
structural genes, gag, pol, and env flanked by long terminal
repeat at both ends. HTLV-1 genome also contains a pX
region between env and 3’ LTR 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 5 LTR, but only HBZ
encoded on the minus strand of the provirus is transcribed from
the 3’ LTR. HTLV-1 expresses a transcriptional frans-activator
protein, Tax, which induce the expression of a various cellular
genes. Increased expressions of critical immune mediators
directly contribute to cell activation and proliferation observed
in HAM/TSP patients, suggesting that chronically activated
immune responses underlie the pathogenesis of this disorder
(Matsuura et al., 2010). There is also increasing evidence that
HBZ also plays a critical part in inflammation and pathogenesis
of HAM/TSP. In this review, we discuss the understanding of
the function and the role of HTLV-1 Tax and HBZ in disease
development of HAM/TSP and the potential use of these HTLV-1
viral gene products as biomarkers and therapeutic targets for
HAM/TSP.

HTLV-1 INFECTION AND HAM/TSP

HTLV-1 causes a persistent infection in humans and replicates
mainly through clonal expansion of the infected cells rather
than cell-free virus infection. HTLV-1 PVLs are significantly
elevated in HAM/TSP patients, compared to ACs, and is strongly
correlated with disease pathogenesis of HAM/TSP (Nagai et al.,
1998). Higher PVLs are detected in CSF than in peripheral
blood mononuclear cells (PBMCs) of HAM/TSP patients (Nagai
et al, 2001b; Araya et al, 2014; Brunetto et al., 2014). In
addition, PVL was significantly higher in CSF of HAM/TSP
patients than in ACs and HTLV-1-infected subjects with other
neurologic diseases (Puccioni-Sohler et al., 2007). HTLV-1 can
infect a wide range of human cell types including T cells,
monocytes, macrophages and dendritic cells (Hoffman et al,
1992; Koralnik et al, 1992; Koyanagi et al., 1993; Makino
et al., 1999; Hanon et al., 2000c; Enose-Akahata et al., 2008).
HTLV-1 provirus is predominantly detected in CD41 T cells
in vivo (Richardson et al., 1990) and has been associated with
leukemogenesis and reduced regulatory function of CD4" T
cells (Uchiyama, 1988; Yamano et al, 2005). In HAM/TSP
patients, CD4+TCD25™ T cells are the main reservoir for HTLV-1
(Yamano et al., 2004). Further studies revealed that high HTLV-1
PVL was detected in CD4"CD25TCCR4" T cells and the
frequency of IFN-y-producing CD4"CD25TCCR4™ T cells was
dramatically increased in HAM/TSP patients, which was found
to be correlated with disease activity and severity (Yamano et al.,
2009; Araya et al., 2014). In addition, it has been demonstrated
that abundant CD4TCCR4™ T cells which coexpressed the Thl
marker CXCR3 and produced T-bet and IFN-y were present
in CSF and spinal cord lesions of HAM/TSP patients (Araya
etal.,, 2014). High CSF PVLs is a strong biomarker of HAM/TSP
and HTLV-1-infected cells recruited into the CNS may alter the
inflammatory milieu in the CNS of HAM/TSP patients.

HTLV-1 PVL varies widely among HTLV-1-infected subjects,
but the PVL remains relatively stable within each subject. The
HTLV-1 genome sequence is also stable within and between
infected individuals. Integration of HTLV-1 was found to favor
genes, transcriptional start sites, and CpG islands (Doi et al,
2005; Derse et al., 2007). Comparison of proviral integration sites
between HTLV-1-infected subjects demonstrated that HTLV-1
integration might be more frequent in transcriptionally active
areas of the genome in HAM/TSP patients than in ACs and
that frequent integration into transcriptionally active area of
the genome was associated with an increased rate of Tax
expression (Meekings et al., 2008). Moreover, a larger number
of unique insertion sites, but not a difference of clonality, was
detected in HAM/TSP patients than in ACs (Gillet et al., 2011).
Interestingly, the majority of spontaneous Tax expressing cells
corresponded to the large number of low abundance clones,
rather than a small number of high abundance clones (Melamed
et al., 2013), suggesting that 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. These
reports demonstrated that cells with HTLV-1 provirus integrated
near transcriptionally active areas could establish and expand
more frequently in HAM/TSP patients, which would influence
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expression of HTLV-1 gene products and further contribute to
the development and pathogenesis of HAM/TSP.

MOLECULAR PATHOGENESIS OF TAX IN
HAM/TSP

Tax is a transforming and transactivating protein of HTLV-1 and
induces the expression of a variety of cellular genes by activation
of the NF-kB and CREB/ATF pathways (Matsuoka and Jeang,
2011). HAM/TSP patients showed the spontaneous increase of
tax mRNA and Tax protein expression in PBMCs after ex vivo
culture without any exogenous stimulators that peaks at 12-24 h
(Hanon et al., 2000a; Yamano et al., 2002). The expression of
tax mRNA was significantly higher in HAM/TSP patients than
in ACs (Yamano et al.,, 2002). Tax is prominently associated with
dysregulation in immune cells of HAM/TSP patients, underlying
many of the characteristic immune abnormalities.

Regulatory CD4* T Cells (Tregs)

In HAM/TSP patients, CD4TCD25" T cells contain high
frequency of HTLV-1 proviral DNA, express HTLV-1 tax mRNA
at significantly higher levels than in CD4TCD25~ cells and
induces various cytokines including IFN-y (Yamano et al., 2004,
2009). CD4+TCD25% T cells, termed Tregs, that constitutively
express CD25 (the IL-2 receptor o chain) and are engaged in the
maintenance of immunologic self-tolerance by suppressing the
activation and expansion of self-reactive lymphocytes that may
cause autoimmune diseases (Sakaguchi et al., 2001). Although
CD47TCD25% T cells have an important role in suppression of
T cell activation both in vivo and in vitro, HTLV-1-infected
CD41CD25" T cells were not functionally suppressive but rather
were shown to stimulate the proliferation of HTLV-1 Tax-specific
CD8* T cells (Yamano et al., 2004). In HAM/TSP patients, the
forkhead box P3 (FoxP3), which is critical for the function of
Tregs, was decreased in CD4TCD25% T cells (Yamano et al.,
2005). When Tax was transduced in CD4TCD25" T cells isolated
from healthy volunteers, foxp3 mRNA expression as well as
regulatory function of the CD4TCD25% T cells was inhibited
(Yamano et al., 2005).

Other immune molecules related to Tregs were also
dysregulated by Tax in HAM/TSP patients. The pleiotropic
cytokine, transforming growth factor-p (TGF-B), play critical
roles in suppressing the immune response, such as inhibition
of inflammatory responses and promotion of Treg generation
and function (Wan and Flavell, 2007). Dysregulation of
TGEF-B signaling has been reported in HAM/TSP patients, due
to inhibition of TGF-p RII and Smad7 expression by Tax
(Grant et al., 2008). OX40 is a member of the TNF co-
stimulatory receptor family and is expressed on activated T
cells. Costimulatory signals from OX40 promote proliferation
and survival of effector and memory T cell population and
also suppresses the differentiation and activity of Tregs (Croft
et al., 2009). Tax has been demonstrated to transactivate OX40
(Higashimura et al., 1996). In HAM/TSP patients, OX40 was
expressed in CD4T T cells depending on Tax expression
after the culture (Saito et al, 2013). Higher levels of soluble

OX40 was detected in the CSF of HAM/TSP patients with
rapid progression, and OX40 was overexpressed in spinal
cord infiltrating mononuclear cells in a clinically progressive
HAM/TSP patient with a short duration of illness (Saito et al.,
2013). Thus, decreased Treg function may cause immune
dysregulation in HAM/TSP patients.

The Common y Chain Family of

Cytokines

The common y chain family of cytokines including IL-2, IL-7,
IL-9, IL-15, and IL-21 play an important role in lymphocyte
proliferation, survival and function during immune responses
and homeostasis. Tax has been shown to transactivate a number
of the common y chain family of cytokines and the receptors,
such as IL-2/IL-2R, IL-9, IL-15/IL-15R, and IL-21/IL-21R (Cross
et al., 1987; Siekevitz et al., 1987; Azimi et al.,, 1998; Mariner
et al., 2001; Mizuguchi et al., 2009). One of the most striking
features of the cellular immune response in HAM/TSP patients
is the increased numbers of memory and/or effector CD8"
T cells and also HTLV-1 Tax-specific cytotoxic CD8" T cells
(Jacobson et al., 1990; Nagai et al., 2001a). Since both IL-2
and IL-15 induce the proliferation and increase the cytolytic
activity of NK and CD8™ T cells, it has been suggested that IL-
2/IL-2R and IL-15/IL-15R autocrine loop may contribute to the
pathogenesis of HAM/TSP (Azimi et al., 1999). In particular,
IL-15 is critical for the development of NK cells and antigen-
specific memory CD8" T cells and is well characterized for its
role in maintaining memory pools of CD8™ T cells. In HAM/TSP
patients, IL-15 mRNA level is up-regulated in non-T cells isolated
from HAM/TSP patients and DC treated with HTLV-1 Tax
protein in vitro (Azimi et al., 1999; Ahuja et al., 2006). IL-15
expression was also rapidly enhanced on the surface of CD14™
cells in HAM/TSP patients after the PBMC culture, more than
those in ACs (Enose-Akahata et al,, 2008). In addition, high
expression of IL-15Ra has been reported in HTLV-1 Tax-specific
CD8™ T cells, compared with CMV pp65-specific CD8" T cells
(Azimi et al,, 2001). IL-15 stimulated HTLV-1 Tax-specific CD8*
T cells, but not CMV pp65-specific CD8" T cells, to induce
degranulation and IFN-y expression (Enose-Akahata etal., 2008).
Thus, the increase of the common g chain family of cytokines
and receptors in HAM/TSP patients may be involved in increased
proliferation and enhanced cytolytic activity and inflammatory
cytokine production of HTLV-1-specific CD8™ T cells.

Increased levels of cytokines and the receptors driven
by Tax further lead to upregulated protein expression and
activated signaling cascades, such as JAK/STAT (Waldmann,
2015). IL-2/IL-15 binding to the B/y chain complex results
in heterodimerization of their cytoplasmic domains with
activation of the Janus family tyrosine kinases, JAK1 and
JAK3 (in association with B and vy chain, respectively).
Activated JAK1 and JAK3 then phosphorylate signal transducer
and activator of transcription proteins STAT3 and STATS,
respectively, to mediate IL-2 and IL-15 effects in immune
cells (Waldmann, 2015). HAM/TSP patients showed increased
STAT5 phosphorylation in T cells, which was inhibited by
the blockade of IL-2Ra and IL-2/IL-15RB (Oh et al., 2011).
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These reports demonstrated that continuous stimulation driven
through HTLV-1 Tax may be associated with the pathogenesis of
HAM/TSP.

The Blood-Brain Barrier (BBB)

The CNS is normally protected from infectious agents by a
physiological structure called the blood-brain barrier (BBB),
which consists primarily of a continuous endothelium with tight
junctions. HAM/TSP develops upon infiltration of HTLV-1-
infected lymphocytes into the CNS, mostly within the thoracic
spinal cord. The tight junctions of the BBB endothelium in
HAM/TSP patients are locally disorganized (Afonso et al,
2007, 2008). Matrix metalloproteinase (MMP) is known as a
proteolytic enzyme, which is involved in degradation of many
different components of extracellular matrix and is critical
role in migration of leukocytes and damage of the BBB.
It has been reported that high level of MMP-2 and MMP-
9 was detected in the CSF and in infiltrating mononuclear
cells of HAM/TSP patients, suggesting that MMP-2 and
MMP-9 may cause disruption of BBB in HAM/TSP patients
(Umehara et al.,, 1998). Later, MMP-9, but not MMP-2, was
reported to be transactivated by Tax in HTLV-1-infected T
cells (Mori et al, 2002). HTLV-1 infection has been also
detected in astrocytes which interact with endothelial cells to
form the BBB and may potentially also function as antigen-
presenting cells (Lehky et al, 1995 Mendez et al, 1997).
The expression of Tax in primary human astrocytomas and
oligodendrogliomas resulted in robust induction of IL-la,
IL-18, TNF-a, TNF-B, and IL-6 expression (Banerjee et al,
2007). These results suggested that increased inflammatory
responses may cause disruption of BBB and the alteration
of the BBB integrity may allow T cells to transmigrate into
the CNS, resulting in neuroinflammation of HTLV-1-infected
subjects.

Recruitment and extravasation of T cells through the
BBB are favored by adhesion molecule-mediated interactions
of circulating T cells with endothelial cells. Tax has been
demonstrated to regulate cell adhesion molecules, such as
intercellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule 1 (VCAM-1) and cell adhesion molecule 1
(CADM1/TSLC1) (Valentin et al., 1997; Nejmeddine et al., 2009;
Manivannan et al., 2016). Activated leukocyte cell adhesion
molecule (ALCAM/CD166), a member of the immunoglobulin
superfamily, is overexpressed on the surface of HTLV-1-infected
lymphocytes, both in chronically infected cell lines and in
primary CD4TCD25% T cells from HAM/TSP patients (Curis
et al,, 2016). ALCAM expression was enhanced by Tax through
the activation of the canonical NF-kB pathway (Curis et al., 2016).
These results demonstrated that increase of ALCAM expression
might facilitate the migration of HTLV-1-infected lymphocytes
across the BBB endothelium.

Tax in CSF of HAM/TSP Patients

Although fax mRNA and Tax protein are rarely or undetectable
directly in fresh uncultured PBMCs of HAM/TSP patients, it
has been reported that HTLV-1 tax mRNA was detected in
cells of spinal cord and cerebellar sections, and HTLV-1 Tax

protein could be also detected in CSF cells of HAM/TSP patients
(Lehky et al., 1995; Moritoyo et al., 1999; Cartier and Ramirez,
2005). The increased expression of HTLV-1 Tax protein in
the CSF cells was more frequent in HAM/TSP patients with
shorter duration of illness (Cartier and Ramirez, 2005). The
presence of Tax protein in CSF might cause direct cell damage
and loss in the CNS or immune cells to activate and generate
Tax-specific immune responses in HAM/TSP patients. Axonal
degeneration in HAM/TSP patients occurs without HTLV-1
infection of neurons, suggesting that secreted Tax protein might
be involved. Tax from culture media of MT-2 and PBMCs of
HAM/TSP patients caused retraction of differentiated human
neuroblastoma cells (Maldonado et al., 2011; Medina et al.,
2014). Tax expression also sensitized primary astrocytomas to
apoptosis (Banerjee et al, 2007). These observations suggest
that the chronic Tax secretion from infected cells could be
sufficient for producing a neurotoxic effect on the long axons of
corticospinal tracts involved in progressive neurological disease.
Recent increasing evidences revealed that extracellular vesicles
called exosomes play critical roles in viral pathogenesis and
control of host immune responses to viral infection that deliver
these microvesicles that contain host and viral components,
including proteins, mRNA, and microRNA (Anderson et al,
2016). HTLV-1 has been shown to incorporate viral products
into shed exosomes. Jaworski et al. (2014) found exosomes
derived from HTLV-1-infected cells to contain Tax protein and
proinflammatory mediators as well as viral mRNA transcripts,
including Tax, HBZ, and Env. Once viral proteins or viral
mRNAs enter or are released from exosomes in the CNS,
these viral products might be able to stimulate or damage
resident cells in the CNS or sensitize uninfected target cells
for lysis by HTLV-1-specific CD8' T cells. These new findings
suggest that incorporation of viral proteins and mRNAs into
exosomes or alteration of host contents of immune cell derived
exosomes may represent a mechanism by which viral antigens
could be transported to the CNS and be associated with
axonal degeneration and virus-specific immune responses in
HAM/TSP.

MOLECULAR PATHOGENESIS OF HBZ
IN HAM/TSP

HBZ encoded by the minus strand of the HTLV-1 proviral
genome has been identified (Gaudray et al, 2002). While
about 60% of ATL patients do not express the tax gene
transcript in freshly isolated leukemic cells (Takeda et al,
2004), HBZ mRNA is ubiquitously expressed in HTLV-1-infected
cells, ATL cells and PBMC of HTLV-1-infected individuals
and promotes the growth and survival of the leukemic cells
(Satou et al., 2006; Usui et al., 2008). HBZ interacts with
CREB/ATF pathway, suppress Tax-mediated viral transcription,
and selectively inhibits the classical NF-kB pathway (Matsuoka
and Jeang, 2011). Previous in vivo studies also demonstrated that
HBZ expression enhanced HTLV-1 infectivity, T cell proliferation
and lymphoma (Arnold et al.,, 2006, 2008; Satou et al., 2011).
While it has been reported that HBZ plays a crucial role in
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HTLV-1 infectivity and the generation and maintenance of the
oncogenic process, there is less information about the role of
HBZ on the molecular and cellular mechanisms leading to
HAM/TSP.

Localization of HBZ

The expression of HBZ mRNA was detected in PBMCs of
HAM/TSP patients, which was significantly lower than in ATL
patients but higher than in AC (Saito et al., 2009). Intriguingly,
HBZ mRNA expression was correlated with PVL and disease
severity in HAM/TSP patients (Saito et al., 2009). It remains
unclear how expression of Tax (the plus strand transcription
is minimized) and HBZ (constitutively expressed from the
minus strand) is regulated in HTLV-1-infected cells, but there
is increasing evidence that HBZ expression is detected in
a different pattern or subset of CD4" T cells from Tax-
expressing CD4t T cells. It has been demonstrated that
high frequency of CD39TCD4" T cells regardless of CD25
expression were detected in HAM/TSP patients compared to
AC (Leal et al,, 2013). When Tax and HBZ expression was
examined in CD4" T cells expressing CD25 and CD39 of
HAM/TSP patients, HBZ mRNA expression was significantly
correlated with CD39TCD4% T cells while Tax expression
was restricted to CD25-expressing CD4™ T cells regardless of
CD39 expression (Leal et al., 2013). Moreover, a recent study
using single molecule RNA fluorescent in situ hybridization
targeted to the transcripts of tax or HBZ genes revealed that
tax mRNA expression was enhanced in the absence of HBZ
mRNA in patient-derived HTLV-1" T cell clones while HBZ
mRNA expression was increased in cells with high tax mRNA
expression (Billman et al, 2017). In addition, it has been
demonstrated that at the single cell level, HBZ mRNA was
expressed at much lower level, detected in more uniformly
across cells compared to fax mRNA, and was not expressed
in all T cell clones (Billman et al, 2017). These studies
suggested that HBZ expression might be compartmentalized
or cooperate with Tax expression in HTLV-1-infected T cells.
A recent study demonstrated that CTCE, a zinc-finger protein
and a key regulator of chromatin structure and function,
bound to HTLV-1 and formed loops between proviral and
host genes to regulate HTLV-1 proviral transcription and RNA
splicing (Satou et al., 2016). Further molecular virological
studies would be necessary to understand how the pattern
of proviral transcription and latency is regulated in HTLV-1-
infected individuals.

Unlike HBZ mRNA, HBZ protein was rarely detected in
HAM/TSP patients (Shiohama et al., 2016). Previously, higher
nuclear retention of HBZ mRNA and localization of HBZ
in the nucleus have been demonstrated (Hivin et al.,, 2005;
Rende et al., 2011), suggesting that HTLV-1 might favor viral
persistence by reducing HBZ translation to escape the infected
cells from HBZ-specific immune responses. However, HBZ
protein has been recently reported to be localized in the
cytoplasm of T cells depending on the expression of THEMIS
(thymocyte-expressed molecule involved in selection), a recently
identified T lineage-restricted protein (Kinosada et al., 2017).
HBZ interfered complex formation of THEMIS with Grb2 and

SHP-2, which resulted in inhibition of suppressive function of co-
inhibitory receptors, such as T cell immunoglobulin and ITIM
domain (TIGIT) and program death-1 (PD-1), and enhanced
activation of T cells (Kinosada et al., 2017). Localization of
HBZ protein was also reported in the cytoplasm of PBMCs
of HAM/TSP patients (Baratella et al., 2017). Interestingly,
HBZ protein is almost exclusively in CD4™" T cells irrespective
of co-expression of CD25 (Baratella et al., 2017). Thus, HBZ
expression may be compartmentalized or cooperate with Tax
expression in HTLV-1-infected CD4" T cells of HAM/TSP
patients and may allow the virus to evade the host immune
system. These findings of HBZ might shed light on a new
molecular basis for a role of HBZ in the pathogenesis of
HAM/TSP.

Inflammation by HBZ

As HBZ closely cooperates with Tax in many molecular
mechanisms (Matsuoka and Jeang, 2011), opposing functions
between HBZ and Tax have been also demonstrated in
both in vitro and in vivo studies. HBZ enhanced TGF-
B signaling and FoxP3 expression to induce Tregs from
naive CD4" T cells while Tax reduced TGF-B signaling
and FoxP3 expression in CD4"T T cells (Grant et al,
2008; Zhao et al, 2011). HBZ suppresses the IFN-y gene
transcription through inhibition of AP-1 and NFAT while
Tax activates the IFN-y gene promoter (Sugata et al., 2012).
Interestingly, HBZ transgenic (HBZ-Tg) mice develop both
T-cell lymphomas and chronic inflammation in lung and
skin (Satou et al, 2011). Currently, there is no report
that HBZ-Tg mice develop inflammatory neurologic diseases
and it remains unknown how tissue specificity of HTLV-1-
associated inflammatory diseases is determined, but similar
immunological features with HAM/TSP patients have been
demonstrated in HBZ-Tg mice. HBZ-Tg mice has been reported
to show the increased effector/memory CD4™ T cells while
effector/memory CD4™ T cells with high Tax-expression have
been exhibited in HAM/TSP patients (Hanon et al, 2001;
Satou et al, 2011). Further studies have demonstrated that
Tregs of HBZ-Tg mice tend to lose expression of FoxP3 and
Helios, leading to increased IFN-y-expressing proinflammatory
cells, associated with enhanced cell adhesion and migration
of CD4™ T cells of HBZ-Tg mice (Yamamoto-Taguchi et al,
2013). Importantly, decreased Helios expression and enhanced
cell adhesion molecules observed in HBZ-Tg mice were also
detected in CD4% T cells of HAM/TSP patients (Yamamoto-
Taguchi et al, 2013). In addition, the conserved non-coding
sequence 2 region of the Foxp3 gene was hypermethylated in
Tregs of HBZ-Tg mice, which is a characteristic of induced
Tregs (Yamamoto-Taguchi et al., 2013). HAM/TSP patients
also showed decreased demethylation of the Foxp3 gene in
CD4TCD25" T cells, compared to NDs, which correlated
with the decreased suppressive capacity of CD4TCD25" T
cells in HAM/TSP patients (Anderson et al, 2014). These
results suggested that HBZ may be able to convert into
the proinflammatory phenotype of HBZ-expressing T cells,
suggesting that HBZ plays an important role in the disease
process of HAM/TSP.
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IMMUNE RESPONSE AGAINST TAX AND
HBZ IN HAM/TSP

Tax-Specific Inmune Responses

Tax is an immunodominant antigen recognized by HTLV-1-
specific cytotoxic CD8™ T cells (CTLs) (Jacobson et al., 1990).
CDS8™ T cells play a crucial role in immunity against HTLV-
1 through their ability to secrete various factors that suppress
viral replication and kill infected target cells in HTLV-1-infected
subjects (Hanon et al., 2000b; Vine et al., 2004). However,
in HAM/TSP patients, the frequency of HTLV-1 Tax-specific
CD8' T cells were even higher in CSF than in peripheral
blood and were correlated with HTLV-1 PVL (Greten et al.,
1998; Kubota et al., 1998; Nagai et al.,, 2001b). A recent study
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 of HAM/TSP patients (Azodi
et al., 2017). Moreover, it has been demonstrated that HTLV-1
Tax-specific CD8' T cells as well as CD4" T cells expressing
HTLV-1 proteins were detected in the parenchyma of the
spinal cords, suggesting that the interaction between HTLV-1-
specific CTLs and HTLV-1-infected CD4% T cells may cause
bystander damages to resident cells in the CNS (Matsuura et al.,
2015).

While virus-specific antibodies play an important role
in the control of viral infections in the CNS, intrathecal
antibody synthesis appear to be associated with both protective
and pathogenic function in chronic infection and immune-
mediated diseases of the CNS. Intrathecal antibody synthesis
against HTLV-1 has been also confirmed by the presence
of HTLV-1-specific antibodies and oligoclonal IgG band in
CSF of HAM/TSP patients (Gessain et al., 1988; Grimaldi
et al,, 1988; Link et al,, 1989). Intrathecal antibody response
to HTLV-1 inversely correlates with higher PVL and a
worse prognostic outcome (Puccioni-Sohler et al., 1999).
Moreover, antibodies against two HTLV-1 viral products, Tax
and Gag p24, have been reported to cross-react with host
antigens, heterogeneous ribonucleoprotein A1 (hnRNP A1) and
peroxiredoxin-1 (PrX-1), respectively, suggesting that molecular
mimicry may play a role in the pathogenesis of HAM/TSP,
suggesting a role for molecular mimicry between an infectious
agent and the CNS (Levin et al, 2002; Lee et al, 2008).
Therefore, HTLV-1 Tax specific immune responses might
be immunopathogenic, rather than protective, in HAM/TSP
patients, due to high cytotoxicity, the production of inflammatory
cytokines such as IFN-y and TNF-a, associate with damage to the
CNS.

HBZ-Specific Inmune Responses

HBZ is also an immunogenic protein recognized by HBZ-specific
CTL clones (Suemori et al., 2009; Macnamara et al., 2010). HBZ-
specific CD8™ T cells are detected in AC and HAM/TSP patients,
and HBZ-specific CTL clones were able to lyse naturally infected

cells isolated from AC and HAM/TSP patients, but not ATL
patients (Suemori et al., 2009; Macnamara et al., 2010). However,
the binding affinity of HBZ peptides to HLA class I molecules
was found to be significantly weaker than that of peptides from
Tax, and the frequency of HBZ-specific CD8" T cells was very
low in peripheral blood (Macnamara et al., 2010; Hilburn et al.,
2011).

Antibody response against HBZ was detected in serum/plasma
of HTLV-1-infected subjects, but the frequency of the subjects
with anti-HBZ antibody was about 10-16% in ACs, ATL, and
HAM/TSP patients and did not discriminate between clinical
status (Enose-Akahata et al., 2013; Shiohama et al., 2016). In
addition, antibody responses against HBZ was detectable in the
CSF of HAM/TSP patients, but was not dramatically elevated,
suggesting that HBZ-specific antibody is not intrathecally
synthesized (Enose-Akahata et al., 2013).

It has been suggested that the low frequency and affinity
of HBZ-specific immune responses may be consequence of
the low expression and antigenicity of HBZ in infected cells.
Unlike Tax-specific immune responses, it might be difficult to
induce effective HBZ-specific immune responses in HAM/TSP
patients although the HBZ gene is constantly expressed while
the tax gene is sporadically transcribed. Thus, HTLV-1-infected
cells might be able to escape from host immune responses for
long periods and result in persistence of HTLV-1 in infected
individuals.

CONCLUSION

Both Tax and HBZ play critical roles in immune dysregulation
in HAM/TSP. However, it is still unknown how expression of
Tax and HBZ are regulated and how Tax and HBZ cooperate
in naturally infected cells. Therapies that control the expression
of HTLV-1 gene products might be effective in preventing
the development of HAM/TSP. In addition, effective regulation
or induction of HTLV-1 specific immune responses might
improve the prognosis of patients with this disorder. Further
studies will be necessary to identify the mechanism by which
HTLV-1 gene products or other factors including HTLV-1-
specific immune responses contribute to the pathogenesis of
HAM/TSP.
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Human T-lymphotropic virus type 1 (HTLV-1)-associated myelopathy/tropical spastic
paraparesis (HAM/TSP) is a rare chronic neuroinflammatory disease. While the disease
usually progresses slowly without remission, there is a subgroup of patients with rapid
progression and another subgroup with very slow progression. However, there have
been no reports to date that have successfully determined the criteria to differentiate
these subgroups. Therefore, we initially conducted a statistical modeling analysis to
explore representative patterns of disease progression using data from our nationwide
HAM/TSP patient registration system (“HAM-net”). The latent class mixed model
analysis on the retrospective data (n = 205) of disease progression measured by the
change in Osame Motor Disability Score from the onset of the disease to diagnosis
demonstrated three representative progression patterns of HAM/TSP. Next, to test
the effect of the progression rate at the initial phase of the disease on long-term
prognosis, we divided 312 “HAM-net” registered patients into three groups (rapid, slow,
and very slow progressors) based on the progression rate, then analyzed long-term
functional prognosis of each group using the Kaplan—-Meier method. Our data clearly
demonstrated that the rapid progression at the early phase of the disease is an important
poor prognostic factor. Moreover, to determine the biomarkers capable of discriminating
the difference in disease activity, we compared the value of potential biomarkers of
HAM/TSP among rapid (n = 15), slow (n = 74), very slow (n = 7), and controls (non-
HAM/TSP patients, n = 18). The cerebrospinal fluid (CSF) levels of neopterin and
C-X-C motif chemokine 10 (CXCL10) were the most valuable markers to discriminate
among rapid, slow, and very slow progressors. To differentiate between rapid and
slow progressors, the cut-off values of neopterin and CXCL10 were determined to
be 44 pmol/mL and 4400 pg/mL, respectively. Furthermore, to differentiate between
slow and very slow progressors, these values were determined to be 5.5 pmol/mL and
320 pg/mL, respectively. Notably, we found that CSF levels of these markers in very
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slow progressors were within the reference range. Thus, we propose a new classification
criteria for disease activity of HAM/TSP that may contribute to improving the treatment

algorithm for HAM/TSP.

Keywords: HTLV-1, HAM/TSP, classification criteria, disease activity, biomarker, neopterin, CXCL10

INTRODUCTION

Human T-lymphotropic virus type 1 (HTLV-1), the first
human retrovirus discovered (Poiesz et al., 1980), causes a
chronic neuroinflammatory disease termed HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP) (Gessain
et al., 1985; Osame et al., 1986). Infiltrated HTLV-1-infected cells
cause chronic spinal inflammation and spinal cord tissue damage,
which lead to HAM/TSP (Yamano and Sato, 2012; Bangham et al.,
2015). In patients with HAM/TSP, the most frequent symptom
is lower limb motor dysfunction, followed by bladder/bowel
dysfunction and sensory disturbance (Osame, 1990; De Castro-
Costa et al., 2006). Corticosteroids and interferon (IFN)-o are
currently available for the treatment of HAM/TSP. However,
there are no studies that support the need for stratified medicine
based on disease activity, and there is no definite treatment
algorithm for the use of therapeutic drugs (corticosteroids and
IFN-a).

There exists a wide variation in the progression rates of
HAM/TSP (Coler-Reilly et al., 2016), which suggests the need
for stratified medicine. Some studies have reported a subgroup
of patients with rapid progression and another subgroup with
very slow progression. One example of rapid progressors has
been reported in a Japanese study, in which 14 of 151 patients
(9.3%) deteriorated more than three grades of a motor disability
score within 2 years before initial examination (Nakagawa et al.,
1995). A study from Peru demonstrates that 34 of 158 patients
(21.5%) were rapid progressors who were unable to walk without
two canes within 2 years of disease onset (Gotuzzo et al., 2004).
A short communication from Brazil indicates that there were 7
of 88 patients (8%) with subacute progression, which is defined
as the need to use a wheel chair during the first 2 years after the
onset of symptoms (Lima et al., 2007). In an United Kingdom
cohort, 3 of 48 patients (6%) were unable to walk within 2 years
(Martin et al, 2010). A Martinique study also reports that a
subgroup of patients have a faster rate of progression (Olindo
et al,, 2006). In the United Kingdom cohort, as an example
of a subgroup of patients with very slow progression, 6 of 48
patients (12.5%) had little progression and deteriorated by only
0.3 s/10 m/year in a timed walk test (Martin et al., 2010). These
studies put into context the wide variation in the clinical course
of HAM/TSP patients and the need for a treatment algorithm
to allow physicians to accurately determine disease activity and
provide appropriate treatment. However, as mentioned above,
the definitions representing the subgroups have differed from one
researcher to another. There are no reports in which the clinical
course from the disease onset was classified by subgroups defined
by statistical methods.

In addition, because HAM/TSP progresses unremittingly, it is
necessary to identify disease activity markers that can estimate

the progression rate of HAM/TSP as early as possible. Several
biomarker candidates for disease activity have already been
identified. First, the level of proviral load in peripheral blood
mononuclear cells (PBMCs) correlates with the progression of
motor dysfunction and is associated with long-term prognosis
(Matsuzaki et al, 2001; Olindo et al, 2005). Next, cell
counts, anti-HTLV-1 antibody titer and protein levels in the
cerebrospinal fluid (CSF) were elevated in rapid progressors,
suggesting an association with progression of the disease
(Matsuura et al., 2016). Furthermore, the CSF levels of C-X-C
motif chemokine 10 (CXCL10) and neopterin, which are mainly
produced in IFN-y-stimulated astrocytes (Ando et al.,, 2013; de
Paula Martins et al., 2018), strongly correlate with the rate of
disease progression (Sato et al., 2013). However, there are no
biomarker studies to date that have successfully determined the
criteria for differentiating the subgroups with different disease
activity.

In this study, we aimed to develop a new classification criteria
for disease activity of HAM/TSP in order to provide appropriate
treatment based on disease activity. First, we classified “clinical
course from disease onset” of untreated HAM/TSP patients
without any distribution assumption by applying a chronological
change of motor disability to a mathematical model. Based
on the results, we defined the criteria in which patients were
divided into three groups. Next, we identified biomarkers
and their cut-off values for discriminating the three groups.
By summarizing the above results, we developed HAM/TSP
classification criteria for disease activity based on clinical course
and biomarkers.

MATERIALS AND METHODS

Ethical Considerations

The study was approved by the St. Marianna University
School of Medicine Bioethics Committee (clinical course analysis
using HAM/TSP patient registry data: Approval ID No. 2044,
biomarker analysis: No. 1646) and the Fukuoka University
Faculty of Medicine Bioethics Committee (biomarker analysis:
No. 14-2-08). Prior to the collection of blood or CSF samples, all
participants provided written informed consent permitting the
analysis of their samples for research purposes as part of their
clinical care.

Participants

For clinical course analysis, retrospective data from patients who
had enrolled in the Japanese HAM/TSP patient registry called
“HAM-net” were used (Coler-Reilly et al., 2016). There were
453 patients registered with “HAM-net” from March 2012 until
December 2015 (Figure 1). Survey data, including sex, age at
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TABLE 1 | Osame motor disability score.

Grade Motor disability

No walking or running abnormalities
Normal gait but runs slowly

Abnormal gait (stumbling, stiffness)
Unable to run

Needs handrail to climb stairs

Needs a cane (unilateral support) to walk
Needs bilateral support to walk

Can walk 5-10 m with bilateral support

0 N OO 0o WON <+ O

Can walk 1-5 m with bilateral support

©

Cannot walk, but able to crawl

—
o

Cannot crawl, but able to move using arms

-
—_

Cannot move around, but able to turn over in bed

-
N

Cannot turn over in bed

—
w

Cannot even move toes

onset, age at the onset of motor symptoms, age at diagnosis,
age at the time of the survey, Osame motor disability score
(OMDS) (Table 1), age at the time of deterioration in OMDS,
medical treatment history, Health assessment questionnaire-
disability index (HAQ-DI), family history of HAM/TSP and
adult T-cell leukemia/lymphoma (ATL), and blood transfusion
history were used for analysis. Among the 453 participants, 28
cases for which the above data were missing were excluded.
Therefore, 425 cases were included in the analysis (Arm A
shown in Figure 1) for preparing classification criteria based on
clinical course from onset. Among these cases, 312 HAM/TSP
patients (Arm B) who had at least 2 observations at different
time points were applied to Kaplan-Meier analysis, and 205
patients (Arm C) who had at least 3 observations at different
time points were applied to latent class mixed model (LCMM)
analysis. As shown in Table 2, there were no statistical differences
in age, sex, age at onset, or age at diagnosis among these three
groups. However, there were significant differences in OMDS
between Arm A and Arm C. The participants for biomarker
analysis were 96 HAM/TSP patients with clinical course data
and blood and CSF marker data obtained before treatment
and 18 control cases [asymptomatic carriers (n = 10) and
non-HTLV-1-infected non-inflammatory neurological disease
patients (n = 8)].

Measurement of Biomarkers

Peripheral blood mononuclear cells, serum and CSF samples
were prepared as described previously (Sato et al., 2013). Briefly,
PBMCs were isolated with standard procedures using Pancoll®
density gradient centrifugation (density 1.077 g/mL; PAN-
Biotech GmbH, Aidenbach, Germany). Serum was obtained
from venous blood samples by centrifugation after clotting.
CSF was obtained by lumbar puncture. A small amount of
CSF was used for routine laboratory tests, which included
total protein, glucose, and cell counts. The remaining CSF was
aliquoted into cryotubes and stored at —80°C until undergoing
further analysis. The serum concentration of soluble IL-2
receptor (sIL-2R) was determined using a chemiluminescent

‘HAM-net” registered patients
(Mar. 2012-Dec. 2015)
n=453

\ 4

All patients excluding cases
with missing data
n=425

ArmA

\4
Patients with OMDS data
over 2 time points
n=312
for Kaplan-Meier analysis

Arm B

A\ 4
Patients with OMDS data
over 3 time points
n=205
for LCMM analysis

ArmC

FIGURE 1 | Patient flow chart. There were 453 HAM/TSP patients registered
with the HAM/TSP patient registry “HAM-net” from March 2012 to December
2015. After excluding 28 cases missing survey data, the participants in this
study were 425 patients (Arm A). Among them, 312 HAM/TSP patients (Arm
B) who had at least 2 observations at different time points were included in the
Kaplan—-Meier analysis, and 205 patients (Arm C) who had at least 3
observations at different time points were included in the latent class mixed
model (LCMM) analysis. OMDS, Osame motor disability score.

enzyme immunoassay (LSI Medience Corporation, Tokyo,
Japan). HTLV-1 proviral load was measured using real-time
PCR, following DNA extraction from PBMCs, as previously
described (Yamano et al., 2002). The anti-HTLV-1 antibody
titer in CSF was determined using the gelatin particle
agglutination test (Serodia-HTLV-1; Fujirebio, Tokyo, Japan).
CSF neopterin level was measured using high-performance
liquid chromatography at a commercial laboratory (SRL Inc.,
Tokyo, Japan). CXCL10 in CSF was measured using a
cytometric bead array (BD Biosciences, Franklin Lakes, NJ,
United States).

Statistical Analysis

In order to explore representative patterns of disease progression
for HAM/TSP patients, the LCMM was applied to longitudinally
collected OMDS data. This method assumes the existence of
latent class, which affects the longitudinal trajectory of an
outcome variable under the given number of latent classes.
Specifically, we used the cumulative distribution function of
Beta distribution as a link function of this model, and 2-
5 latent classes were specified. The goodness of fit of the
model was evaluated by the Bayesian Information Criterion
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TABLE 2 | Demographics and clinical characteristics of “HAM-net"-registered HAM/TSP patients.

Participants for LCMM analysis Participants for Kaplan—-Meier analysis All registered patients p-value
n =205 n=312 n =425
Sex: Female 160 (78.0%) 240 (76.9%) 319 (75.1%) N.S.(
Age at onset* 417 £14.2 431 +£14.3 44,5 +14.7 N.S.(®
Age at diagnosis* 521 4+ 12.7 5244127 523+ 129 N.S.(®)
Age (at present**)* 62.3 + 10.1 61.7 £10.5 61.9+10.5 N.S.(0)
OMDS (range: 0-13)* 6.1 +2.41 6.4+2.3 6.7 +2.37 0.018®

Statistical methods: (a) By Fisher’s exact test (b) by analysis of variance and Tukey post hoc tests.

*Data are expressed as mean + SD.
**Present is defined as the time of the subject’s initial “HAM-net” interview.

T There is significant difference between OMDS in participants for latent class analysis and OMDS in all registered patients.

LCMM, latent class mixed model; OMDS, Osame motor disability score.

(BIC), and the model with the smallest BIC was the most
optimal. The analysis set was data from HAM/TSP patients
registered to “HAM-net” who had at least three observations at
different time points (Arm C shown in Figure 1). To exclude
treatment effects on OMDS, OMDS from onset to diagnosis
were analyzed. Additionally, time to deteriorating to OMDS
grade 6 for each group determined by LCMM analysis was
evaluated using Kaplan-Meier method followed by a log-rank
test. Median time to OMDS grade 6 was calculated for each
group. Calculations were performed using R' and the LCMM
package®. Fisher’s exact tests were used for comparison of
categorical variables. Analyses of variance and Tukey post hoc
tests were used for comparison of continuous variables. Kruskal-
Wallis tests followed by Dunn’s post hoc tests were used for
comparison among the four groups for biomarker analysis.
Jonckheere’s trend test was used to investigate whether each
marker had an increasing trend from the control group to
the rapid progressor group. Receiver operating characteristic
(ROC) analysis was performed to examine the sensitivity and
specificity of individual biomarkers. Optimal sensitivity and
specificity are defined as those yielding the minimal value
for (1 — sensitivity)2 + (1 — speciﬁcity)z. Statistical analyses
and graph composition were performed using R, IBM SPSS
Statistics Version 22 (IBM Corp. Armonk, NY, United States),
or GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA,
United States). All p-values were two-tailed, and the threshold of
significance was set at 0.05.

RESULTS

Classification of Clinical Course Patterns

LCCM was utilized to classify the patterns of “clinical course
from disease onset” of untreated HAM/TSP patients. The analysis
set for LCMM analysis consisted of data from 205 HAM/TSP
patients (Arm C shown in Figure 1). The scores of chronological
change of motor disability of each patient were used as input
data (Figure 2A) and applied to a mathematical model without
any distribution assumption. As shown in Figure 2B, when

http://cran.r-project.org
Zhttps://CRAN.R-project.org/package=lcmm

hypothesizing the clinical course patterns to 2, 3, 4, or 5, the BIC
were calculated as 1672.7, 1666.6, 1679.9, or 1693.3, respectively.
As the reliability of the model correlates to lower BIC, the
clinical course patterns subdivided to 3, was considered the
most appropriate (right upper graph in Figure 2B). To include
all patients who showed rapid progression, we defined rapid
progressors as those who developed OMDS grade 5 or above
within 2 years from the onset of motor symptoms. Determining
those who show little or no signs of progression despite a lack of
treatment (very slow progressors) is also clinically important, as
this group of patients could avoid unnecessary treatment. When
patients were divided into three groups, there were patients who
would eventually progress to OMDS grade 5 or above (data not
shown) even in the most indolent group (right upper graph in
Figure 2B). Therefore, we referred to the slowest progression
group when dividing patients into four groups (left lower graph in
Figure 2B), and defined the very slow progressor group as those
who were at or lower than OMDS grade 3 at 10 years from the
onset of motor symptoms. Those who did not meet the criteria
for either rapid progressors or very slow progressors were defined
as slow progressors.

Long-Term Functional Prognosis Based

on the Three Groups

To investigate whether the long-term prognoses of these three
groups were different, Kaplan-Meier analysis was used to
evaluate the time to progression from OMDS grade 2 to grade 6
in all three groups (Figure 3). The longitudinal data (including
treatment period) on the progression of OMDS in HAM/TSP
patients (n = 312; Arm B shown in Figure 1) were utilized in
the analysis. When Arm B was divided into the three groups
based on previously provided definitions, 42 (13.5%) were rapid
progressors, 249 (79.8%) were slow progressors, and 21 (6.7%)
were very slow progressors (Figure 3). The difference between
the time to progress from OMDS grade 2 to grade 6 in these three
groups (rapid, slow, and very slow progressors) was statistically
significant among the three groups (p < 0.0001). Furthermore,
the median time to progression from OMDS grade 2 to grade
6 was 4, 19, and 35 years, respectively. This shows that the
classification criteria based on the “clinical course from disease
onset” was successful in defining three groups with different
prognoses.
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FIGURE 2 | Latent class mixed model analysis. The graph (A) shows the chronological change of Osame motor disability score (OMDS) from the onset to diagnosis
in patients with HAM/TSP (n = 205), which was used as input data for latent class mixed model (LCMM) analysis. The graphs (B) show the representative
progression pattern of OMDS when we set 2-5 latent classes. The horizontal axis represents the elapsed years from onset. The vertical axis represents OMDS. BIC,
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FIGURE 3 | Kaplan—Meier analysis. Kaplan-Meier analysis to evaluate time
from Osame motor disability score (OMDS) grade 2 to deteriorating to OMDS
grade 6 for the following patient group defined by the difference of the clinical
course from onset: rapid progressors (red line), slow progressors (blue ling),
and very slow progressors (green line). The horizontal axis represents the
elapsed years from OMDS grade 2. The vertical axis represents percentage of
patients who have not reached OMDS grade 6. Numbers shown below the
graph indicate number at risk. Differences in the degree of progress among
the three groups were tested by log-rank test. Significance was defined as

p < 0.05.

Characteristics of the Three Groups

Table 3 shows the characteristics of all “HAM-net” registered
patients divided into the three groups (n = 425; Arm A shown
in Figure 1). Specifically, 15.5, 79.5, and 4.9% of the patients
composed the rapid, slow, and very slow progressor groups,
respectively. There were no differences in sex among the three
groups, but there were statistically significant differences in age
of onset, time to diagnosis, and duration of disease among the
three groups (all p < 0.001). To be specific, the more rapid the
rate of progression, the older the age at onset, and the shorter
the time to diagnosis and duration of disease. Furthermore,
there were differences in OMDS and HAQ-DI among the three
groups (p = 0.003 and 0.001, respectively), with the rapid
progressor groups demonstrating significantly higher scores in
both OMDS and HAQ-DI than the other two groups. There
were no significant differences among the three groups with
regard to initial symptoms and family histories of HAM/TSP
and ATL, but rapid progressors tended to carry less such family
history. There were also no significant differences among the
three groups with respect to transfusion histories, but the rapid
progressors tended to have higher rates of transfusion. This
result does not directly imply that there are a high number
of patients with HAM/TSP attributable to blood transfusion
in the rapid progressors group because the patients may have
already been infected before transfusion or they may have
been infected by horizontal transmission, independent of blood
transfusion.
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TABLE 3 | Clinical attributes of rapid, slow, and very slow progressors who were defined based on the progression pattern after the onset of HAM/TSP.

Group R Group S Group VS p-value Statistical Groups with
Rapid progressor Slow progressor Very slow methods significant
(n = 66, 15.5%) (n = 338, 79.5%) progressor difference
(n =21, 4.9%)
Sex: Female 51 (77.3%) 255 (75.4%) 13 (61.9%) N.S. (a)
Age at onset* 559 +11.7 43.0 £ 14.0 324 +14.5 <0.001 (b) R>S>VS
Age at diagnosis* 58.7 +11.0 51.1+129 51.0+ 135 <0.001 (b) R>S,R>VS
Age (at present™)* 65.6 + 9.2 61.2+10.6 62.1 +10.4 0.008 (b) R>S
Diagnosis delay (time from onset to 2.7 +43 8.1+82 18.6 £ 12.9 <0.001 (b) R>S8>VS
diagnosis)*
Disease duration (time from onset to 9677 18.2 £ 10.8 29.8 £ 10.0 <0.001 (b) R>S8>VS
present)*
Initial symptoms (inclusive)
Gait disturbance 8 (87.9%) 277 (82.0%) 18 (85.7%) N.S. (@
Urinary disturbance 21 (31.8%) 145 (42.9%) 7 (33.3%) N.S. (@)
Sensory disturbance (in legs) 0 (15.2%) 52 (15.4%) 2(9.5%) N.S. ()
Others 7 (25.8%) 99 (29.3%) 7 (33.3%) N.S. (a)
OMDS (range: 0-13)* 6.6 +23 56+22 54+15 0.003 (b) R>S R>VS
HAQ-DI (range: 0-3)* 1.4+0.6 11+07 1.0+0.5 0.001 (b) R>S,R>VS
Family history of HAM/TSPT: Yes 2 (3.0%) 36 (10.7%) 3 (14.3%) N.S. ()
Family history of ATL¥: Yes 2 (3.0%) 20 (5.9%) 1(4.8%) N.S. (@)
History of blood transfusion
Yes (anytime) 9 (28.8%) 61 (18.0%) 2 (9.5%) N.S. (@)
Yes, before 1986 6 (24.2%) 51 (15.1%) 2 (9.5%) N.S. (@)
Statistical methods: (a) By Fisher’'s exact test, (b) by analysis of variance and Tukey post hoc tests.
*Data are expressed as mean + SD, **present is defined as the time of the subject’s initial “HAM-net” interview.
TFamily history of HAM/TSP indiicates the subject has a first- or second-degree relative with HAM/TSP.
*+Family history of adult T-cell leukemia/lymphoma (ATL) indicates the subject has a first- or second degree relative with ATL.
N.S., not significant; OMDS, Osame motor disability score; HAQ-DI, health assessment questionnaire-disability index.
TABLE 4 | Trends for change in the values of candidate biomarkers from the control group to the rapid progressor group.
Jonckheere’s
Group R Group S Group VS Group C trend test
Rapid progressor* Slow progressor* Very slow progressor* Control* p-value
CSF neopterin pmol/mL 60 (46.5-75.5) 15.5 (7-29) 4 (8-4) 3 (2-3) <0.0001
CSF CXCL10 pg/mL 6128.5  (4836-12217) 1807.5  (543.8-5000.8) 246 (138-263.5) 138 (115-160.8)  <0.0001
CSF cell count cells/uL 15 (11.5-29) 4 (2-6) 1 (1-2.5) 1 (0.5-1) <0.0001
CSF glucose mg/dL 50 (48-60) 54 (51-60) 59 (57-68.5) 60 (63.3-63) 0.9976
CSF protein mg/dL 58 (45-92) 30 (27-36) 36 (27.5-41) 36.5 (26.75-48) 0.0081
CSF anti-HTLV-1 Ab titer 1536 (512-2048) 64 (32-256) 32 (832-32) (=)= <0.0001
Serum soluble IL-2R U/mL 761 (577.5-849) 568 (431-678) 349 (332.5-663) 208 (181-273) <0.0001
Proviral load in PBMC copies/100 cells 7.95 (8.62-9.87) 4.04 (2.47-5.60) 4.44 (1.91-19.35) 0.25 (0.16-1.41) 0.0018

*Data is expressed as median (interquartile range).**(—) indicates that the CSF anti-HTLV-1-antibody test in the normal control group was all negative.
CSF, cerebrospinal fluid; Ab, antibody; IL-2R, IL-2 receptor; PBMC, peripheral blood mononuclear cells.

Biomarker Analyses

Biomarker analyses were performed in 96 HAM/TSP cases in
which blood and CSF marker data using pre-treatment samples
were available and in 18 controls. The above 96 HAM/TSP
patients were divided into the three patient groups (rapid,
slow, and very slow progressors) defined by the difference
of the clinical course from onset. Using a trend test, we
investigated whether each of the eight candidate biomarkers
had an increasing trend from the control group to the rapid
progressor group (Table 4). All markers except CSF glucose had

significantly increasing trends from the control group to the
rapid progressor group. Next, we compared the eight candidate
biomarkers among the three groups of HAM/TSP in addition to
the control group (Figure 4). Consequently, CSF neopterin and
CSF CXCL10 demonstrated significant differences in all pairwise
comparisons among the three groups of rapid, slow, and very
slow progressors (Figures 4A,B). The other six markers did not
show statistically significant differences between slow and very
slow progressors (Figures 4C-H). Notably, between very slow
progressors and control participants, there were no statistically
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FIGURE 4 | Biomarker analyses. The following eight candidate biomarkers were compared among rapid progressors (R), slow progressors (S), very slow
progressors (VS), and controls (C): (A) cerebrospinal fluid (CSF) levels of neopterin, (B) C-X-C motif chemokine 10 (CXCL10), (C) cell count, (D) glucose, (E) total
protein, and (F) anti-HTLV-1 antibody titer; (G) serum level of soluble IL-2 receptor (sIL-2R); (H) proviral loads in peripheral blood mononuclear cells (PBMC). Data are
shown as a Tukey box plots: data are presented as median (interquartile range; IQR) and whiskers represent 1.5 IQR and black dots represent outliers. Statistical
analysis was performed using the Kruskal-Wallis test followed by Dunn’s post hoc test: ***p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; N.S., not significant;
Ab, antibody. (-) indicates that the CSF anti-HTLV-1-antibody test in normal control group was all negative.

significant differences in any of the markers, with the exception
of the CSF anti-HTLV-1 antibody titer. Regarding the antibody
titer, all patients in the very slow progressor group tested positive
for this antibody, whereas all 10 asymptomatic carriers in the
control group tested negative (Figure 4F). As shown in Table 5,
there were no differences among sex, but rapid progressors had
a tendency to be older than the other groups and controls had
a tendency to be younger than the other groups. Age of disease
onset and OMDS were compared among the three disease groups.
Age at onset was higher in the rapid progressors than in the other
groups, and OMDS was progressively lower in the order of rapid,

slow, and very slow progressors. This is similar to the results of
the overall analysis of all “HAM-net”-registered patients shown
in Table 3 and provides a good representation of the patients.

Determination of Cut-Off Values

Cerebrospinal fluid neopterin and CSF CXCL10 were both
significantly different among the three groups. An ROC analysis
was performed to evaluate the accuracy of the markers in
differentiating rapid from slow progressors and to determine the
cut-off values (Figure 5A). The areas under the curve (AUC) of
CSF neopterin and CSF CXCL10 were 0.93 and 0.82, respectively.
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FIGURE 5 | Determination of cut-off values. (A) Receiver operating characteristic (ROC) analysis was employed to evaluate the sensitivities and specificities of
cerebrospinal fluid (CSF) neopterin and CSF CXCL10 for discriminating rapid progressors from slow progressors. Greater proximity of the ROC curve to the upper
left corner indicates higher sensitivity and specificity of the marker. AUC, area under the ROC curve; 95% Cl, 95% confidence interval. (B) ROC analysis was
employed to evaluate the sensitivities and specificities of CSF neopterin and CSF CXCL10 for discriminating slow progressors from very slow progressors. (C) CSF
levels of neopterin and CXCL10 were compared among slow progressors, very slow progressors, and controls. The data are plotted on a logarithmic axis. Middle
horizontal bars show the arithmetic mean and the error bars show plus or minus one standard deviation (SD). Horizontal dashed lines indicate mean + 3SD (upper)
and mean + 2SD (lower) as reference values of each marker.

TABLE 5 | Demographics and clinical characteristics of HAM/TSP patients for biomarker analysis.

Group R Group S Group VS Group C p-value Statistical Groups with

Rapid progressor Slow progressor Very slow progressor Control* methods significant

(n=15) (n=74) (n=7) (n=18) difference
Sex: Female 12 (80.0%) 60 (81.1%) 3 (42.9%) 14 (77.8%) 0.1602 ()
Age (at present)** 67.0 £ 8.6 59.0 £10.3 59.1 £10.5 48.3 £13.1 <0.0001 (b) R>SR>C,S>C
Age at onset™* 63.9+9.4 44.0 £13.7 45.0 £12.3 - <0.0001 (b) R>S,R>VS
OMDS (range: 0-13)** 6.7 +1.9 54418 3.0+08 - <0.0001 (b) R>S>VS

Statistical methods: (a) By Fisher's exact test, (b) by analysis of variance and Tukey post hoc tests.

*Normal control group consists of healthy HTLV-1 carrier (n = 10) and non-HTLV-1-infected non-inflammatory neurological disease patients (n = 8), **Data are expressed
as mean =+ SD, TPresent is defined as the time of the sample collection.

OMDS, Osame Motor Disability Score.
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TABLE 6 | Proposed classification criteria for disease activity of HAM/TSP based on clinical course and biomarkers*.

Disease activity
motor symptoms

Criteria based on clinical course after the onset of

Criteria based on the biomarkers

CSF neopterin (pmol/mL) CSF CXCL10 (pg/mL)

High Rapid progressor: >44 >4400

Progression to OMDS grade 5 or greater within 2 years after

the onset of motor symptoms
Moderate Slow progressor: 6-43 320-4399

Patients who does not meet the definition of either rapid- or

very slow-progressor
Low Very slow progressor: <5 <320

Progression to OMDS grade 3 or less at least 10 years after

the onset of motor symptoms

*At the judgment of disease activity in individual patient, there is no need to meet all items, need to be judged comprehensively.

Both were higher than 0.8, therefore, demonstrating accuracy
as markers to differentiate the two groups. The optimal cut-
off value of CSF neopterin was 44 pmol/mL, which provided a
sensitivity of 80.0% and specificity of 93.2% for the detection of
rapid progressors. Similarly, the optimal cut-off for CSF CXCL10
was 4400 pg/mL with a sensitivity and specificity of 85.7 and
67.6%, respectively. Next, an ROC analysis to compare between
slow and very slow progressors was performed (Figure 5B). The
AUC were 0.95 and 0.89, respectively, again both higher than
0.8. The optimal cut-off for CSF neopterin was 5.5 pmol/mL
with a sensitivity of 83.8% and specificity of 100% to detect slow
progressors. Similarly, the optimal cut-off for CSF CXCL10 was
320 pg/mL, with sensitivity and specificity of 83.8 and 100%,
respectively.

As neither marker has a pre-existing reference range, we
attempted to determine a range using the values derived from
controls. When the reference value was set at the mean + 3
standard deviations (SD), the upper limits of normal values
of CSF neopterin and CSF CXCL10 were 6.7 pmol/mL and
405 pg/mL, respectively (Figure 5C). When these numbers
were utilized as cut-off values to differentiate between slow and
very slow progressors, CSF neopterin had a sensitivity of 77.0%
and specificity of 100%, while CSF CXCL10 had a sensitivity
of 79.7% and specificity of 100%. When the reference value
was set at the mean + 2SD, the upper limits of normal values
of CSF neopterin and CSF CXCL10 were determined to be at
5.5 pmol/mL and 319 pg/mL (~320 pg/mL), consistent with
previously derived cut-off value to distinguish between slow and
very slow progressors. With the sensitivity of both markers at
83.8% and the specificity of them at 100%, the reference values
set at mean + 2SD provided better sensitivity when compared to
the reference value set at mean + 3SD. Therefore, we concluded
that the reference value was best when set at the mean + 2SD,
as fewer slow progressors would be included in the normal
reference range.

DISCUSSION

In this study, we were able to classify HAM/TSP patients into
three groups based on the disease activity, which is assessed by

“progression rate of motor dysfunction after the onset of motor
symptoms” and “the concentrations of neopterin and CXCL10
in CSE.” Consequently, we propose a novel classification criteria
in which HAM/TSP patients were divided into the three groups
(High, Moderate, and Low) of the disease activity (Table 6).

The statistical pattern classification analysis using the
chronological OMDS data from untreated 205 HAM/TSP
patients demonstrated that the progression pattern after the onset
of motor symptoms was divided into three patterns (Figure 2).
This finding supported the existence of previously described
rapid progressors (Nakagawa et al.,, 1995; Gotuzzo et al., 2004;
Olindo et al., 2006; Lima et al., 2007; Martin et al., 2010) and
very slow progressors (Martin et al., 2010). Importantly, the
Kaplan-Meier analysis revealed that the long-term functional
prognoses were different in the three groups (rapid, slow,
and very slow) defined from results of pattern classification
(Figure 3), suggesting that the clinical course at the early stage
determines the subsequent prognosis. Rapid progressors had a
significantly poorer prognosis than the other patients. This data
clearly showed that the rapid progression at the early phase of
the disease is an important poor prognostic factor in HAM/TSP
patients. Such poor prognosis in rapid progressors might be
caused by a delay in diagnosis, inappropriate treatment when
diagnosed, ineffectiveness of treatment, and high disease activity.
Therefore, it is imperative to survey the actual conditions at
diagnosis and the treatment patterns for rapid progressors to
determine methods to improve their prognosis.

This study revealed that there was a very slow progressor
patient group among HAM/TSP patients. These patients were
OMDS grade 3 or lower 10 years from the onset of motor
symptoms, even in the absence of steroid treatment. This
category contained patients with low disease activity whose CSF
marker levels, which reflect spinal inflammation, were as low
as those of the control group, even in the absence of treatment
for HAM/TSP (Figures 4, 5C). They were also characterized by
a younger age of onset than seen in the other patient groups
(Table 3). Meanwhile, the rapid progressors were characterized
by high levels of spinal inflammatory markers and old age at
onset, consistent with previous reports (Figure 4 and Table 3)
(Nakagawa et al., 1995; Gotuzzo et al., 2004; Matsuura et al.,
2016). Since there have been some case reports about the rapid
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progression of HAM/TSP due to organ transplantation (Gout
et al., 1990; Toro et al., 2003), organ transplantation seems to
be one of the background factors for the rapid progressors. In
fact, of the 425 patients shown in Table 3, one with HAM/TSP
that was caused by renal transplantation was a rapid progressor.
In addition to transplantation, environmental factors (infection
route, co-infection status), host factors (genetic factors such as
HLA and gene mutation), and viral factors (viral gene expression
and mutation) are candidate background factors that characterize
the different disease activity of the three groups. In the future, we
will clarify the importance of each factor.

There are various limitations to determine the disease activity
based on the clinical course from onset. For example, there could
be difficulties in judging the disease activity in patients with a
short disease duration, or there may be a risk of overestimation
or underestimation depending on the degree of the patients’
complaints. To overcome these limitations, we further developed
a more objective biomarker-based classification criteria. To
date, several biomarker candidates to evaluate disease activity
have been reported (Matsuzaki et al, 2001; Olindo et al,
2005; Sato et al., 2013; Matsuura et al., 2016). In the present
study, among the eight candidate markers, both CSF neopterin
and CSF CXCL10 were identified as markers that clearly
distinguish the three groups with different disease activities.
Furthermore, the cut-off values dividing the three groups were
determined. The levels of two blood-derived markers (soluble IL-
2 receptor and PBMC HTLV-1 proviral load) were significantly
higher in HAM/TSP patients with rapid or slow progression
compared with asymptomatic carriers (Figures 4G,H), but
they could not distinguish among the three patient groups
with different disease activity. Thus, at the moment, CSF
tests are essential to determine disease activity. In addition,
it has been reported that the cell counts, protein levels,
and anti-HTLV-1 antibody titer in the CSF were elevated
in rapid progressors (Matsuura et al., 2016). These markers
showed significantly higher values in rapid progressors than
in slow progressors in the present study as well. However,
they showed no significant differences between slow and very
slow progressors. Therefore, these markers were insufficient for
classification criteria for disease activity. To be specific, when
using 5 cells/pL as the reference value for CSF cell counts
measurable in general practice, the sensitivity to detect slow
progressors was extremely low at 28.8% (data not shown). This
indicates that although CSF cell counts are within normal range,
most HAM/TSP patients are in an active and progressive phase.
This should be noted when evaluating the condition of these
patients.

PBMC HTLV-1 proviral load is elevated in patients with rapid
progression (Matsuzaki et al., 2001; Olindo et al., 2005) and is
weakly but significantly correlated with CSF levels of neopterin
and CXCL10 (Sato et al., 2013). Therefore, HTLV-1 proviral load
was a candidate marker to divide patients into three groups
with different disease activity. In the present study, HTLV-1
proviral load tended to be elevated in rapid progressors (Table 4).
However, there were no statistically significant differences in
HTLV-1 proviral load among the three groups (Figure 4H). This
may be due to the small sample size and the fact that the slow

and very slow progressor groups included patients with a high
proviral load (Figure 4H). Interestingly, the number of IFN-
y-producing infected T cells is more correlated with disease
activity than with the proviral load itself (Yamano et al., 2009).
Additionally, it has recently been found that a certain percentage
of HAM/TSP patients have increased ATL-like infected cells
(CADM1+CD7- CD4 T-cells) (MN et al. unpublished data).
This evidence suggests that HTLV-1-infected clones that reside
in one HAM/TSP patient do not necessarily consist only of
pro-inflammatory clones that contribute to the disease activity
of HAM/TSP. Thus, to evaluate the disease activity using the
number of infected cells, methods for evaluating the amount of
proinflammatory clones rather than the proviral load itself must
be created.

The results of this study suggest that CSF levels of neopterin
and CXCL10 are not only biomarkers for evaluating disease
activity, but also may be candidate biomarkers for drug response
or surrogate markers reflecting a long-term functional prognosis
that should be the true endpoint of HAM/TSP. This is likely,
given that corticosteroid therapy decreases CSF neopterin levels
(Nakagawa et al., 1996; Nagai et al., 2013) and appears to
decrease CSF CXCL10 levels as well (unpublished data). Because
levels of these two markers reflect disease activity and are
related to the progression rate of HAM/TSP, the decrease in
their levels after treatment is expected to provide a decrease in
the progression rate of HAM/TSP and to predict an improved
prognosis. Interestingly, a multicenter retrospective cohort study
indicates that oral low-dose corticosteroid therapy reduces
the progression rate of HAM/TSP and improves the long-
term prognosis compared to untreated patients (Coler-Reilly
et al.,, 2017). Therefore, the levels of these two markers reflect
the therapeutic effect and long-term prognosis of HAM/TSP,
indicating their potential as drug response or surrogate markers.
Moreover, CSF levels of neopterin and CXCL10 were within the
normal range in HAM/TSP patients with low disease activity as
based on our developed classification criteria. This suggests that
the level of spinal cord inflammation is comparable to that of
the control group. Oral corticosteroids can be used to reduce the
level of inflammation in HAM/TSP patients with high or medium
disease activity (Nagai et al., 2013). However, in patients with low
disease activity where the inflammation level is in the normal
range in the untreated state, oral corticosteroid therapy may have
little benefit and may result in an increased risk of side effects
by corticosteroids. Therefore, evaluation of the disease activity
could give us important information in determining the need
for corticosteroid therapy. Because it is critical to prospectively
investigate these hypotheses, we have been conducting a
confirmatory multi-center Phase 2b study (UMIN trial number,
UMINO000023798) on the efficacy and safety of stratified
corticosteroid therapy for HAM/TSP patients. This clinical trial
should provide significant evidence to test these hypotheses.

This study has several limitations. The first limitation is that
we could not adjust for potential confounders (age and OMDS)
because of the small sample size of each group after the patients
with HAM/TSP were divided into the three groups to examine
biomarkers. In this regard, both CSF neopterin and CSF CXCL10
have a strong correlation with the progression rate of HAM/TSP
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after adjustment for OMDS (Sato et al, 2013). This finding
indicates that both markers do not simply reflect the severity of
motor disability. Although a difference in age between slow and
very slow progressors was not observed in this study, the levels
of both markers were significantly different, suggesting that the
influence of age is limited. Therefore, it is possible that the change
in the level of both markers reflects the disease activity rather than
age or disease severity. The second limitation is that the cut-off
values and reference values of the biomarkers determined in this
study may vary from other studies, depending on measurement
methods and experimental environments. Thus, it is essential
to standardize the measurement methods of neopterin and
CXCLI10. Thereafter, it will be necessary to determine the cut-off
values and the reference values again. The third limitation is that
the classification criteria were determined based on retrospective
data. Therefore, it is necessary to prospectively verify the validity
of this classification criteria in the future.

CONCLUSION

We herein propose a new classification criteria for disease
activity of HAM/TSP. This classification criteria will enable
clinicians to evaluate the disease activity early and support
clinicians in providing appropriate treatment for each patient.
This new classification criteria shall assist with establishing a
novel therapeutic algorithm of HAM/TSP and incorporating
tailored medicine based on the disease activity of each individual.
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HTLV-1-Associated Myelopathy (HAM/TSP) is a progressive neuroinflammatory disorder
for which no disease-modifying treatment exists. Modest clinical benefit from type |
interferons (IFN-a/p) in HAM/TSP contrasts with its recently identified IFN-inducible
gene signature. In addition, IFN-a treatment in vivo decreases proviral load and
immune activation in HAM/TSP, whereas IFN-B therapy decreases tax mRNA and
lymphoproliferation. We hypothesize this “IFN paradox” in HAM/TSP might be explained
by both cell type- and gene-specific effects of type | IFN in HTLV-1-associated
pathogenesis. Therefore, we analyzed ex vivo transcriptomes of CD4*+ T cells, PBMCs
and whole blood in healthy controls, HTLV-1-infected individuals, and HAM/TSP patients.
First, we used a targeted approach, simultaneously quantifying HTLV-1 mRNA (HBZ,
Tax), proviral load and 42 host genes with known antiretroviral (anti-HIV) activity
in purified CD4T T cells. This revealed two major clusters (“antiviral/protective” vs.
“proviral/deleterious”), as evidenced by significant negative (TRIM5/TRIM22/BST2) vs.
positive correlation (ISG15/PAF1/CDKN1A) with HTLV-1 viral markers and clinical status.
Surprisingly, we found a significant inversion of antiretroviral activity of host restriction
factors, as evidenced by opposite correlation to in vivo HIV-1 vs. HTLV-1 RNA levels. The
anti-HTLV-1 effect of antiviral cluster genes was significantly correlated to their adaptive
chimp/human evolution score, for both Tax mMRNA and PVL. Six genes of the proposed
antiviral cluster underwent lentivirus-driven purifying selection during primate evolution
(TRIM5/TRIM22/BST2/APOBECS3F-G-H), underscoring the cross-retroviral evolutionary
imprint. Secondly, we examined the genome-wide type | IFN response in HAM/TSP
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Interferon-Regulated Antiretroviral Genes in HAM/TSP

patients, following short-term ex vivo culture of PBMCs with either IFN-a or IFN-B.
Microarray analysis evidenced 12 antiretroviral genes (including TRIM5a/TRIM22/BST2)
were significantly up-regulated by IFN-B, but not IFN-a, in HAM/TSP. This was
paralleled by a significant decrease in lymphoproliferation by IFN-p, but not IFN-
a treatment. Finally, using published ex vivo whole blood transcriptomic data of
independent cohorts, we validated the significant positive correlation between TRIM5,
TRIM22, and BST2 in HTLV-1-infected individuals and HAM/TSP patients, which was
independent of the HAM/TSP disease signature. In conclusion, our results provide ex
vivo mechanistic evidence for the observed immunovirological effect of in vivo IFN-
B treatment in HAM/TSP, reconcile an apparent IFN paradox in HTLV-1 research and
identify biomarkers/targets for a precision medicine approach.

Keywords: HTLV-1, HIV, retrovirus, evolution, interferon, neuroinflammation, multiple sclerosis, transcriptomics

BACKGROUND

Human T-cell Lymphotropic Virus-1 (HTLV-1), recently
renamed Human T-cell Leukemia Virus-1 due to its strong
oncogenic potential (Gallo et al., 2017; Tagaya and Gallo, 2017),
is also the causative agent of the debilitating neuroinflammatory
disorder, HTLV-1-Associated Myelopathy/Tropical Spastic
Paraparesis (HAM/TSP) (Osame et al, 1986). HAM/TSP
is associated with high HTLV-1 proviral load (PVL) and
transcriptional levels of retroviral regulatory genes, Tax and
HBZ (Saito et al., 2009). The pathogenesis of HAM/TSP
is complex (Bangham et al, 2015), and a proportion of
HTLV-1 asymptomatic carriers (AC) may present a PVL
and inflammatory profile similar to HAM/TSP patients but
do not develop clinical symptoms. It is unknown why 2-
3% of HTLV-1 infected patients develop HAM/TSP after
years of latent infection, but an interferon-inducible gene
signature has been identified in HAM/TSP and is absent in
AC (Tattermusch et al, 2012). However, type I interferon-
based clinical trials reported modest clinical benefit, as
well as antiviral (decreased PVL, Tax mRNA levels) and
immunomodulatory effects (decreased T-cell spontaneous
proliferation and activation), suggesting IFN-a and IFN-f may
hamper disease progression (Izumo et al., 1996; Oh et al., 2005).
To reconcile this apparent contradiction, we hypothesize specific
IFN-stimulated genes, e.g. antiviral effector genes, can exert
deleterious vs. protective roles in HAM/TSP, as we recently
suggested for B-cell expression of CD80 and CD86 (Menezes
etal., 2014).

In contrast to HTLV-1, several anti(retro)viral effector genes
have been classified as “restriction factors” (RFs) for HIV-1
infection, some of which are modulated by type I IFNs (Foster
et al., 2017). We have previously compiled and validated a real-
time PCR-array of 42 well-characterized RFs with suppressive
activity against HIV-1 (Neil et al., 2008; Abdel-Mohsen et al.,
2013; Raposo et al, 2013ab, 2014), including APOBECs,
TRIMs, and BST2/Tetherin.. Enhanced HIV-1 infection upon
siRNA-mediated silencing in neuroblasts illustrates the relevance
of TRIM5a and TRIM22 in neuroinfection (Singh et al.,
2014).

To assess the role of antiretroviral genes in HAM/TSP
pathogenesis, we determined transcriptional levels of 42 RFs
and regulatory HTLV-1 genes Tax and HBZ in CD4%t T
cells from HTLV-1 patients. We identified a strong negative
association between expression of HTLV-1 Tax and a cluster
of RFs, including TRIM5a/TRIM22/BST2. Genome-wide
transcriptomic analysis of HAM/TSP patients showed a
significant and distinct up-regulation of RFs after ex vivo
exposure to IFN-B, but not IFN-a. These results provide
mechanistic evidence for the immunovirological impact of
IFN-B therapy observed in vivo in HAM/TSP patients and pave
the way to an evidence-based precision medicine approach to
this neuroinflammatory disorder.

PATIENTS AND METHODS

All participants signed a written informed consent in accordance
with the Declaration of Helsinki, approved by the University
Institutional Review Boards of USP (#0855/08) and CPqGM-
FIOCRUZ (#022/03) before inclusion in the study. Ex vivo
analysis of antiretroviral restriction factors was conducted in
a cohort of 18 individuals (7 HAM/TSP, 6 HTLV-1-infected
asymptomatic carriers (AC) and 5 age- and gender-matched
HTLV-1-negative healthy controls (HC)), enrolled at the HTLV-
1 Outpatient Clinic at the University of Sao Paulo (USP), Brazil.
The second cohort (lymphoproliferation/microarray analysis)
consisted of 10 HAM/TSP patients, followed at the Bahiana
School of Medicine and Public Health HTLV reference center
in Salvador-Bahia, Brazil. Validation of transcriptomic findings
was performed in a third, published cohort (London, UK).
Demographic and clinical data of all cohorts are detailed in
Table 1. Clinical status was determined based on WHO criteria
for HTLV-1 associated diseases (Osame, 1990). None of the
HAM/TSP patients had received prior IFN-based therapy. Blood
samples were obtained and processed with Ficoll-Paque PLUS
(Amersham Pharmacia Biotech, Uppsala, Sweden) gradient
centrifugation and peripheral-blood mononuclear cells (PBMC)
were isolated and either cryopreserved in 10 % DMSO in FBS
(RF analysis) or used for short-term ex vivo culture (48 h for
microarray analysis, 96 h for lymphoproliferation), in the absence
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TABLE 1 | Demographic and clinical data of 3 HTLV-1 cohorts.

Cohorts HC AC HAM/TSP Cell type
Cohort 1 (Sao CD4+ T cells
Paulo, BR)

Number of 5 6 7

samples

Age (median, 54(38-61)  62(54-66) 51(45-62)

IQR)

Gender 1M/4F 1M/5F 2M/5F

PVL (median, + N/A 7.6 +1515 181.0 £ 134.5

SD)

Tax mRNA N/A 0.02 +£0.02 0.68 £0.77

(median, + SD)

HBZ mRNA NA  1075+541074271074 £ 8.1 10°*

(median, + SD)

Cohort 2 PBMC
(Bahia, BR)

Number of 11 5 10

samples

Age (median, 52 £ 6.2

IQR)

Gender AM/TF 2M/3F 4M/6F

Cohort 3 Whole blood
(published;

London, UK)

Number of 8 17 10

samples

Age (median,  49(46-71)  47(38-62) 54(49-62) 63(44-74)
IQR)

Gender AM/4F OM/17F 4M/6F

PVL (median, N/A 0.6(0.4-0.9) 3.9 (38.4-6.7) 10.1(6.7-17.8)
IQR)

Total number of 24 23 27

individuals

or presence of 1,000 IU/ml clinical grade IFN-a (gift of Blausiegel
Ltda., Sao Paulo-Brazil) or IFN-B (gift of Dr. Brassat, Toulouse-
France), as previously described (Moens et al., 2012a; Dierckx
etal., 2017).

Proviral Load and mRNA Assessment

Total DNA and RNA were extracted from enriched CD4™" T cells
using a commercial kit (Qiagen GmbH, Hilden Germany) and
cDNA was generated using Superscript VILO cDNA synthesis kit
(Invitrogen) following the manufacturer’s instructions. HTLV-1
proviral load absolute quantification was performed as previously
described (Dehee et al., 2002), normalized to human albumin
gene. Samples were assayed in duplicate. HTLV-1 proviral load
was calculated as follows: copy number of HTLV-1 per 1,000
CD4™" T cells = (copy number of HTLV-1)/(copy number of
albumin) x 2 x 1,000 cells.

Transcription levels of Tax and HBZ were measured
as previously described (Saito et al, 2009), using
housekeeping gene Ubiquitin C (Life Technologies assay
ID# Hs00824723_ml) to calculate tax and HBZ 274¢
relative expression. Relative quantification of 42 RFs using

mRNA from CD4" T cells from 13 HTLV-1-infected patients
and 5 uninfected healthy controls was performed using
custom-made TagMan® Low Density Arrays previously
described (Abdel-Mohsen et al., 2013)(Applied Biosystems,

Foster City, CA). RF gene descriptions are given in
Table 2.
Microarray Analysis

Total RNA extraction (RNeasy kit, QIAGEN, Venlo, the
Netherlands) and Whole Genome microarray analysis (HuGene
1.0 ST array, Affymetrix, Santa Clara, CA) were performed
according to the manufacturers specifications. Data were
analyzed using the Bioconductor limma package. Microarray
data used in this study are available at Gene Expression Omnibus
under GEO accession number GSE82160 (Brazilian HTLV-1
cohort), GSE29333 (UK HTLV-1 cohort, Tattermusch et al.) and
GSE18233 (Swiss HIV cohort, Rotger et al., 2010).

Enrichment and Evolutionary Analysis
Genome-wide enrichment analysis was performed using a
modified Fishers test, considering the total number of annotated
genes for which transcripts were detectable by microarray (n
= 22,370), followed by stringent FDR (Benjamini-Hochberg)
correction. Data and full methodology on human candidate
retroviral restriction factors and chimp/human cross-species
adaptive evolution and purifying selection during primate
evolution are detailed in (Osame, 1990; Singh et al., 2014). In
brief, measurements of cross-species adaptive evolution used
the McDonald-Kreitman value to compare human sequence to
chimpanzee in a set of 15,052 protein-coding genes (Singh et al.,
2014) and purifying selection during primate evolution was
measured using the proportion of nonsynonymous (Ku) over
synonymous (Kg) substitutions per site in five primates (human,
chimpanzee, orangutan, rhesus, and common marmoset) in a
set of 140 candidate genes selected for their relationship to HIV
pathogenesis (Osame, 1990).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
software (GraphPad Software, version 6 and 7, San Diego, CA).
Non-parametric statistical tests (Mann-Whitney, Wilcoxon tests,
and Spearman correlation) were used for patient data, with
Bonferroni correction for multiple comparisons between RFs,
PVL and tax/HBZ mRNA levels. Transcriptome-wide correlation
of mRNA expression levels with either set point viral load (HIV-
1) or TRIM5 (HTLV-1) mRNA expression was calculated using
Spearman’s correlation, followed by FDR correction for multiple
testing.

RESULTS

Antiretroviral RFs Separate in Two Major
Clusters, Positively and Negatively
Associated With HTLV-1 Virological and

Clinical Status
Based on a previously defined subset of host genes with
significant anti-HIV activity (Abdel-Mohsen et al., 2013), we
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TABLE 2 | List of 42 antiretroviral genes measured in CD4* T cells.

Target Information

NCBI Gene Description

APOBECS3A-H
BST2/theterin
SLFN11

TRIM5a, TRIM11, TRIM21, TRIM22, TRIM26, TRIM28, TRIM32
CPSF6

SAMHD1

PML

RNF114

Trex1

RPRD2

CHFR

ISG15
EIF2AK2/PKR
CTR9/PAF1/RTF1
IFITM family (3 members)
RSAD2 (viperin)
MOV10

HERC5

MX2

CDKN1A

BRD4

RNASEL

CH25H
LGALS3BP

CNP

IFI16

Apolipoprotein B mRNA editing enzyme, catalytic polipeptide-like 3
Bone Marrow Stromal cell antigen 2

Schlafen family member 11

Tripartite motif family

Cleavage and Polyadenylation Specific Factor 6

SAM domain and HD domain 1

Promyelocytic Leukemia protein

Ring Finger Protein 114

Three Prime Repair Exonuclease 1

Regulation of nuclear Pre-mRNA Domain containing 2
Checkpoint with forkhead and ring finger domains, E3 ubiquitin protein ligase
ISG15 ubiquitin-like modifier

Eukaryotic translation initiation factor 2-alpha kinase 2

CTR9, PAF1, RTF1/RNA polymerase Il complex component
Interferon induced transmembrane protein

Radical S-adenosyl methionine domain containing 2

Moloney leukemia virus 10, homolog

HECT domain and RLD 5

MX dynamin like GTPase 2

Cyclin-dependent kinase inhibitor 1A

Bromodomain containing 4

Ribonuclease L (2/,5’-oligoisoadenylate synthetase-dependent)
Cholesterol 25-Hydroxylase

Lectin, Galactoside binding Soluble 3 Binding Protein
2/,3'-cyclic nucleotide 3" phosphodiesterase

Interferon gamma Inducible protein 16

used a custom-made array to quantify the transcriptional levels
of 42 RFs (listed in Table 2) in peripheral CD4" T cells from
HTLV-1 infected patients or healthy controls. We compared the
gene expression profiles of 13 HTLV-1-infected patients (6 AC,
7 HAM/TSP) and 5 uninfected subjects using cluster analysis.
As evident from Figure 1A, two major RF subsets appeared as
separate clusters. First, a minor cluster of RFs (CDKN1A/ISG15
and PAFI1) positively correlates with biomarkers of HTLV-
1 disease (PVL, mRNA levels of Tax and HBZ, as well as
clinical status, box Figure 1A). Second, the largest cluster of
RFs was found to correlate negatively with HTLV-1 biomarkers
(Figure 1A). Within this large cluster, negative correlations
between the expression levels of Tax and TRIM5a (r = —0.86; p =
0.0084), TRIM22 (r = —0.81; p = 0.0336), BST2 (r = —0.85; p =
0.0126), and RNASEL (r = —0.83; p = 0.021) were statistically
significant after stringent Bonferroni correction (Figure 1B).
Conversely, cyclin-dependent kinase inhibitor 1A (CDKNI1A,
also known as p2I), a regulator of cell-cycle progression, was
positively associated with HTLV-1 proviral load (r = 0.84; p
= 0.042) (Figure 1C). Surprisingly, these ex vivo correlations
recapitulate the in vivo findings of IFN-f treatment in an
immunovirological trial in HAM/TSP, in which IFN-f was
found to significantly decrease both tax mRNA levels and
lymphoproliferation (Oh et al., 2005), but not PVL. In contrast,
in vivo IFN-a treatment of HAM/TSP patients was found to

decrease PVL and immune activation (Izumo et al., 1996).
Therefore, we investigated if IFN-a/f might differentially affect
lymphoproliferation and genome-wide expression profiles in
HAM/TSP.

Ex Vivo Lymphoproliferation Is Significantly
Down-Regulated by IFN-8, but Not IFN-« in

HAM/TSP

We found that lymphoproliferation was significantly inhibited by
IFN-B (p < 0.01), but not by IFN-a (Figure 2) This differential
effect was not due to a defect in IFN-a bioactivity, since both
IFNs displayed equal antiviral activity in a standardized Vesicular
Stomatitis Virus (VSV) bioassay (Dierckx et al., 2017). This effect
was specific for HAM/TSP, since no significant IFN-induced
antiproliferative effect was observed in both healthy controls
(Figure 2) and HTLV-1-infected carriers (data not shown).

Genome-Wide Analysis Identifies Selective
Up-Regulation of RFs by IFN-§, but Not
IFN-«, in HAM/TSP

Since RFs can be IFN-regulated, we used microarray analysis
to assess whether the proviral and antiviral clusters might be
selectively up- or down-regulated by either IFN-a or IFN-f, the
two IFN subtypes previously used in HAM/TSP trials (Izumo
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FIGURE 1 | Association between host restriction factors (RFs) expression, HTLV-1 virological parameters and clinical status of HTLV-1 infected individuals. (A)
Analysis of mRNA levels of 42 RFs, Tax/HBZ and HTLV-1 proviral load (PVL) in CD4% T cells from 6 asymptomatic carriers (AC), 7 HAM/TSP patients and 5 healthy
donors (HD). Expression of host RFs was quantified by TLDA, results were clustered according to Spearman’s correlation and shown as heatmap (red = negative,
green = positive). The boxed cluster indicates a minor subset of “proviral” RFs (CDKN1A, ISG15) clustering with HTLV-1 PVL, Tax mRNA, HBZ mRNA, and clinical
status (HD/AC/HAM), whereas the majority of RFs forms a large “antiviral” cluster. A subset of antiviral RFs (TRIM5a, TRIM22, BST2, and RNASEL) with statistically
significant negative correlation to tax mRNA are highlighted in red. (B) Correlation between TRIM5a, TRIM22, BST2, RNASEL, and tax mRNA (C) Correlation between
CDKN1A and tax mRNA in HTLV-1-infected individuals (AC n = 6, HAM n = 7).

Frontiers in Microbiology | www.frontiersin.org

216

May 2018 | Volume 9 | Article 985



https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Interferon-Regulated Antiretroviral Genes in HAM/TSP

Leal et al.
*%k
7500+ [ —————— |
*k
s —
=
5
e 5000+
[}
0
E'E
238
e
E  2500-
=
‘7’
Z,
I =="1
control IFN-a IFN-B control IFN-a IFN-B
HC HAM/TSP
FIGURE 2 | Ex vivo lymphoproliferation is significantly down-regulated by
IFN-B, but not IFN-a in HAM/TSP. Spontaneous lymphoproliferation was
measured by [3H]fthymidine incorporation, as previously described Moens
et al. (2012a). The effect of IFN-a and IFN-B (1000 1U/ml) upon ex vivo
lymphoproliferation was determined in healthy controls (HC, n = 11) and
HAM/TSP patients (n = 10). **p < 0.01.

et al,, 1996; Oh et al,, 2005). As shown in Figure 3A, genome-
wide analysis identified 12/42 RFs (including TRIM5a, TRIM22,
and BST2) were significantly up-regulated by IFN-B (n = 5,
enrichment p < 0.0001), vs. 0/42 by IFN-a treatment (n = 6,
p > 0.05) during short-term (48h) ex vivo culture of PBMC
from HAM/TSP patients. In a striking parallel to our results in
CD4™" T cells, where TRIM5 displayed the strongest negative
correlation to Tax mRNA, TRIMS5 was also identified as the top
IFN-B-induced gene among the significant genes (p = 0.0009).

Genome-Wide Analysis Identifies a
Strongly Co-regulated
TRIM5a/TRIM22/BST2 Subset in HTLV-1
Infection, Independent of the HAM/TSP

Disease Signature

To validate our findings, we analyzed published ex vivo whole
blood transcriptomes in an additional HTLV-1-infected cohort
(Tattermusch et al.; detailed in Table 1) (Osame et al., 1986).
As shown in Figure 3B, significant positive correlations were
confirmed between TRIM5a/TRIM22 (p = 0.005, r = 0.50) and
TRIM5a/BST2 (p < 0.001, r = 0.67) in both HTLV-1-infected
AC (n = 17) and HAM/TSP patients (n = 10). Of note, TRIM5a
mRNA expression was not significantly correlated to IFITM1
mRNA levels (data not shown), which is the only RF (among 42
studied herein) that is present in the HAM/TSP disease signature.

RFs Correlate Oppositely to in Vivo
Retroviral RNA Levels in Untreated HTLV-1

vs. HIV-1 Infection
Surprisingly, the “proviral/deleterious” gene cluster identified
by its strong positive correlation to HTLV-1 RNA levels and

PVL contains the RFs previously demonstrated to exert a
robust protective anti-HIV-1 effect in vivo and in vitro, namely
CDKNI1A, SLFN11, PAF1, and ISG15 (Telenti, 2005; Ortiz et al.,
2009; McLaren et al., 2015; Nozuma et al., 2017). Therefore, we
performed a pairwise analysis of correlation to in vivo RNA levels
in both retroviral infections, using our HTLV-1 data (Figure 1A)
and data from the Swiss HIV cohort (Rotger et al., 2010) by
calculating transcriptome-wide correlation of viral load set point
to each separate gene, followed by FDR correction. As shown
in Figures 4A,B, a striking opposite effect can be observed for
the “proviral” vs. “antiviral” clusters. HTLV-1 “antiviral” cluster
genes show significantly increased (higher R-values) correlation
to HIV-1 in vivo RNA levels (p < 0.0001, Wilcoxon signed rank
test, Figure 4A). The reverse phenomenon can be observed for
the HTLV-1 “proviral” cluster genes, showing a tendency for
decreased (lower R-values) correlation to HIV-1 in vivo RNA
levels (p = 0.06, Wilcoxon signed rank test, Figure 4B).

Lentivirus-Driven Primate Evolution Has
Shaped Antiretroviral Activity in Untreated
HTLV-1 Infection

Lentivirus infections, to which HIV and its ancestral SIV belong,
have had a pronounced effect upon primate evolution (Telenti,
2005), whereas no similar evidence exists for deltaretroviruses,
such as HTLV or PTLV. As shown in Figure 5, the antiviral
RF cluster we identified for HTLV-1 is strongly selected
during recent primate evolution, as measured by both cross-
species adaptive evolution between chimpanzees and humans
(Figures 5A,B) and purifying selection throughout primate
evolution (Figure 5C). Among the 42 anti-HIV RFs selected in
this study, ten (TRIM5, APOBEC3A-B-C-F-G, IFI16, HERCS5,
EIF2AK2, and MX2) were found to display chimp/human
adaptive evolution, as described by McLaren et al. (2015). The
anti-HTLV-1 effect (measured as R?> to represent effect size)
of these 10 genes was significantly correlated to their adaptive
evolution score, for both Tax mRNA (r = 0.86, p = 0.0013,
Figure 5A) and PVL (r = 0.78, p = 0.0073, Figure 5B). In
agreement with our results in Figures 1A,B, the effect size was
greater for Tax mRNA (Figure 5A—range 0.1-0.74) than for PVL
(Figure 5B—range 0.0-0.23), underscoring the putative role of
these RFs in viral replication, rather than clonal expansion. Only
six genes of the proposed “antiviral” cluster (TRIM5, TRIM22,
and BST2, as well as APOBEC3F-G-H) underwent lentivirus-
driven purifying selection during primate evolution (Ortiz et al.,
2009), measured as Ka/Ks. In addition, these six HTLV-1-
correlated genes underwent a significantly stronger selection
during primate evolution, as compared to all other lentivirus-
selected primate genes (n = 134, p < 0.0001, Mann-Whitney test,
Figure 5C).

DISCUSSION

The striking negative association between mRNA levels of Tax
and RFs TRIM5a, TRIM22, BST2, and RNASEL, despite the
small number of participants in the study, suggests that these
RFs may represent important mechanisms of defense against
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FIGURE 3 | Genome-wide analysis of PBMCs from HAM/TSP patients of RFs after ex vivo treatment with type | interferons. (A) Microarray analysis to determine

genes significantly up- or down-regulated after 48 h ex vivo treatment of PBMCs from HAM/TSP patients with 1000 IU/ml IFN-B (1 = 5), upper right corner pie-chart or
IFN-a (n = 6), lower right corner pie-chart. RFs were significantly enriched among IFN-B-regulated, (upper left corner, genome-wide enrichment p < 0.0001), but not
IFN-a-regulated (lower left corner, p > 0.05) genes. A total of 22370 genes were analyzed. (B) Reanalysis of published ex vivo whole blood transcriptomes from an

patients (n = 10).

independent HTLV-1 UK cohort (Tattermusch et al., 2012). Correlation between TRIM5a and TRIM22/BST2 in both HTLV-1-infected AC (n = 17) and HAM/TSP

HTLV-1 infection and/or neuroinflammation. Our hypothesized
antiviral activity of TRIM5 against HTLV-1 is supported by the
recent findings of Nozuma et al. demonstrating a significant
association between TRIM5 R136Q polymorphism and lower
PVL, specific to HAM/TSP patients (Nozuma et al., 2017).
Strikingly, polymorphisms in TRIMS5, TRIM22, and BST2, but
not APOBECs or TREX1 were significantly associated to another
neuroinflammatory disorder, multiple sclerosis (Nexo et al,
2013). Conversely, the apparent proviral effect of PAF-1, ISG15,

and CDKNIA are in agreement with the recently demonstrated
IFN-inducible HAM/TSP disease signature (Tattermusch et al.,
2012). Moreover, the robustness of the antiviral and proviral
clusters we identified in this study indicates they represent
plausible candidate biomarkers for future HAM/TSP clinical
trials. In agreement with Saito et al, who demonstrated a
positive correlation between HBZ mRNA levels and HAM/TSP
disease severity (Saito et al., 2009), our cluster analysis shows
the strongest association between HBZ and clinical status
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FIGURE 4 | Restriction factors correlate oppositely to in vivo retroviral RNA levels in untreated HTLV-1 vs. HIV-1 infection. A pairwise analysis was performed for RFs
in antiviral and proviral clusters, by correlating to in vivo RNA levels in both retroviral infections, using HTLV-1 data from this study (Figure 1A) and data from the Swiss
HIV cohort (Rotger et al., 2010). Out of 42 RFs, 40 were matched to unique transcripts in HIV-1 microarray data, followed by calculating transcriptome-wide
correlation of viral load set point to each separate gene, using stringent FDR (Benjamini-Hochberg) correction. (A) HTLV-1 “antiviral” cluster genes show significantly
increased (positive) correlation to HIV-1 in vivo RNA levels (***p < 0.0001, Wilcoxon signed rank test, n = 35). (B) HTLV-1 “proviral” cluster genes show a tendency

for decreased (positive) correlation to HIV-1 in vivo RNA levels (p = 0.06, Wilcoxon signed rank test, n = 5).

(Figure 1A). However, no RFs were significantly correlated to
HBZ mRNA levels after correction for multiple testing, in
contrast to tax mRNA levels (Figure 1B). This might be due
to post-transcriptional regulation of HBZ mRNA vs. protein
levels, as Baratella et al. recently demonstrated cytoplasmatic
HBZ protein as a biomarker able to discriminate between AC
and HAM/TSP (Baratella et al., 2017). Due to their significant
association with all currently used surrogate markers (PVL, Tax,
and HBZ mRNAs), as well as clinical status, antiviral and proviral
clusters are likely to reflect positive vs. negative therapeutic
outcomes, respectively. Therefore, our results help explain
the “IFN paradox” in HAM/TSP, by reconciling apparently
conflicting data in the literature, namely the existence of an
interferon-inducible disease signature and the demonstrated
beneficial therapeutic effects of type I interferons, both IFN-a and
B in HAM/TSP (Izumo et al., 1996; Oh et al., 2005).

In addition, our study also reveals striking differences
between these two widely used IFN subtypes. First, a significant
antiproliferative effect of f and not o was observed in HAM/TSP
patients, corroborating our recent findings in ATL (Dierckx
et al, 2017) and revealing a surprising similarity between
these two highly distinct HTLV-1-associated pathologies. On
the other hand, our study also reveals another parallel between
neuroinflammatory disorders HAM/TSP and multiple sclerosis,
namely their unique sensitivity to IFN-f over IFN-a. Of note, our
results provide mechanistic evidence for the previously described
immunovirological and clinical impact observed in vivo with
IEN-B therapy in HAM/TSP patients, in an open-label trial (Oh
et al,, 2005), as well as two case reports with remarkable clinical

response (Costa et al., 2012; Viana et al., 2014). This superior
antiproliferative effect of IFN-$ in HAM/TSP, as compared
to IFN-a, parallels our findings in the other major HTLV-1-
associated disease, Adult T-cell Leukemia (Dierckx et al., 2017).

Surprisingly, the “proviral/deleterious” gene cluster, identified
by its strong positive correlation to HTLV-1 RNA levels and
PVL, contains the RFs previously demonstrated to exert the
strongest protective anti-HIV-1 effect in vivo and in vitro. Thus,
p21 (CDKNI1A), schlafen 11 (SLFN11), and PAF1 were strongly
associated with reduced CD4+4 T cell-associated HIV RNA
during antiretroviral treatment (Abdel-Mohsen et al., 2015).
SLENI11 was also identified as overexpressed in HIV-positive
“elite controllers” (Abdel-Mohsen et al., 2013), who maintain
undetectable viral load, even in the absence of antiretroviral
treatment. PAF1 was identified by a genome-wide screen for HIV
RFs (Liu et al., 2011) and restricts HIV-1, HIV-2, and SIV in vitro.
Finally, CDKN1A was demonstrated as a robust antiviral effect
against HIV-1 replication in vitro, by different groups (Leng et al.,
2014; Farberov et al., 2015).

With up to eight percent of the human genome of retroviral
origin, the importance of retroviruses for the evolution of
susceptible host organisms cannot be overestimated (Ortiz et al.,
2009; Lascano et al., 2015). Over millions of years, Lentivirus
infections (retroviruses including HIV and ancestral SIV) have
had a pronounced effect upon primate evolution (Ortiz et al.,
2009). Yet, no evidence exists for deltaretroviruses (including
HTLV and PTLV). Using two different quantitative approaches,
i.e., measuring chimp/human cross-species adaptive evolution
(Figures 5A,B) and purifying selection throughout primate
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FIGURE 5 | Lentivirus-driven primate evolution has shaped antiretroviral activity in untreated HTLV-1 infection. The antiviral RF cluster is strongly selected during
recent primate evolution, as measured by both cross-species adaptive evolution between chimpanzees and humans and purifying selection throughout primate
evolution. (A,B) Among the 42 anti-HIV RFs selected in this study, 10 were found to display chimpanzee/human cross-species adaptive evolution (MclLaren et al.,
2015). The anti-HTLV-1 effect (measured as Rz) of these 10 genes was significantly correlated to their adaptive evolution score, for both Tax mMRNA (- = 0.86, p =
0.0013) and PVL (r = 0.78, p = 0.0073). (C) Six genes of the proposed antiviral cluster underwent lentivirus-driven purifying selection (measured as Ka/Kg, Ortiz

et al., 2009) during primate evolution, which was significantly increased vs. all other lentivirus-selected primate genes (n = 134, ***p < 0.0001, Mann-Whitney test).

evolution (Figure 5C), we found that the antiviral RF cluster ~ found striking differences in in vivo correlations of “candidate”
we identified for HTLV-1 was under strong purifying selection ~ RFs to retroviral RNA levels, as an indirect measure of their
during recent primate evolution. Our preselection of a small  possible anti-HIV and anti-HTLV-1 activity. Although some
number of candidate RFs, by virtue of their proven antiviral  antiviral effector molecules such as ¢cGAS exhibit “panviral”
effect against HIV-1, is an obvious limitation of the first part  activity (Schoggins et al, 2014), our results argue against
of our study, focusing on purified CD4+ cells. However, we  “panretroviral” restriction factors in the human setting. Very
confirm the unique TRIM5/TRIM22/BST2 antiviral cluster by =~ few host genes, such as CIITA and PKR (also known as
two independent unbiased methods, i.e., PBMC transcriptomics ~ EIF2AK2), have been formally demonstrated to restrict both
and genome-wide evolutionary analysis of protein-coding genes. ~ HIV-1 and HTLV-1 replication in vitro (Schoggins et al., 2011;
By comparing the only two pathogenic human retroviruses, we ~ Tosi et al., 2011; Cachat et al,, 2013; Kinpara et al., 2013;
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Forlani et al., 2016). Interestingly, CIITA interacts and cooperates
with TRIM22 in restricting replication of HIV-1 (Forlani et al,,
2017). However, CIITA is unique among RFs because it is
transcriptionally upregulated by IFN-gamma but downregulated
by IEN-B (Lu et al., 1995). In contrast, IFN-a strongly upregulates
PKR/EIF2AK2 in HTLV-1-infected cells but does not decrease
Tax or Hbz mRNA (Moens et al., 2012b; Cachat et al., 2013;
Kinpara et al., 2013). Thus, CIITA and PKR are unlikely
candidates for the IFN-B-mediated antiviral and antiproliferative
effect we observed ex vivo and in vitro in HAM/TSP patients.
Unfortunately, high-throughput in vitro analysis of RFs, such as
performed by Schoggins et al. for HIV-1 and several other viruses,
are lacking for HTLV-1 (Schoggins et al., 2011). Based on our
previous demonstration of a 1000-fold difference in HIV-1 vs.
HTLV-1 antiviral effect in co-infected MT-4 cells (Moens et al.,
2012b) we anticipate strong differences might be observed for in
vitro HTLV-1 vs. HIV-1 restriction pathways. As a final layer of
complexity, HIV-1 also displays striking discrepancies between
in vivo and ex vivo RF antiviral activity (Rotger et al., 2010;
Schoggins et al., 2014). Therefore, we believe the term “restriction
factors” should be used with caution in human retrovirology.
“Antiviral effector genes” might be a more precise term, if defined
within a precise context, i.e., depending on cell type, virus and
upstream regulators such as IFN subtypes. Regarding cell type-
specificity, TRIM5a and TRIM22 expression at both mRNA and
protein level has been shown to predominate in CD4™ T cells,
as compared to other mononuclear cell types (Singh et al., 2014),
which explains the strong agreement between our RF analysis in
CD4™ T cells and IFN response in PBMCs, as well as whole blood
analysis from UK cohort participants (Tattermusch et al., 2012).
Mechanistically, both the antiviral vs. “proviral” effects of
TRIM5, CDKNI1A, and ISG15 might also be explained by
broader cellular processes, outside the narrow definition of
RFs. TRIMS5 is an intracellular protein that exerts its protective
effect by disrupting the retroviral capsid as it transports viral
nucleic acid into the nucleus. In addition, innate immune
signaling might contribute to TRIM5-mediated restriction.
Lascano et al. have shown that activation of innate immune
signaling is conserved among primate and carnivore TRIM5
orthologs and that such activity is required for TRIM5-
mediated restriction activity (Lascano et al, 2015). CDKN1A
upregulation by Tax might shorten G1 phase by promoting
formation of stable kinase complexes, contributing to cell-
cycle progression (Kehn et al, 2004) and proliferation of
infected clones. Regarding ISG15, our group has recently
demonstrated its anti-inflammatory extracellular cytokine-like
activity, through monocyte-specific induction of IL-10 (Dos
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