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Abstract. Background/Aim: Indoleamine-2,3-dioxygenase
(IDO) is a rate-limiting enzyme for tryptophan metabolism
and plays an immunosuppressive role. Antigen-presenting
cells, when activated, increase the expression of IDO, which
results in the suppression of subsequent immune reaction. A
novel IDO inhibitor, Toho-1, was explored for its applicability
to immunotherapy. Materials and Methods: We investigated
the effects of Toho-1 on antigen presentation and antigen-
specific cytotoxic T-lymphocyte-inducing ability of leukemia
plasmacytoid dendritic cell line PMDCOS5, which was
established in our laboratory. Results: While antigen
presentation-associated molecules in PMDCO5 cells were
increased by stimulation with lipopolysaccharide and
interferon-y, IDO mRNA and protein expression were also
enhanced. Such treatment of PMDCOS5 cells in combination
with Toho-1 enhanced the antigen-presenting and CTL-
inducing ability of PMDCO5 cells. Conclusion: These findings
suggest the ability of Toho-1 to potentiate antigen-presenting
cells and its applicability in immunotherapy of cancer.

Indoleamine-2,3-dioxygenase (IDO) is a rate-limiting enzyme
acting in the early phase of metabolism of tryptophan, which
is an essential amino acid and rare among whole amino acids
(1). Although there are several pathways in tryptophan
metabolism, 95% of tryptophan is converted to kynurenine by
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the IDO-associated pathway. IDO oxidatively cleaves the
double bond between the 2’ and 3’ carbons of indole ring in
tryptophan (2, 3). Starvation of tryptophan by IDO induces
cell-cycle arrest of T-lymphocytes (4), giving rise to apoptosis
of cells (5). In addition, the metabolic products of tryptophan,
such as kynurenine, 3-hydroxykinurenine and 3-
hydroxyanthranilic acid, are toxic to T-lymphocytes (6, 7),
leading to apoptosis of cells (8), and induce differentiation of
naive T-cells into regulatory T-cells (9). IDO is widely
expressed in tumor cells, dendritic cells (DCs) (1),
macrophages (4), microglial cells (10), eosinophils (11),
fibroblasts (12) and endothelial cells (13). DCs with IDO
expression play a role in immunoregulation (1). DCs do not
express IDO without activation but begin to express IDO by
stimulation with interferon (IFN) or various ligands of Toll-
like receptors (1, 14).

1-Methyltryptophan (1-MT), a representative IDO inhibitor,
which is a mimetic of tryptophan and has a competitive action
against IDO, is in phase I/II clinical trials as a cancer vaccine
adjuvant in a single administration or in combination with
other cancer therapies (15). Recently methyl-thiohydantoin-
tryptophan (MTH-Trp: Necrostatin-1®) was reported to be a
more potent IDO inhibitor in comparison to 1-MT (16).
Yokoyama et al. developed a novel IDO-inhibiting tryptophan
derivative, Toho-1 (MTH-benz[e]tryptoline) (Figure 1), with
high ability to block IDO activity (17). Although 1-MT,
Necrostatin-1 and Toho-1 are all competitive inhibitors of
IDO, Toho-1 has been reported to inhibit the metabolism of
tryptophan to kynurenine as efficiently as Necrostatin-1 and
more potently than 1-MT (17).

In order to potentiate the antigen-presenting ability of
PMDCO5 cells for application in cellular immunotherapy for
tumors and severe viral infections, we investigated the use
of Toho-1in activated PMDCOS5 cells, in which IDO activity
is elevated.
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Materials and Methods

Reagents and antibodies. LPS was purchased from Sigma-Aldrich
(St. Louis, MO, USA). IFN-y was donated by Shionogi
Pharmaceutical Co. (Osaka, Japan). Phycoerythrin (PE)-labeled
monoclonal antibodies to IgG1, CD54, CD58, CD80, CD86, HLA-
DR (BD Biosciences, San Jose, CA, USA), CD40 and CD83
(Immunotech, Marseille, France) were used for flow cytometric
analysis. Monoclonal antibody to human IDO (IDO-mAb) was
purchased from Oriental Yeast Co. (Tokyo, Japan). IgGIK from
murine myeloma (MOPC21) (Sigma-Aldrich) and Alexa Fluor 488-
conjugated goat anti-mouse IgG secondary antibody (Molecular
Probes, Eugene, OR, USA) were used for staining IDO. Toho-1 was
synthesized and generously donated by Dr. Yusaku Yokoyama
(Faculty of Pharmaceutical Sciences, Toho University) (17).
Necrostatin-1 was purchased from Sigma-Aldrich.

Culture of PMDCO5 cells. Leukemia plasmacytoid dendritic cell
(pDC) line, named PMDCO05, was established from leukemia blasts
of an HLA-A*02:06/24:02 patient with pDC leukemia by culture in
Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen, Grand
Island, NY, USA) with 10% fetal bovine serum (FBS) in our
laboratory (18). Proliferation of PMDCOS5 cells was maintained
without cytokine or feeder cells. The characteristics of PMDCO0S5
cells have been reported previously (19-22).

Stimulation of PMDCOS5 cells. PMDCOS5 cells were cultured at a
density of 2x10%/ml in 10% FBS-containing IMDM with or without
0.1 pg/ml LPS and 1,000 U/ml IFN-y for 24 h. In the study relating
to the effects of Toho-1, Toho-1 was added to the culture
simultaneously with LPS and IFN-y at a concentration of 1 pM.

Flow cytometric analysis. For analysis of surface molecules,
PMDCOS5 cells were stained with PE-labeled mAb such as CDla,
CD40, CD80, CD83, CD86 and HLA-DR in the presence of Fc-y
receptor blocking reagent (phosphate buffered saline (PBS)
containing 0.5% human vy-globulin and 0.1% NaN3). For analysis of
cytoplasmic IDO protein, PMDCOS5 cells were fixed with 250 pl BD
Cytofix/Cytoperm solution (BD Biosciences) at 4°C for 20 min after
being washed once with PBS. Then PMDCO5 cells were washed
with 1 ml BD Perm/Wash buffer twice and stained with IDO-mAb
(primary antibody) at 4°C for 20 min in the presence of Fc-y
receptor blocking reagent. MOPC21 was used as an isotype control.
Thereafter the cells were washed with BD Perm/Wash buffer twice
and stained with Alexa Fluor 488-conjugated goat anti-mouse 1gG
secondary antibody at 4°C for 20 min. Stained cells were analyzed
with FACSCalibur flow cytometry (BD Biosciences) and data were
analyzed with CellQuest Pro software (BD Biosciences).

Allogeneic mixed leukocyte culture (MLC). One hundred thousand
normal peripheral blood mononuclear cells (PB-MNCs) were co-
cultured in a 96-well flat-bottom microtiter plate (BD Biosciences)
with graded numbers of PMDCOS5 cells, which had been cultured
with or without LPS/IFN-v for six hours in the presence or absence
of Toho-1, then washed and irradiated with 60 Gy of 137Cs
generated gamma irradiation (PS-3000SB Cs-137, Pony, Osaka,
Japan) immediately before MLC, as described previously (18).

CTL induction using WT1 peptide-pulsed PMDCO5 cells. CD8+ T-
cells were separated from PB-MNCs of a healthy person with HLA-
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Figure 1. Structure of a novel IDO inhibitor, Toho-1.

A*24:02 by using fluorescein-isothiocyanate (FITC)-labeled CD8
monoclonal antibody and anti-FITC microbeads (Miltenyi Biotec,
Bergisch Bladbach, Germany) according to the manufacturer’s
instructions. PMDCO5 cells were activated with LPS/IFN-vy for 24
hours in medium containing 10 ug/ml mutant-type 9mer WT1
peptide (CYTWNQMNL; NeoMPS, San Diego, CA, USA), which
possesses antigenicity in HLA-A*24:02+ person (21). PMDCO05
cells were exposed to 1 uM Toho-1 or 40 uM [selected from
previous literature (23)) Necrostatin-1 during the activation period.
CD8+ T-cells were co-cultured with activated and 30 Gy-irradiated
PMDCOS5 cells at a cell ratio of 2:1 in a 24-well plate containing 1.5
ml of 5% autologous serum-containing RPMI-1640 medium.
Interleukin-2 (IL2) (Shionogi, Osaka, Japan) and IL7 (R&D
Systems, Minneapolis, MN, USA) were added to the co-culture on
day 3 at a final concentration of 50 U/ml and 10 ng/ml, respectively.
Two-thirds of the medium with IL2 and IL7 were replenished every
two to three days throughout the culture period. The co-culture was
re-stimulated with the same WT1 peptide-pulsed PMDCOS5 cells on
day 7, and mutant WT1 peptide/HLA-A*24:02 tetramer analysis
was performed on day 7 and day 14 as described previously (21).
Briefly, the co-cultured cells were double-stained with FITC-labeled
CDS8 antibody (BD Biosciences) and PE-labeled WTI tetramers.
Stained cells were analyzed with FACSCalibur flow cytometry and
the data was analyzed by CellQest Pro software.

Reverse transcription/real-time quantitative-polymerase chain
reaction (RT/RQ-PCR). Total RNA was extracted from PMDCO05
cells, which had been cultured with or without LPS/IFN-y in the
presence or absence of Toho-1, using RNAiso plus (TaKaRa BIO,
Otsu, Shiga, Japan). Genomic DNA was eliminated from the total
RNA by TURBO DNase free kit (Ambion, Austin, TX, USA). cDNA
was synthesized from genomic DNA-eliminated total RNA using
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). RQ-PCR was performed by KAPA SYBR
FAST gPCR kits (KAPA BIOSYSTEMS, Woburn, MA, USA) using
the reverse-transcribed cDNA as the template and the primer sets of
IDO and f-actin (internal control) listed in Table I. Threshold cycle
(CT) was determined from a crossing point of a real-time PCR
amplification curve and a threshold line by the instrument software.
For quantification of /DO mRNA, the comparative AC and AACy
methods were used as described below. AC=Cr for IDO RNA of
sample — CT for [-actin RNA of sample, which means that /DO
mRNA was normalized with internal control mRNA. The relative
quantification of the mRNA was calculated by the formula of 2-ACT,
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Figure 2. Enhancement of antigen presentation-associated molecules in PMDCOS5 cells. Non-stimulated, LPS-stimulated and both LPS and IFN-y-
stimulated PMDCOS5 cells were analyzed for the expression of antigen presentation-associated molecules by flow cytometry. Values indicated are mean
fluorescence intensities (MFI). Representative data of five experiments are shown.

AAC1=ACy of IDO RNA for each sample — AC for RNA of the
calibrator sample (namely RNA extracted from PMDCOS5 cells
without any stimulation). This means that /DO mRNA of each sample
was normalized with that of the calibrator sample.

Statistical analysis. The statistical relevance of differences in 3H-
thymidine incorporation in MLC was evaluated with the Student’s
t-test. Differences were considered significant at p<0.05.

Results

Enhancement of the expression of antigen presentation-
associated molecules by LPS/IFN-y in PMDCOS5 cells.
PMDCOS cells were stimulated with LPS, IFN-y or LPS and
IFN-vy for 24 h and analyzed for the expression of antigen
presentation-associated molecules by using flow cytometry.
Stimulation with LPS enhanced the expression of CD54,
CD58, CD83, CD86 and HLA-DR, which were already
expressed in PMDCO5 cells without any stimulation.
Moreover, CD80, which was hardly expressed at all in
PMDCO5 cells without any stimulation, was expressed after
stimulation with LPS or LPS with IFN-y. CD40 expression

was slightly increased by stimulation with LPS with IFN-vy.
Enhancement of the expressions of these antigen
presentation-associated molecules was more prominent by
stimulation with both LPS and IFN-y than with LPS alone
(Figures 2 and 3). Concerning the effects of Toho-1 on
CD80, CD86 and HLA-DR, the expression of these
molecules was slightly increased at a concentration of 1 uM
of Toho-1, but was reduced at 10 uM and 20 uM in dose-
dependent manner (Figure 3).

Enhancement of the expressions of IDO mRNA and protein
by LPS with IFN-y in PMDCOS5 cells. PMDCOS cells were
stimulated with LPS, IFN-y , or LPS and IFN-vy for 24 h and
analyzed for IDO mRNA expression by RT/RQ-PCR. IDO
mRNA expression in PMDCOS5 cells was remarkably
enhanced by the stimulation with LPS and IFN-y compared to
LPS and to IFN-y alone (Figure 4). In addition, PMDCO05
cells stimulated with IFN-y alone showed a slight
enhancement in the expression of IDO protein and the
expression was clearly increased by the stimulation with both
LPS and IFN-y (Figure 5).
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Figure 3. Effects of Toho-1 on antigen presentation-associated molecules on PMDCO5 cells. PMDCOS5 cells stimulated with or without LPS and
IFN-y in the presence or absence of Toho-1 at a concentration of 1, 10 or 20 uM were analyzed for expression of CD80, CD86 and HLA-DR by flow
cytometry. Values indicated are mean fluorescence intensities (MFI). Representative data of three experiments are shown.

Effects of Toho-1 on antigen presenting ability of PMDCO0S5
cells. PMDCO5 cells, which were cultured with LPS with
IFN-y and Toho-1 simultaneously for 6 h, were used as
stimulator cells in MLC assay. Antigen-presenting ability of
PMDCO5 cells was evaluated by determining *H-thymidine
incorporation in responder cells. Toho-1 enhanced antigen-
presenting ability of PMDCOS5 cells in comparison with
solvent control (DMSO) (Figure 6).
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Effects of Toho-1 on antigen-specific CTL-inducing ability of
PMDCOS5 cells. Mutant-type WT1-specific CTL induction
from PB CD8* T-cells was compared among untreated
PMDCO05 cells, Toho-1 exposed PMDCO5 cells and
Necrostatin-1 exposed PMDCO5 cells as stimulator cells.
Exposure of Toho-1 to PMDCOS5 cells increased the generation
of WTl-specific CTLs in co-culture for two weeks, but
Necrostatin-1 did not show such an effect (Figure 7).
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Figure 4. Enhancement of IDO mRNA expression in PMDCOS5 cells by stimulation with LPS and IFN-y. IDO mRNA was quantified by RT/RQ-PCR.
The amounts of each transcript are shown by the comparative CT method. A: The relative quantification of sample mRNA against [3-actin was
determined by the formula of 2—ACT (described in Materials and Methods). B: The relative quantification of sample mRNA against calibrator
sample (PMDCOS5 cells without stimulation) RNA was determined by the formula of 2—AACT (described in Materials and Methods). Another

experiment rerurned identical results.
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Figure 5. Enhancement of IDO protein expression in PMDCO5 cells by stimulation with LPS and IFN-y. PMDCO5 cells were analyzed for the
expression of IDO protein by flow cytometry. Values in the Figure are mean fluorescence intensities (MFI). Representative data from among three

experiments are shown.

Discussion

We previously reported that PMDCOS5 cells stimulated with
LPS-alone were able to enhance antigen-presenting ability
and tumor antigen-specific CTL-inducing ability (21). Since
the expression of antigen presentation-associated molecules
in PMDCOS5 cells was much increased by stimulation with
LPS with IFN-y compared to LPS alone (Figure 2 and 3),
PMDCOS cells stimulated with LPS with IFN-y were thought

to have a more potent antigen-presenting ability. However,
when we use PMDCO5 cells stimulated with LPS/IFN-y as
antigen-presenting cells, our major concern is IDO, which
possesses immunosuppressive function in activated antigen-
presenting cells. PMDCOS cells stimulated with LPS with
IFN-vy increased their expression of /DO mRNA and IDO
protein (Figures 4 and 5). Therefore, IDO expressed in
PMDCOS5 cells could function as an immunosuppressive
agent and reduce the LPS/IFN-vy-associated enhancement of
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Figure 6. Enhancement of antigen-presenting ability of PMDCO5 cells
by Toho-1. PMDCOS5 cells were cultured in medium including LPS/IFN-
y with or without Toho-1 for 6 h. Antigen-presenting ability was assayed
by mixed leukocyte culture using 3H-thymidine incorporation consisting
of graded numbers of PMDCOS cells as stimulator cells and 2x 10°/well
healthy PB-MNCs as responder cells. PMDCO5 cells were cultured
without stimulation, with LPS and IFN-y with solvent (dimethyl
sulfoxide), or with LPS and IFN-y with Toho-1 for 6 h before mixed to
the leukocyte culture. The statistical differences between Toho-1 and
solvent control were evaluated with the Student’s t-test. Significance at
#*p<0.05. The other two experiments gave similar results.

antigen presentation by PMDCOS5 cells. Thus, we tried to
inhibit the function of IDO expressed in activated PMDCO05
cells by using a novel IDO inhibitor, Toho-1.

Regarding the effects of IDO inhibitors on the expression
of antigen presentation-associated molecules of DCs, a novel
IDO1-selective inhibitor, INCB024360, has been reported to
inhibit apoptosis of DCs induced by IDO and increase the
number of DCs with high expression of CD86 (24). However,
it was reported that another IDO inhibitor, 1-MT, did not affect
the expressions of antigen presentation-associated molecules,
which had been enhanced in human pDCs activated with ODN
2006 (Toll-like receptor-9 ligand) (9). As to the effects of
Toho-1 on the expression of antigen presentation-associated
molecules, PMDCOS5 cells exposed to Toho-1 exhibited a
baseline or a slight increase in their expression of CD8O0,
CD86 and HLA-DR at a concentration of 1 uM. However,
higher concentrations of Toho-1, such as 10 uM and 20 puM,
reduced the expression of these molecules in a dose-dependent
manner (Figure 3). In a separate study, we investigated the
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effects of Toho-1 and Necrostatin-1 on IDO protein expression
of cord blood (CB) monocyte-derived DCs activated with LPS
and IFN-y. CB-monocyte-derived DCs were used for their
clear expression of IDO when stimulated with LPS and IFN-
v. The expression of IDO protein in CB-monocyte-derived
DCs was not influenced by the exposure to these IDO
inhibitors (Figure 8). These findings were thought to be in
accordance with the mechanism of action of these IDO
inhibitors, which is competitive. In the present study, we
investigated the effects of Toho-1 on the antigen-presenting
ability and antigen-specific CTL-inducing ability of PMDCO05
cells. Treatment with Toho-1 enhanced antigen presentation
(Figure 6) and CTL induction (Figure 7) of PMDCO5 cells
when activated with LPS with IFN-y. DC-based
immunotherapy is a promising strategy in the treatment of
tumors. Recently, IDO inhibitors have been applied in clinical
trials in combination with immunotherapy against tumors. It
has been reported that a new tumor vaccination therapy, which
was developed in combination with 1-MT and tumor antigen
peptide, was efficient for inhibiting IDO activity in vitro and
displayed favorable antitumor effects in vivo (25). In addition,
DCs treated with IDO inhibitors have been introduced for
generating antigen-specific CTLs in adoptive immunotherapy
(25). Together with the findings of our current study, an IDO
inhibitor seems to provide a potent approach for enhancing the
function of DCs, which could be applied in adoptive transfer
immunotherapy.

In conclusion, we investigated the effects of a novel IDO
inhibitor, Toho-1, on a pDC cell line and revealed its
applicability for enhancing the antigen-presenting ability of
PMDCO5 cells when activated by stimulators such as LPS
with IFN-y. Our results indicate that Toho-1 is efficient for
potentiating antigen presentation of DCs, including PMDCO05
cells, and might be applicable for DC-based immunotherapy
in tumors and severe viral infections.
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Figure 8. Lack of effect of Toho-1 and Necrostatin-1 on IDO expression of moDCs. Monocytes were isolated by incubating cord blood MNCs in a
plastic culture dish and removing non-adherent cells from the dish. Immature cord blood moDCs were induced from monocytes by culturing plastic
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