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Abstract
Activation of CD8+ Tax-specific CTL is a new therapeutic concept for adult T-cell 
leukemia (ATL) caused by HTLV-1. A recent clinical study of the dendritic cell vac-
cine pulsed with Tax peptides corresponding to CTL epitopes showed promising 
outcomes in ATL patients possessing limited human leukocyte antigen (HLA) alleles. 
In this study, we aimed to develop another immunotherapy to activate Tax-specific 
CTL without HLA limitation by using patients’ own HTLV-1-infected cells as a vac-
cine. To examine the potential of HTLV-1-infected T-cells to activate CTL via antigen 
presenting cells, we established a unique co–culture system. We demonstrated that 
mitomycin C-treated HLA-A2-negative HTLV-1-infected T-cell lines or short-term 
cultured peripheral blood mononuclear cells (PBMC) derived from ATL patients in-
duced cross–presentation of Tax antigen in co–cultured HLA-A2-positive antigen 
presenting cells, resulting in activation of HLA-A2-restricted CD8+ Tax-specific CTL. 
This effect was not inhibited by a reverse transcriptase inhibitor. IL-12 production 
and CD86 expression were also induced in antigen presenting cells co–cultured with 
HTLV-1-infected cells at various levels, which were improved by pre–treatment of the 
infected cells with histone deacetylase inhibitors. Furthermore, monocyte-derived 
dendritic cells induced from PBMC of a chronic ATL patient produced IL-12 and ex-
pressed enhanced levels of CD86 when co–cultured with autologous lymphocytes 
that had been isolated from the same PBMC and cultured for several days. These 
findings suggest that short-term cultured autologous PBMC from ATL patients could 
potentially serve as a vaccine to evoke Tax-specific CTL responses.
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1  | INTRODUC TION

Adult T-cell leukemia/lymphoma (ATL) is an aggressive lymphopro-
liferative disease caused by HTLV-1.1-3 HTLV-1 Tax and HTLV-1 bZIP 
factor (HBZ) have been shown to contribute to viral pathogenesis 
through multiple functions, including transcriptional regulation of 
cellular genes related to cell survival and proliferation.4-6 Despite the 
strong oncogenic potential of HTLV-1, it takes more than 40 years 
from infection to ATL development, and the majority of HTLV-1-
infected individuals remain asymptomatic for life. A small percentage 
of HTLV-1-infected individuals develop HTLV-1-associated myelopa-
thy/tropical spastic paraparesis (HAM/TSP), a disease distinct from 
ATL, manifesting as chronic inflammation with demyelination of the 
spinal cord.7,8

One of the host factors differing between these diseases is 
HTLV-1 Tax-specific CD8+ CTL, which are detectable in most as-
ymptomatic HTLV-1 carriers (AC) and are often activated in patients 
with HAM/TSP9,10 but are either undetectable or dysfunctional in 
patients with ATL even in the early stages.11 Tax-specific CTL have 
been shown to produce anti–tumor effects in animal models of 
HTLV-1-infected lymphomas,12,13 implying that impairment of the 
Tax-specific CTL response could be an underlying risk factor for 
ATL development. Reasons for the impaired CTL response include 
immune tolerance,14 interleukin (IL)-10-dominant immune environ-
ment,15-18 and immune exhaustion.19,20

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) 
following chemotherapy is currently recommended for anti–ATL 
treatment in Japan because one-third of ATL patients receiving 
HSCT achieve long-term survival. However, it also has a risk of 
graft-versus-host disease and treatment-related mortality.21,22 
Interestingly, Tax-specific CTL are often activated in recipient ATL 
patients following allo-HSCT,23 suggesting a potential contribution 
of these CTL to the therapeutic effects.

In these several years, we developed an anti–ATL therapeutic 
vaccine to activate Tax-specific CTL by using autologous dendritic 
cells (DC) pulsed with Tax peptides corresponding to the epitopes 
recognized by Tax-specific CTL.24 A clinical study of this therapeu-
tic vaccine in patients with acute-type ATL after initial therapies 
showed that two of three patients lived more than 4 years without 
serious adverse effects,24,25 supporting the notion that vaccines 
to activate Tax-specific CTL could be a promising therapeutic ap-
proach to ATL.

The prototype Tax peptide-pulsed DC vaccine is, however, only 
available for patients with human leukocyte antigen (HLA)-A2, A24, 
or A11 for which the dominant CTL epitopes have been identi-
fied.23,26,27 Therefore, we intended to develop an alternative anti–
ATL immunotherapy without HLA-restriction by using patients’ own 
HTLV-1-infected cells as a vaccine to raise Tax-specific CTL. This 
is based on our previous findings in a rat model of oral HTLV-1 in-
fection,28 in which the otherwise impaired HTLV-1-specific T-cell 
responses were restored by subsequent subcutaneous inoculation 
of syngeneic HTLV-1-transformed cells, resulting in reduction of pro-
viral load (PVL).29

In the present study, we investigate the potential of ATL patients’ 
own HTLV-1-infected cells as a vaccine to generate Tax-specific 
CTL. Unlike animal models, there are no available syngeneic HTLV-
1-transformed cell lines. In addition, HTLV-1 antigens in peripheral 
blood mononuclear cells (PBMC) of HTLV-1-infected individuals are 
undetectable. However, HTLV-1 expression is rapidly induced when 
PBMC are cultured in vitro,30,31 presumably due to the absence of 
microenvironmental interferon (IFN)-response and activation of 
stress-induced MAPK in vitro.32,33 Although Tax expression in ATL 
cells is defective in approximately half of ATL patients because of 
genetic alterations and epigenetic silencing of proviral DNA,34 the 
ability to express Tax is retained in the remaining ATL cases31 and 
probably more frequently in non–ATL HTLV-1-infected cells or at 
earlier stages of ATL. Such Tax-expressing HTLV-1-infected cells in 
cultured PBMC might be used as an immunogen.

Antigen presenting cells (APC), especially DC, play important 
roles in induction of T-cell responses.35 Generally, antigens engulfed 
by DC are processed and presented mostly on MHC-II molecules. 
However, to induce CD8+ CTL responses, DC should also present 
the processed antigen fragments on MHC-I molecules via antigen 
cross–presentation.36,37 Furthermore, the DC must be matured to 
express co–stimulatory molecules and produce cytokines such as IL-
12 and IFNs so that Th1-type responses occur.35 Here, we demon-
strate that HTLV-1-infected cells, including short-term cultured 
PBMC derived from ATL patients, potentially activate APC to induce 
these functions.

2  | MATERIAL S AND METHODS

2.1 | Blood samples

Primary PBMC were derived from two HLA-A2-negative patients 
with chronic ATL in Imamura General Hospital (Kagoshima, Japan) 
who donated peripheral blood after providing written informed con-
sent. PBMC were isolated on a Ficoll-Paque PLUS (GE Healthcare) 
density gradient and stored in liquid nitrogen. PBMC were thawed 
and used immediately or cultured for several days in the presence 
of 30  U/mL of recombinant human (rh)IL-2 (Shionogi) either with 
or without depletion of CD8+ cells using Dynabeads coated with 
anti–CD8 antibodies (Invitrogen). Another aliquot of PBMC was 
used for induction of monocyte-derived dendritic cells (MoDC), as 
described below. An HLA-A2-positive HTLV-1-uninfected donor 
also donated peripheral blood for preparation of MoDC. This study 
was approved by the Medical Research Ethics Committee of Tokyo 
Medical and Dental University.

2.2 | Preparation of monocyte-derived 
dendritic cells

Primary PBMC were cultured in RPMI 1640 medium (Sigma-
Aldrich) containing 10% FBS (Sigma-Aldrich), 100 U/mL penicillin, 



     |  1163ISHIZAWA et al.

and 100  µg/mL streptomycin (FUJIFILM Wako Pure Chemical 
Corporation) for 2 hours in a plastic dish. Non–adherent periph-
eral blood lymphocytes (PBL) were removed and adherent cells 
were cultured for the next 5-6 days in the presence of 1000 U/
mL granulocyte macrophage-colony stimulating factor (GM-CSF; 
Miltenyi Biotec) and 500 U/mL IL-4 (Miltenyi Biotec). In ATL sam-
ples, 10  μM azidothymidine (AZT) (GlaxoSmithKline, Research 
Triangle Park) was added to the culture medium throughout the 
procedure to avoid secondary infection.

2.3 | Cell lines

We also used previously established IL-2 or IL-15-dependent 
HTLV-1-infected T-cell lines (ILT), ILT-H217 and ILT-156,27 derived 
from PBMC of patients with chronic ATL and acute ATL, respec-
tively, as described previously. These lines were maintained in 
RPMI 1640 medium containing 10% FBS and antibiotics, sup-
plemented with 30 U/mL rhIL-2 or 5 ng/mL rhIL-15 (PeproTech), 
respectively. An HTLV-1-negative monocyte cell line THP-138 was 
maintained in RPMI 1640 medium containing 10% FBS and anti-
biotics. A CD8+ HLA-A2-restricted Tax-specific CTL line, Tc-M1,39 
derived from a patient with HAM/TSP was maintained in medium 
containing 100 U/mL rhIL-2.

2.4 | Antibodies

Mouse mAbs used for flow cytometry were APC-Cy7-conjugated 
anti–human CD4, APC-conjugated anti–human CD25, PE-
conjugated anti–human CD30, PerCP/Cy5.5-conjugated anti–
human CD83 (BioLegend), Pacific Blue-conjugated anti–human 
CD3, PE-conjugated anti–human CD11c, FITC-conjugated anti–
human CD86 (BD Pharmingen), and PE-conjugated anti–human 
CCR4 (R&D Systems). Unconjugated anti–Tax mAb Lt-440 was 
kindly provided by Professor Yuetsu Tanaka (University of the 
Ryukyus, Okinawa, Japan) and used together with control mouse 
IgG3 (BioLegend) and Alexa 488-conjugated goat anti–mouse IgG 
(BioLegend).

2.5 | Reagents

Mitomycin C (MMC) (Sigma-Aldrich) was used at 50 µg/mL for 1 h 
at 37°C, while formalin (FUJIFILM Wako Pure Chemical) was used 
at 1% for 15 minutes at room temperature to treat cells, followed 
by extensive washing of the cells. To inhibit HTLV-1 reverse tran-
scription, AZT was added in culture at 10-20 μM. Histone deacet-
ylase (HDAC) inhibitors, suberoylanilide hydroxamic acid (SAHA; 
Cayman Chemical) and valproic acid (VPA; FUJIFILM Wako Pure 
Chemical) were used at 1  μM and 1  mM, respectively. DMSO 
(FUJIFILM Wako Pure Chemical Corporation) was used as a ve-
hicle control.

2.6 | Flow cytometry

For cell surface staining, cells were incubated with antibodies for 
30  minutes on ice. For intracellular staining, cells were fixed and 
permeabilized using a fixation/permeabilization kit (eBioscience) ac-
cording to the manufacturer’s instructions prior to incubation with an-
tibodies. To detect intracellular Tax protein, permeabilized cells were 
stained with anti–Tax mAb Lt-440 or control mouse IgG3 for 1 hour fol-
lowed by staining with A488-conjugated anti–mouse IgG. The stained 
cells were analyzed on a MACSQuant® Analyzer (Miltenyi Biotec), and 
the data were analyzed using FlowJo software (Tree Star Inc).

2.7 | Antigen cross–presentation (CTL assays)

To evaluate cross–presentation of Tax antigen on APC, HLA-A2-
negative HTLV-1-infected cells (105) treated with various reagents 
were co–cultured with HLA-A2-positive APC (either 105 THP-1 
or 5-7  ×  104 MoDC) overnight, and then fixed with 1% formalin, 
washed, and further co–cultured overnight with 5 × 104 HLA-A2-
restricted Tax-specific CTL. CTL activities were evaluated by ELISA 
measurement of IFN-γ concentrations in the supernatants.

2.8 | ELISA

Concentrations of IFN-γ, IL-12 and IL-10 in culture supernatants were 
measured using BD OptEIA ELISA sets for human IFN-γ, IL-12, and 
IL-10 (BD Bioscience) according to the manufacturer’s instructions.

2.9 | PCR

DNA was extracted from cells by using DNeasy blood & tissue kits 
(QIAGEN) and subjected to PCR using One Taq DNA Polymerase (New 
England BioLabs) with the primer pairs specific for HTLV-1 Tax (pX2: 5 -́
CGGATACCCAGTCTACGTGTTTGGAGACTGT-3 ,́ and pX3: 5 -́GAGC​
CGATAACGCGTCCATCGATGGGGTCC-3ʹ) and β-globin (5 -́ACAC​
AACTGTGTTCACTAGC-3ʹ and 5 -́CAACTTCATCCACGTTCACC-3ʹ). 
The PCR products were visualized with Midori Green Advance DNA 
stain (NIPPON Genetics) after electrophoresis in an agarose gel.

2.10 | Cell counting kit

Viable cell numbers were evaluated by colorimetric assay based on 
formazan color development using Cell Counting Kit-8 (Dojindo).

2.11 | Statistical analysis

Statistical significance was tested by Student t test, and the differ-
ence between groups was considered significant at P < .01.
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3  | RESULTS

3.1 | HTLV-1-infected cells induced Tax  
cross–presentation in antigen presenting cells 
following co–culture

To investigate the potential of HTLV-1-infected cells from ATL patients 
to induce cross–presentation of Tax antigen in APC, we designed an in 
vitro co–culture assay system (Figure 1A). In this assay, HLA-A2-positive 
APC were first co–cultured overnight with MMC-treated HLA-A2-
negative HTLV-1-infected cells to allow phagocytosis and subsequent 
antigen processing (first co–culture). The co–cultured cells were then 
fixed with formalin to avoid further cytokine production and then fur-
ther co–cultured with HLA-A2-restricted Tax-specific CTL (second co–
culture). These CTL were supposed to be unable to recognize these ILT 
directly because of mismatched HLA but recognize THP-1 cells if they 
cross–present Tax antigen on their HLA-A2.

Because of the limited availability of clinical materials, we 
initially used ILT-156 and ILT-H2 cells as HTLV-1-infected cells, 

which were IL-15 and IL-2-dependent HTLV-1-infected cell lines 
previously established by long-term culture of PBMC from HLA-
A2-negative acute and chronic ATL patients, respectively. These 
ILT cells expressed Tax but not HLA-A2 (Figure  S1). For APC, an 
HLA-A2-positive uninfected monocyte cell line THP-1 was used, 
as THP-1 is reportedly capable of antigen presentation to stimulate 
T-cell responses.41

Representative results of the HLA-A2-restricted Tax-specific 
CTL response in this system are shown in Figure 1B. CTL produced 
considerable levels of IFN-γ in response to THP-1 cells that had been 
co–cultured with MMC-treated ILT-156 or ILT-H2 cells but not to ILT 
or THP-1 alone (Figure 1B).

A time-course study indicated that THP-1 cells began to present 
Tax antigen to CTL at 8 hours after co–culture with MMC-treated 
ILT-156 cells, and this became more efficient upon longer culture 
(Figure 1C).

These findings suggested that MMC-treated HTLV-1-infected 
cells induced cross–presentation of Tax antigen on MHC-I in the co–
cultured APC.

F I G U R E  1   HTLV-1 infected cells induce Tax cross–presentation in antigen presenting cells (APC). A, Schematic showing evaluation 
system for Tax antigen cross–presentation. HLA-A2-negative HTLV-1-infected cells (ILT or peripheral blood mononuclear cells [PBMC] 
from adult T-cell leukemia [ATL] patients) were pre–treated with mitomycin C (MMC) and co–cultured with HLA-A2-positive APC (THP-1 
or monocyte-derived dendritic cells [MoDC]) overnight (first co–culture). Co–cultured cells were then fixed with formalin and further co–
cultured with HLA-A2-restricted Tax-specific CTL overnight (second co–culture). Cross–presentation of Tax antigen on HLA-A2 of APC was 
evaluated by ELISA measurement of supernatant interferon (IFN)-γ released from CTL. B, Representative results of A. HLA-A2-restricted 
Tax-specific CTL were incubated with fixed THP-1 cells (black bar) that had been co–cultured overnight with MMC-treated HLA-A2-negative 
HTLV-1-infected ILT-156 and ILT-H2 cells. IFN-γ concentrations in the supernatants were measured by ELISA. CTL activities without THP-1 
cells (white bar) were also indicated. Results show mean and SD of duplicate samples. Data are representative of at least three independent 
experiments. u.d., undetectable. C, THP-1 cells were co–cultured with MMC-treated ILT-156 cells for the times indicated, fixed, and then 
co–cultured with Tax-specific CTL overnight to evaluate Tax antigen cross–presentation. IFN-γ concentrations in the supernatants at each 
time point were plotted
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3.2 | Azidothymidine did not affect  
cross–presentation of Tax antigen

Mitomycin C-treated HTLV-1-infected cells still retain infectivity, 
and, therefore, it is also possible that the APC presented Tax anti-
gen on MHC-I as a de novo antigen produced by infected APC. To 
exclude this possibility, we next examined the effect of a reverse 
transcriptase inhibitor AZT on Tax antigen cross–presentation 
(Figure 2). THP-1 cells were pre–treated with AZT, and co–cultured 
with MMC-treated ILT-156 cells in the presence of AZT (10 μM). The 
resulting co–cultured sample was capable of activating Tax-specific 
CTL to a level comparable with that of the co–culture without AZT 
(Figure 2A).

The presence of HTLV-1 proviral DNA in the prolonged co–
culture of THP-1 cells and MMC-treated ILT was examined by PCR, 

when all the ILT cells died out in culture. Although HTLV-1 proviral 
DNA was detected in the culture without AZT treatment, no proviral 
DNA was detectable in the culture with AZT treatment (Figure 2B), 
confirming that AZT inhibited HTLV-1 infection.

The results indicate that, although THP-1 cells were susceptible 
to HTLV-1 infection, reverse transcription or later steps of HTLV-1 
replication were dispensable for Tax antigen cross–presentation, 
proving that THP-1 cells cross–presented the Tax antigen originating 
from the ILT cells incorporated in the THP-1 cells.

3.3 | Histone deacetylase inhibitors enhanced 
ILT-induced antigen presentation in antigen 
presenting cells

Expression of co–stimulatory molecules and production of cy-
tokines, especially IL-12, are important tasks for APC to induce CTL 
responses. We therefore next assessed whether MMC-treated ILT 
cells could induce CD86 and IL-12 in APC (Figure  3). In these ex-
periments, monocyte-derived immature dendritic cells (MoDC) from 
uninfected individuals were used as APC. We also investigated the 
effect of HDAC inhibitors on the abilities of ILT to activate APC, as 
HDAC inhibitors are known to enhance Tax expression,42 and Tax 
has been reported to activate APC.43

Preliminary experiments indicated that treatment of ILT-156 
cells with SAHA and VPA at the concentrations of 1 µM and 1 mM, 
respectively, exhibited similar levels of mild toxicity (Figure  S2) in 
24 hours. Under these conditions, SAHA and VPA slightly enhanced 
expression of intracellular Tax in a small proportion of ILT cells 
(Figure 3A).

We then co–cultured HLA-A2-positive MoDC from an unin-
fected individual with MMC-treated ILT cells that had been pre–
treated with HDAC inhibitors in the presence of AZT. SAHA or 
VPA-pre–treated ILT-156 cells induced CD86 expression in the 
co–cultured MoDC, while the control ILT-156 cells that had been 
pre–treated with DMSO failed to do so (Figure 3B). For ILT-H2, the 
DMSO-treated control ILT-H2 cells already significantly induced 
CD86 in the co–cultured MoDC, which was not further enhanced by 
pre–treatment with SAHA or VPA (Figure 3B).

Interleukin-12 production in the MoDC co–cultured with MMC-
treated ILT-156 was undetectable but was slightly enhanced by pre–
treatment of ILT cells with HDAC inhibitors. ILT-H2 induced much 
higher levels of IL-12 production than ILT-156 in the co–cultured MoDC, 
which was further enhanced by pretreatment with HDAC inhibitors 
(Figure  3C). Similar HDAC inhibitor-mediated enhancement was ob-
served in IFN-γ production in the co–cultured MoDC. Both ILT-156 
and ILT-H2 produced IL-10, with ILT-156 demonstrating much higher 
levels than ILT-H2, but these cells also induced IL-10 in co–cultured 
MoDC to some extent, which was not altered by HDAC inhibitors.

Monocyte-derived immature dendritic cells possessed HLA-
A2, and, therefore, we also examined the effect of HDAC inhibi-
tors on Tax antigen cross–presentation. The results indicated that 
the HLA-A2-restricted Tax-specific CTL activities against MoDC 

F I G U R E  2   Azidothymidine (AZT) did not affect Tax antigen 
cross–presentation. A, THP-1 cells pre–treated with or without 
20 μM AZT 1 day before were co–cultured with (black bar) or 
without (white bar) mitomycin C (MMC)-treated ILT-156 cells 
overnight. For AZT-treated THP-1, AZT was also added during 
co–culture at a concentration of 10 μM. Cells were then fixed and 
co–cultured with Tax-specific CTL. Supernatant concentrations 
of interferon (IFN)-γ released from CTL were measured by 
ELISA and shown as mean and SD of duplicate samples. Data 
are representative of at least three independent experiments. B, 
Possible HTLV-1 infection in THP-1 cells that had been co–cultured 
with MMC-treated ILT-156 in the absence or presence of AZT 
was examined by PCR analysis using Tax-specific (top) or β-globin-
specific (bottom) primers in the DNA samples 3 weeks after the 
initiation of co–culture. Data are representative of at least two 
independent experiments
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co–cultured with MMC-treated ILT-156 and ILT-H2 cells were sig-
nificantly enhanced by pre–treatment of ILT with SAHA or VPA 
(Figure 3D).

Treatment of ILT cells with HDAC inhibitors thus augmented Tax 
expression and induction of CD86 expression, IL-12 production, and 
Tax cross–presentation in co–cultured MoDC.

3.4 | Short-term cultured primary adult T-cell 
leukemia cells induced Tax cross–presentation

We next investigated whether the immunogenic potential observed 
in ILT cells could be reproduced in short-term cultured PBMC from 
ATL patients.

Peripheral blood mononuclear cells from an HLA-A2-negative 
patient with chronic ATL (ATL #1) contained 73% CD3+CD4+ 
cells, 45% of which were CD25+CCR4+, compatible with the 
phenotype of ATL cells (Figure 4A). These PBMC were cultured 
in vitro for 3 days with or without depletion of CD8+ cells in the 
presence of IL-2. Although intracellular Tax antigen was unde-
tectable before culture, the levels of Tax expression increased 
after 3 days of culture (Figure 4B). Depletion of CD8+ cells from 
the PBMC slightly enhanced Tax induction. These PBMC were 
MMC-treated and co–cultured with THP-1 cells in the pres-
ence of AZT for 24  hours, then fixed with formalin prior to a 
CTL assay. The HLA-A2-restricted Tax-specific CTL clearly pro-
duced IFN-γ against the THP-1 cells co–cultured with ATL cells 
but not against the ATL cells alone, indicating that the 3  day-
cultured ATL cells induced Tax cross–presentation in THP-1 cells  
(Figure 4C).

We then assessed the effect of HDAC inhibitors on the 
PBMC-induced Tax cross–presentation. PBMC from another 
HLA-A2-negative patient with chronic ATL (ATL #2) containing 
CD4+CD25+CCR4+ ATL cells (Figure 4D) were cultured in the pres-
ence of IL-2 for 3 days, with HDAC inhibitors for the last 18 hours. 
Tax expression was induced in approximately 8% of the PBMC cul-
tured with control DMSO, and further enhanced by treatment with 
SAHA or VPA (Figure  4E). THP-1 cells co–cultured with SAHA or 
VPA-treated PBMC induced significantly higher levels of IFN-γ pro-
duction from HLA-A2-restricted Tax-specific CTL than THP-1 co–
cultured with DMSO-treated PBMC (Figure 4F).

Thus, short-term cultured PBMC from patients with chronic ATL 
could induce Tax cross–presentation in the co–cultured APC, which 
was further augmented by treatment with HDAC inhibitors.

3.5 | Short-term cultured primary adult T-cell 
leukemia cells can activate autologous monocyte-
derived dendritic cells

Finally, we examined whether short-term cultured ATL cells could 
activate the patients’ own MoDC to induce co–stimulatory mol-
ecule expression and IL-12 production (Figure  5). The primary 
PBMC of the patient ATL #1 were first divided into an adherent 
monocyte-rich fraction and a non–adherent PBL fraction, and then 
MoDC were induced by culturing adherent cells in the presence of 
IL-4 and GM-CSF for 5 days, while the non–adherent PBL were si-
multaneously cultured for 5 days in the presence of IL-2. These PBL 
containing ATL cells were then treated with MMC and co–cultured 
with autologous MoDC in the presence of AZT (Figure  5A). The 
CD11c+ MoDC co–cultured with autologous PBL exhibited en-
hanced expression of CD86 and CD83, compared with MoDC alone 
(Figure  5B). The culture supernatants of the ATL patient-derived 
MoDC co–cultured with autologous PBL contained significantly 
higher amount of IL-12 and IFN-γ than those of MoDC or PBL alone 
(Figure 5C).

When MoDC from an uninfected individual were similarly co–
cultured with MMC-treated autologous PBL, CD86 expression in the 
CD11c+ MoDC was also enhanced (Figure  5D). However, the PBL 
from the uninfected individual hardly induced cytokine production 
in co–cultured autologous MoDC, whereas MMC-treated ILT-H2 
cells, as a positive control, clearly induced IL-12 and IFN-γ produc-
tion in the MoDC (Figure 5E).

Short-term cultured primary ATL cells were, therefore, capable of 
activating autologous MoDC to induce expression of co–stimulatory 
molecules and production of IL-12 and IFN-γ.

4  | DISCUSSION

Although freshly isolated PBMC of HTLV-1-infected individuals 
do not express detectable levels of Tax, Tax becomes detectable 

F I G U R E  3   Histone deacetylase (HDAC) inhibitors enhanced ILT-mediated antigen presentation in antigen presenting cells (APC). A, 
Intracellular Tax expression in ILT-156 and ILT-H2 cells treated with .08% DMSO (blue), 1 μM suberoylanilide hydroxamic acid (SAHA; red), 
or 1 mM valproic acid (VPA; green) for 24 h was analyzed by flow cytometry. Shaded histogram indicates staining with control mouse IgG. B, 
Expression of CD86 in the CD11c+ monocyte-derived dendritic cells (MoDC) co–cultured in the presence of azidothymidine (AZT) with ILT-
156 or ILT-H2 cells that had been treated with DMSO (blue), SAHA (red), or VPA (green) as described in (A) was evaluated by flow cytometry. 
The sample of MoDC alone was similarly stained (shaded histogram) or left unstained (light grey line). C, Interleukin (IL)-12 (top), interferon 
(IFN)-γ (middle), and IL-10 (bottom) concentrations in the supernatants of HDAC inhibitor-treated ILT-156 or ILT-H2 cells co–cultured with 
(black bar) or without (white bar) MoDC in (B) were evaluated by ELISA. Results show mean and SD of duplicate samples. u.d., undetectable. 
*P < .01. D, HDAC inhibitor-treated ILT-156 or ILT-H2 cells co–cultured with (black bar) or without (white bar) MoDC in (B) were formalin-
fixed and further co–cultured with HLA-A2-restricted Tax-specific CTL. IFN-γ concentrations in the supernatants were analyzed by 
ELISA. Results show mean and SD of duplicate samples. u.d., undetectable. *P < .01. Data are representative of at least three independent 
experiments
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F I G U R E  4   Short-term cultured primary adult T-cell leukemia (ATL) cells can induce Tax cross–presentation. A, Cell surface expression of 
CD3, CD4, CD25, and CCR4 on primary peripheral blood mononuclear cells (PBMC) from an HLA-A2-negative patient with chronic ATL (ATL 
#1) were analyzed by flow cytometry. B, PBMC of the patient ATL #1 were cultured for 3 days in the presence of interleukin (IL)-2 without 
fractionation (whole) or following depletion of CD8+ cells (CD8[−]), and intracellular Tax expression before and after culture was analyzed by 
flow cytometry. C, The 3 day-cultured PBMC prepared in (B) were mitomycin C (MMC)-treated and co–cultured with (black bar) or without 
(white bar) THP-1 cells in the presence of azidothymidine (AZT; final 10 μM) for 24 h, fixed, and further co–cultured with HLA-A2-restricted 
Tax-specific CTL. Interferon (IFN)-γ concentrations in the supernatants are shown as mean and SD of duplicate samples. n.s., not significant. 
*P < .01. D, Cell surface phenotype of primary PBMC from another HLA-A2-negative patient with chronic ATL (ATL #2) was analyzed as 
described in (A). E, PBMC of the patient ATL #2 were cultured for 3 days in the presence of IL-2, with DMSO (.08%), SAHA (1 µM), or VPA 
(1 mM) for the last 18 h. Intracellular Tax expression before or after culture was analyzed by flow cytometry. F, The 3 day-cultured PBMC 
prepared in (E) were MMC-treated, co–cultured with THP-1 cells in the presence of AZT, fixed, and further co–cultured with HLA-A2-
restricted Tax-specific CTL as described in (C). IFN-γ concentrations in the supernatants are shown as mean and SD of duplicate samples. 
u.d., undetectable. *P < .01

F I G U R E  5   Short-term cultured primary adult T-cell leukemia (ATL) cells can activate autologous monocyte-derived dendritic cells 
(MoDC). A, Schematic of the autologous co–culture experiment. Primary peripheral blood mononuclear cells (PBMC) from the ATL patient 
described in Figure 4 were divided into adherent monocyte-enriched and non–adherent PBL fractions. Adherent cells were differentiated 
to MoDC in the presence of interleukin (IL)-4 and granulocyte macrophage-colony stimulating factor (GM-CSF) for 5 days and co–cultured 
with mitomycin C (MMC)-treated autologous peripheral blood lymphocytes (PBL) that had been cultured in the presence of IL-2 for 5 days. 
Azidothymidine (AZT) was included in the medium throughout. B, C, After 24 h of co–culture of ATL patient’s MoDC (ATL-MoDC) and MMC-
treated autologous PBL (ATL-PBL), CD86 and CD83 expression in the CD11c+ MoDC (B) and IL-12 and interferon (IFN)-γ production in the 
supernatants (C) were analyzed by flow cytometry and ELISA, respectively. u.d., undetectable. *P < .01. D, E, MoDC were similarly induced 
from primary PBMC of an uninfected individual (SN-MoDC) and co–cultured with MMC-treated autologous PBL (SN-PBL). CD86 and CD83 
expression (D) and IL-12 and IFN-γ production (E) were evaluated. MMC-treated ILT-H2 cells were used as a positive control. ELISA results 
show mean and SD of duplicate samples. u.d., undetectable
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upon in vitro culture. The present study indicates that such Tax-
expressing HTLV-1-infected cells derived from ATL patients have 
the potential to induce Tax antigen cross–presentation, co–
stimulatory molecule expression, and IL-12 production in 

co–cultured APC, all of which are required to raise CD8+ Tax-
specific CTL responses.

Although MMC-treated HTLV-infected cells retain infectivity, Tax 
antigen was still presented on MHC-I in APC following co–culture 
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with MMC-treated ILT cells in the presence of AZT, while HTLV-1 
proviral integration was completely blocked (Figure 2). These results 
clearly indicated that the newly synthesized viral antigens following 
de novo HTLV-1 infection were dispensable for Tax antigen presen-
tation in APC.

Antigen cross–presentation on MHC-I is mediated by some sub-
sets of DC through cytosolic and vacuolar pathways, although the 
precise mechanisms are not fully understood.44,45 A previous study 
indicated that poly-IC promotes antigen cross–presentation by stim-
ulating toll-like receptor (TLR) 3 through innate immune pathways 
in DC.46 In HTLV-1 infection, experimentally prepared cell-free 
HTLV-1 virions induce type-I IFN responses in plasmacytoid (p)DC 
as a result of TLR7 stimulation by viral RNA.47 Assil et al (2019) in-
dicated that pDC sense glycan-rich structures such as biofilm-like 
structures on the surface of HTLV-1-infected cells, which promotes 
virus-induced IFN responses.48 In the present study, similar innate 
immune responses might be involved in the mechanisms of Tax 
cross–presentation induced by MMC-treated HTLV-1-infected cells.

We observed some differences among the ILT in their ability to 
activate APC. ILT-156 efficiently induced Tax cross–presentation but 
not CD86 or IL-12 expression, while ILT-H2 successfully induced all 
of these effects. This may be partly attributed to the cytokine profile 
of ILT cells. ILT-156 produced much higher levels of IL-10 than ILT-
H2, while ILT-H2 but not ILT-156 cells produced IFN-γ (Figure 3C). 
The importance of IFN-γ in induction of IL-12 is well known.49 
Conversely, IL-10 suppresses IL-12 production,50 explaining why 
ILT-H2 much more efficiently induced IL-12 production than ILT-156 
(Figure 3C). ILT-156 also failed to induce CD86 in APC (Figure 3B). 
These defects were improved by HDAC inhibitors, although the 
mechanisms remain to be clarified (Figure 3C).

Histone deacetylase inhibitors mediate epigenetic anti–tumor 
effects such as induction of tumor suppressor genes.51,52 In HTLV-1 
infected cells, HDAC inhibitors have been shown to augment viral 
expression and apoptosis in infected cells.53 In the present study, 
HDAC inhibitors enhanced the abilities of HTLV-1-infected cells to 
induce cross–presentation of Tax antigen, IL-12 production, and 
CD86 expression in APC, all of which are advantageous for raising 
CD8+ Tax-specific CTL responses (Figure 3). The therapeutic effects 
of VPA were previously demonstrated using a baboon model that 
was naturally infected with simian T-cell leukemia virus, closely re-
lated to HTLV-1, in which systemic administration of VPA combined 
with AZT resulted in reduced PVL and increased CTL.54 Reduction 
of bovine leukemia virus-induced lymphomas by intratumoral ad-
ministration of VPA was also reported in sheep.55 In humans, VPA 
treatment reduced PVL after transient elevation of PVL in HAM/TSP 
patients, while the effect on HAM/TSP symptoms was limited.42,56 
Our findings in the present study suggest an alternative use of HDAC 
inhibitors in vitro to augment immunogenicity of a cell-based vaccine 
to induce CD8+ Tax-specific CTL responses.

The experiments using primary ATL cells indicated, however, 
that even in the absence of HDAC inhibitors, short-term cultured 
primary ATL cells were capable of activating APC to induce Tax 
cross–presentation, IL-12, and co–stimulatory molecules (Figures 4 

and 5). Notably, only a small percentage of the short-term cultured 
PBMC from the ATL patient tested expressed detectable levels of 
Tax, which were enough to produce these effects. Because induc-
tion of CD86 was observed also in the combination of MoDC and 
MMC-treated PBL from an uninfected individual (Figure 5D), it could 
be a nonspecific response to phagocytosis, whereas IL-12 induction 
was observed only in the ATL samples (Figure  5C,E). Because the 
co–cultured MoDC and PBL were autologous, allogeneic reaction 
was excluded, suggesting that IL-12 induction was mediated by com-
ponents of HTLV-1.

Because Tax-specific CTL are a critical anti–tumor effector in 
HTLV-1 infection, we focused on Tax antigen cross–presentation in 
this study. However, the short-term cultured PBMC from HTLV-1-
infected individuals express various HTLV-1 antigens other than Tax 
and cellular antigens as well, which might also contribute to anti–
tumor/virus defense. Besides Tax, HTLV-1 Env,57 Pol,10 p12, p13,58 
and HBZ59 have been reported to be recognized by CTL, and a po-
tential anti–tumor effect of HBZ-specific CTL has been suggested in 
an animal model.60 Unwanted autoimmune response should also be 
carefully watched.

To confirm the in vivo efficacy of the PBMC-based vaccine on 
the CTL induction, we are currently conducting an in vivo study in 
non–human primates, investigating inoculation of autologous short-
term cultured PBMC into naturally STLV-1-infected Japanese mon-
keys (manuscript in preparation).

In conclusion, HTLV-1-infected cells expressing Tax in cultured 
PBMC of ATL patients have the potential to activate APC raising 
CD8+ Tax-specific CTL responses by inducing cross–presentation of 
Tax antigen, IL-12 production, and co–stimulatory molecule expres-
sion. These abilities in infected cells might vary among individuals but 
could be improved by HDAC inhibitors. Although the number of sam-
ples tested is limited, the present findings strongly suggest that the 
short-term cultured autologous PBMC from ATL patients express-
ing Tax could potentially act as a vaccine to induce Tax-specific CTL, 
which might also be extended to indolent ATL patients.
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