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Abstract
Background: Recent clinical studies have found that changes in the kynurenine (Kyn) 
pathway of tryptophan (Trp) metabolism are associated with cardiovascular events. 
However, the roles of the Kyn pathway on vascular wall thrombogenicity remain un-
known. Indoleamine 2,3- dioxygenase 1 (IDO1) is a rate- limiting enzyme of the Kyn 
pathway.
Objective: The present study aimed to localize IDO1 in human coronary atherosclerotic 
plaques from patients with angina pectoris and define its role in plaque thrombogenicity.
Methods: Immunohistochemical methods were applied to localize IDO1 in coronary 
atherosclerotic plaques from patients with stable (SAP) and unstable (UAP) angina 
pectoris. The role of IDO1 in tissue factor (TF) expression was investigated in THP- 1 
macrophages activated by interferon (IFN)γ and tissue necrosis factor (TNF)α.
Results: We localized IDO1 mainly in CD68- positive macrophages within atheroscle-
rotic plaques, and in close association with TF. Areas that were immunopositive for 
IDO1, TF, and CD3- positive T lymphocytes were significantly larger in plaques from 
patients with UAP than SAP. Macrophages activated by IFNγ and TNFα upregulated 
IDO1 expression, increased the Kyn/Trp ratio and enhanced TF expression and activ-
ity, but not TF pathway inhibitor expression. The IDO1 inhibitor epacadostat signifi-
cantly reduced the Kyn/Trp ratio, TF expression and activity, as well as NF- κB (p65) 
binding activity in activated macrophages. Inhibition of the aryl hydrocarbon receptor 
that binds to Kyn, also reduced Kyn- induced TF expression in activated macrophages.
Conclusion: Indoleamine 2,3- dioxygenase 1 expressed in coronary atherosclerotic 
plaques might contribute to thrombus formation through TF upregulation in acti-
vated macrophages.

K E Y W O R D S

indoleamin 2,3-dioxygenase 1, aryl hydrocarbon receptor, macrophage, thrombosis, tissue 
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1  | INTRODUCTION

Acute coronary syndrome (ACS) is provoked by disruption (rupture 
or erosion) of coronary atherosclerotic plaques and subsequent 
thrombus formation.1 Thrombi produced on disrupted plaques com-
prise aggregated platelets and considerable amount of fibrin; there-
fore, a tissue factor- mediated coagulation pathway plays a critical 
role in thrombus formation that leads to the onset of ACS.2–4 Tissue 
factor (TF) expression by macrophages and smooth muscle cells in 
plaques5,6 is induced by proinflammatory cytokines such as interfer-
on- γ (IFNγ), tumor necrosis factor- alpha (TNFα), lipopolysaccharide, 
as well as hypoxia,5–7 and its procoagulant activity is inhibited by TF 
pathway inhibitor (TFPI).8

Tryptophan (Trp) is an essential amino acid that is either used 
for protein synthesis or metabolized to various bioactive molecules 
via the serotonin pathway or the kynurenine (Kyn) pathway, and 
the latter pathway is the major route of Trp catabolism in humans.9 
Catabolites in the Kyn pathway of Trp catabolism are important for 
regulating the immune system and inflammation.10,11 Emerging evi-
dence also indicates that these catabolites play significant roles in 
cardiovascular pathophysiology.12–14

Indoleamine 2, 3- dioxygenase (IDO) is an enzyme that catalyzes 
the first and rate- limiting step of Trp metabolism along the Kyn 
pathway9 and it has two isoforms. The IDO1 isoform is expressed 
in various tissues, including dendritic cells, endothelial cells, macro-
phages, fibroblasts, and mesenchymal stromal cells, and this major 
isoform contributes to Trp degradation. The IDO2 isoform is pri-
marily expressed in the kidney, brain, colon, liver, and reproductive 
tract.9,14 The expression of IDO2 is apparently basal, whereas that 
of IDO1 is induced by cytokines, particularly IFNγ.15 IDO1 is over-
expressed in many pathological states such as cancer, autoimmune, 
cardiovascular, and inflammatory bowel diseases.16 IDO1 is thought 
to cause immune escape via local Trp degradation and subsequent 
inhibition of the T cell response.17 According to the inflammatory 
nature of atherosclerotic diseases, the serum Kyn/Trp ratio in-
creases in patients with coronary heart diseases,18 and plasma or 
urinary Kyn/Trp ratios or plasma Kyn values are associated with 
coronary thrombosis and cardiovascular mortality.19–21 Plasma 
levels of TF, Kyn, and Kyn/Trp ratios are significantly increased, 
whereas TFPI remains unchanged in in patients with chronic kidney 
disease (CKD).22

These lines of evidence suggest that IDO1 and the Kyn pathway 
significantly contribute to cardiovascular diseases and thrombus 
formation. However, IDO1 expression in human coronary arteries 

and its role(s) in vascular wall thrombogenicity remains unknown. 
We therefore evaluated the expression of IDO1 in human coronary 
atherosclerotic plaques and its contribution to TF expression in mac-
rophages activated using cytokines.

2  | MATERIAL S AND METHODS

2.1 | Immunohistochemical staining for IDO1 and TF 
in human coronary plaque

We immunohistochemically stained human coronary plaques in 
specimens obtained by directional coronary atherectomy (DCA) 
from patients with stable (SAP, n = 20) and unstable (UAP, n = 20) 
angina pectoris to detect IDO1 protein expression. This study 
proceeded under a protocol approved by the institutional review 
board of the University of Miyazaki (Approval No. 2015-090). 
Samples obtained under the protocol were immediately fixed 
in 4% paraformaldehyde and embedded in paraffin. Serial 4- μm 
slices of the samples were stained with hematoxylin and eosin 
(HE) for immunohistochemical evaluation using mouse monoclo-
nal PG- M1 anti- human CD68 for macrophages (Dako, Glostrup, 
Denmark), mouse monoclonal anti- human α- smooth muscle actin 
for smooth muscle cells (Dako), rabbit monoclonal anti- human 
tissue factor for TF (EPR8986; Abcam, Cambridge, UK), mouse 
monoclonal anti- human indoleamine 2, 3- oxygenase for IDO1 
(ab55305; Abcam), and mouse monoclonal anti- human CD3 for 
T lymphocytes (F7.2.38; Dako). The sections were stained using 
Envision Kits (Dako), visualized as horseradish peroxidase activ-
ity with 3, 3′- diaminobenzidine tetrahydrochloride and coun-
terstained with Meyer’s hematoxylin. The negative controls 
contained universal negative control mouse immunoglobulins 
(Dako) instead of primary antibodies. We evaluated immuno-
positive areas in entire samples by taking two to five micropho-
tographs under ×20 objective magnification depending on the 
sample size. Histological data are expressed as mean values for 
each sample, and were verified by two independent investigators 
(SK and AY) in a blinded manner.

2.2 | Cell culture

The human monocyte THP- 1 cell line (Dainippon Sumitomo Pharma, 
Suita, Japan) was maintained in a subconfluent state (5 × 105 cells/
mL) in RPMI- 1640 medium supplemented with 10% fetal bovine 

Essentials
• Indoleamine 2,3-dioxygenase 1 (IDO1) is associated with cardiovascular events.
• Tissue factor (TF) plays a critical role in thrombus formation on disrupted plaques.
• IDO1 plays a critical role in TF expression in human THP-1 macrophages.
• IDO1 might contribute to thrombus formation through TF upregulation in activated macrophages.
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serum and 1% Zell Shield (Minerva Biolabs, Berlin, Germany) at 
37°C in a humidified incubator. THP- 1 cells were differentiated into 
macrophages by incubation with 100 nmol/L phorbol 12- myristate 
13- acetate (PMA; Sigma Aldrich, St. Louis, MO, USA) for 24 hours. 
Non- adherent cells and media containing PMA were removed, then 
adherent cells were washed three times with PBS. The cells were 
subsequently activated with 10 ng/mL each of IFNγ (R&D Systems, 
Minneapolis, MN, USA) and TNFα (Sigma- Aldrich or R&D Systems) 
or lipopolysaccharide (LPS) (Sigma- Aldrich). We assessed IDO1, TF, 
and TF pathway inhibitor (TFPI) mRNA or protein expression and 
procoagulant activity in these macrophages for up to 24 hours. 
The contribution of IDO1 and aryl hydrocarbon receptor (AHR) to 
TF expression was evaluated by culturing the macrophages derived 
from THP- 1 cells with or without the IDO1 inhibitor epacadostat, 
(INCB024360; BioVision, Milpitas, CA, USA) or the AHR inhibitor 
CH- 223191 (Sigma- Aldrich).

The stability of TF mRNA in macrophages stimulated with 10 μg/
mL of actinomycin D, a transcriptional inhibitor (Sigma- Aldrich), was 
measured using real time PCR.

Human primary monocytes were isolated from cells donated 
by healthy volunteers using RosetteSep and SepMate (STEMCELL 
Technologies Inc., Vancouver, BC, Canada) according to the manu-
facturer’s manual. 1.5- 3.0 × 105 cells in RPMI- 1640 supplemented 
with 10% fetal bovine serum and 1% Zell Shield were seeded into 
24 well plates and incubated with 100 ng/mL of macrophage colony 
stimulating factor (PEPROTECH, Rocky Hill, NJ, USA) for 24 hours. 
Non- adherent cells and media were removed and washed three 
times with PBS and remaining adherent cells were regarded as mac-
rophages. Thereafter, RPMI- 1640 (1 mL) supplemented with 10% 
fetal bovine serum and 1% Zell Shield was added to the wells and the 
cells were activated with of IFNγ and TNFα (10 ng/mL each). We as-
sessed TF mRNA expression and evaluated the effects of the IDO1 
inhibitor, epacadostat. This study was approved by the institutional 
review board at the University of Miyazaki (Approval No. O- 0272).

2.3 | Trp and Kyn concentrations in cell culture 
supernatants measured using liquid chromatography/
mass spectrometry

Frozen supernatants from THP- 1 cell cultures were thawed, main-
tained at 4°C, deproteinized using the same volume of 6% trichlo-
roacetic acid and kept on ice for 30 minutes. The samples were 
separated by centrifugation at 5800 g for 15 minutes at 4°C. 
Levels of Trp and Kyn in the supernatants were measured using 
liquid chromatography/mass spectrometry (LC- MS) with some 
modification.23 A Zorbax stable- bond C8 reversed- phase analyti-
cal column measuring 150 × 4.6 mm with a particle size of 3.5 μm 
(Agilent Technologies, Tokyo, Japan) was mounted in a compart-
ment with a thermostat set at 40°C. The mobile phase comprised 
95% solution A (650 mmol/L acetic acid) and 5% solution B (ace-
tonitrile). Calibration curves were prepared using L- tryptophan 
reference material (Wako Pure Chemical Industries, Ltd., Osaka, 
Japan) and l- kynurenine (K6825; Sigma- Aldrich). Samples (10 μL) 

were injected into the column and detected using Q Exactive (Life 
Technologies, Carlsbad, CA, USA).

2.4 | Measurement of mRNA expression using real 
time PCR

Activated THP- 1 macrophages in six- well plates were washed 
with PBS (2 mL) three times and resolved with 1 mL TRIzol (Life 
Technologies). Total RNA was extracted using RNeasy Mini Kits 
(Qiagen, Hilden, Germany) and quantified using a Nano Drop 1000 
(ND- 1000) spectrophotometer (Thermo Scientific, Rockford, IL, 
USA). Single- strand, complementary DNA (cDNA) was synthesized 
from the RNA using PrimeScript RT reagent kits (Perfect Real Time, 
Takara Bio, Shiga, Japan) and used for real time PCR. Gene expres-
sion was measured using a LightCycler 480 (Roche Diagnostics 
GmbH, Mannheim, Germany), SYBR Premix EX Taq II (Perfect Real 
Time, Takara Bio) and specific primers with the following sequences: 
human TF, 5′- TGACCTCACCGACGAGATTGTGAA- 3′ (forward) and 
5′- TCTGAATTGTTGGCTGTCCGAGGT- 3′ (reverse); human TFPI,  
5′- TGGATGCCTGGGCAATATGA- 3′ (forward) and 5′- AGGCTGGGAA 
CCTTGGTTGA- 3′ (reverse); human β- actin, 5′- TGGCACCCAGCACAA 
TGAA- 3′ (forward) and 5′- TAAGTCATAGTCCGCCTAGAAGCA- 3′. 
Gene expression was normalized by β- actin expression.

2.5 | Enzyme- linked immunosorbent assay (ELISA)

Cellular or nuclear and cytoplasmic proteins were extracted using 
RIPA buffer (Nacalai Tesque, Kyoto, Japan) or NE- PER Nuclear and 
Cytoplasmic Extraction Reagents (Life Technologies) containing 1% 
Halt protease and phosphatase inhibitor (Life Technologies). Protein 
concentrations were determined using Pierce BCA Protein Assay Kits 
(Life Technologies). Amounts of TF and TFPI expression and NFκB 
(p65) activity in THP- 1 macrophages were measured using Quantikine 
ELISA kits for human TF and TFPI (R&D Systems), and NFκB (p65) 
Transcription Factor Assay Kits (ab133112; Abcam), respectively.

2.6 | Factor Xa chromogenic activity of tissue factor 
measurement

Factor Xa chromogenic activity of THP- 1 macrophages was as-
sessed using Tissue Factor Human Chromogenic Activity Assay 
Kits (ab108906; Abcam). Activated THP- 1 macrophages in six- well 
plates were washed with cold PBS (2 mL) three times, then 300 μL 
of octyl- β- d- glucopyranoside containing 1% Halt protease inhibitor 
(Life Technologies) was added and the mixtures were placed at 37°C 
for 15 minutes. The lysates were collected into 1.5- mL microtubes 
and stored at −80°C. Chromogenic activity was assayed according 
to the manufacturer’s instructions.

2.7 | Western blotting

The expression of AHR in the nuclei and the cytoplasm of THP- 1 
macrophages was assessed as follows. The cells were resolved 
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using NE- PER Nuclear and Cytoplasmic Extraction Reagents (Life 
Technologies) with 1% Halt Protease and Phosphatase Inhibitor 
Cocktail (Life Technologies) according to the manufacturer’s 
instructions.

Protein concentrations were determined using Pierce BCA 
Protein Assay Kits (Life Technologies). Protein (10 μg) was resolved 
by sodium dodecyl sulfate- polyacrylamide gel electrophoresis at 
200 V for 30 minutes and transferred to PVDF membranes using 
X cell II Blot module (Life Technologies). Proteins were detected 
using anti- AHR antibody (#83200, AhR [D5S6H]), rabbit mAb, 
(Cell Signal Technology Japan, Tokyo, Japan), mouse monoclonal 
anti- Lamin B1 antibody (sc- 377000; Santa Cruz Biotechnology 
Inc., Dallas, TX, USA), a mouse monoclonal anti- β- actin (AC- 15) 
antibody (A5441; Sigma- Aldrich) and the specific secondary anti-
bodies, donkey cy3- conjugated affinity pure anti rabbit IgG (H + L) 
antibody (Jackson ImmmunoResearch Laboratories Inc., West 
Grove, PA, USA) for AHR, goat anti- mouse IgG (H&L) and Alexa 
Fluor 647 (ab150119; Abcam) for Lamin B1 and β- actin, respec-
tively. Fluorescent images were acquired using an ImageQuant 
LAS- 4000 lumino- image analyzer (GE Healthcare UK Ltd., Little 
Chalfont, Buckinghamshire, UK).

2.8 | Statistical analysis

Data were analyzed using JMP 11.2.0. (SAS Institute, Inc., Cary, NC, 
USA) or GraphPad Prism 6.0f (GraphPad Software, Inc., San Diego, 
CA, USA) software. Values are expressed as means with standard 
deviation (SD) or as medians with interquartile ranges when vari-
ances were skewed. Continuous variables were compared using 
Student t tests. Mann- Whitney U tests, and one- way or two- way 
ANOVA followed by Bonferroni correction. Categorical variables 
were compared using Fisher exact tests. Relationships between fac-
tors were evaluated using Spearman rank correlation coefficients. 
Values with P < 0.05 were considered to be statistically significant.

3  | RESULTS

3.1 | Characteristics of patients with SAP and UAP

Table 1 shows the clinical characteristics of the patients with SAP 
(n = 20) and UAP (n = 20) from whom we obtained DCA samples. 
Only diabetes was significantly more prevalent in patients with UAP 
than SAP (P < 0.05). Medications did not significantly differ between 
the groups.

3.2 | Tissue factor and IDO1 in human 
coronary plaque

We immunohistochemically examined the expression and locali-
zation of IDO1 and TF in serial sections of human DCA samples. 
Figure 1A and B shows microphotographs of hematoxylin and 
eosin staining and immunohistochemistry for IDO1, TF, mac-
rophages and SMC in coronary plaque from patients with UAP and 

SAP. Although closely localized, IDO1 immunopositive cells were 
not necessarily associated with TF-  and CD68- immunopositive 
cells. These findings suggested that macrophages are predominant 
in cell populations that express IDO1 and TF in unstable coro-
nary plaque. Areas that were immunopositive for IDO1, TF, and 
T lymphocytes were larger in patients with UAP than SAP. Areas 
containing macrophages also tended to be larger in patients with 
UAP than SAP, but the difference did not reach statistical sig-
nificance (Table 1). Areas that were immunopositive for IDO1 in 
human coronary plaques correlated positively with CD68 (r = 0.43, 
P < 0.01, n = 40) and TF (r = 0.69, P < 0.01, n = 40) but not with 
SMA (r = 0.23, P = 0.16, n = 40) (Figure 1C), whereas areas of IDO1 
correlated positively with CD68 (r = 0.56, P < 0.05, n = 20) and TF 
(r = 0.51, P < 0.05, n = 20) in samples from patients with UAP, but 
not with SAP (Figure 1D and E).

TABLE  1 Clinical and immunohistochemical characteristics of 
patients with SAP and UAP

SAP (n = 20) UAP (n = 20) P value

Clinical characteristics

Male, n (%) 17 (85) 15 (75) 0.43

Mean age (±SD; 
years)

62.8 ± 11.6 61.2 ± 12.9 0.69

Body mass index 
(kg/m2)

25.8 ± 3.8 25.2 ± 4.7 0.69

Hypertension, n 
(%)

12 (60) 13 (65) 0.74

Dyslipidemia, n (%) 11 (55) 12 (60) 0.75

Diabetes, n (%) 6 (30) 13 (65) 0.03

Smoking, n (%) 10 (50) 13 (65) 0.34

Family history, n 
(%)

3 (15) 5 (20) 0.43

Medication

Aspirin, n (%) 19 (95) 17 (85) 0.29

CCB, n (%) 10 (50) 13 (65) 0.34

ACE- I/ARB, n (%) 9 (45) 8 (40) 0.75

Statin, n (%) 6 (30) 7 (35) 0.74

Anti- diabetics, n 
(%)

2 (10) 3 (15) 0.63

Immunohistochemical evaluation

CD 68 positive 
area (%)

0.75 (0.22- 2.5) 1.64 (0.36- 5.80) 0.07

SMA positive area 
(%)

6.4 (2.35- 11.92) 7.94 (3.61- 10.75) 0.75

T cell number  
(/mm3)

6 (2.3- 35) 21 (13.8- 43.8) 0.03

TF positive area 
(%)

0.12 (0.02- 0.51) 0.28 (0.19- 0.96) 0.03

IDO1 positive area 
(%)

0.06 (0.02- 0.55) 0.24 (0.05- 4.26) 0.03

ACE- I, angiotensin converting enzyme- inhibitor; ARB, angiotensin II re-
ceptor blocker; CCB, calcium channel blocker; IDO1, indoleamine 2, 
3- dioxygenase 1; SMA, smooth muscle actin; TF, tissue factor.
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3.3 | Induction of IDO1 and expression of TF in THP- 
1 macrophages activated using IFNγ and TNFα

Since both IDO1 and TF were detected in macrophage- rich coro-
nary plaques, we examined IDO1, TF, and TFPI expression in 
macrophages derived from THP- 1. Macrophages derived from in-
activated THP- 1 expressed low levels of IDO1 mRNA, whereas 
IDO1 mRNA expression at 12 hours was increased 400- fold in mac-
rophages from THP- 1 cells activated with IFNγ and TNFα (Figure 
S1A). The expression of TF mRNA and protein in the activated mac-
rophages was significantly increased for up to 24 hours (Figure S1B 
and D). In contrast, TFPI mRNA and protein expression decreased 

over time in both inactivated and activated macrophages, and the 
amount of mRNA was significantly reduced at 3, 6, and 12 hours in 
activated macrophages (Figure S1C and E). The ratio of TF to TFPI 
protein was higher in activated, than in inactivated macrophages at 
24 hours (Figure S1F).

3.4 | IDO1 catalyzes Trp into Kyn, and enhances TF 
expression in activated macrophages

We measured Trp and Kyn concentrations in cell culture superna-
tants using LC- MS to determine IDO1 enzymatic activity in acti-
vated macrophages. Levels of Trp and Kyn in the supernatant were 

F IGURE  1 Expression of IDO1 and TF in human coronary atherosclerotic plaque. (A and B) Representative histopathological features of 
serially- sectioned atherosclerotic plaque from patients with unstable (A) and stable (B) angina pectoris. Both IDO1 and TF are expressed in 
areas immunopositive for CD68, but sparse in SMA. (C) Relationships between IDO1 and areas immunopositive for CD68, SMA and TF in 
samples obtained from patients by directional coronary atherectomy (n = 40). Areas immunopositive for IDO1 positively correlate with those 
for CD68 and TF, but not SMA (Spearman rank correlation coefficients). (D and E) Relationships between IDO1 and areas immunopositive 
for CD68 or TF in samples (n = 20 each) obtained from patients with UAP (D) and SAP (E) by directional coronary atherectomy (each, n = 20). 
Areas that were positive for IDO1 and CD68 or immunopositive for TF significantly correlated in samples from patients with UAP (r = 0.56 and 
0.51, P < 0.05), but not SAP. HE, hematoxylin and eosin; IDO1, indoleamine 2,3- dioxygenase 1; SMA, smooth muscle actin; TF, tissue factor
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reduced and increased, respectively, by inflammatory stimuli, and 
these processes were inhibited by the IDO1 inhibitor epacadostat 
(Figure 2A and B). In addition, IDO1 inhibition by epacadostat re-
sulted in significantly reduced TF mRNA and protein expression, 
and dose- dependently reduced TF activity in activated THP- 1 mac-
rophages measured using FXa chromogenic assays (Figure 2C–E, 
Figure S2). Epacadostat inhibited the TFPI mRNA reduction in the 
THP- 1 macrophages, but did not affect the amounts of TFPI pro-
tein (Figure S3A and B), and significantly reduced the ratio of TF to 
TFPI protein (Figure S3C). Epacadostat also significantly inhibited 
TF mRNA in THP- 1 macrophages activated by IFNγ and LPS (Figure 
S4). Epacadostat also suppressed NFκB (p65) binding activity in ac-
tivated THP- 1 macrophages (Figure 2F). Epacadostat did not affect 
the stability of TF mRNA in activated macrophages incubated with 
DMSO (control) or actinomycin D (Figure S5). We confirmed the in-
hibitory effect of epacadostat on TF expression stimulated by IFNγ 
and TNFα in macrophages derived from human primary monocytes 
donated by healthy volunteers (Figure S6).

3.5 | Kynurenine partly contributes to cytokine- 
induced TF expression via the Kyn receptor, AHR

We evaluated TF expression in activated macrophages when en-
dogenous Kyn production was inhibited by epacadostat to deter-
mine whether or not the Kyn pathway metabolites kynurenine, 
3- hydroxyanthranilic acid, and quinolinic acid contribute to TF ex-
pression in macrophages activated with IFNγ and TNFα. Kynurenine 
dose- dependently increased TF mRNA expression under IDO1 inhi-
bition whereas hydroxyanthranilic and quinolinic acids did not. The 
range of kynureine concentrations (10- 200 μg/mL) was selected 

based on a previous study.24 However, TF expression did not reach 
the level of the inflammatory activated control (Figure 3A, Figure 
S7).

We investigated the nuclear translocation and contribution of 
AHR to TF expression in activated macrophages and found that ky-
nurenine enhanced the nuclear translocation of AHR under IDO1 
inhibition (Figure 3B and C). The specific AHR inhibitor CH223191 
modestly, but dose- dependently, decreased the amount of TF 
mRNA (Figure 4A), and modestly increased the amount of TFPI 
mRNA (Figure S8) in activated macrophages. The inhibition of AHR 
by CH223191 significantly inhibited Kyn- induced TF expression in 
activated macrophages under IDO1 inhibition (Figure 4B).

4  | DISCUSSION

The present study found that IDO1 and TF were closely localized in 
human coronary atherosclerotic plaque, that IDO1 and TF were predom-
inant in plaques from patients with UAP, and that IDO1 and Kyn contrib-
uted to TF expression in macrophages activated with IFNγ and TNFα.

Macrophages in human coronary plaques contained IDO1. The 
Tampere Vascular Study found that IDO1 expression is elevated in 
the macrophage- rich cores of advanced atherosclerotic lesions.25 
Levels of Kyn that reflect IDO1 activity are increased in human 
unstable plaques26 and in rabbit macrophage- rich atherosclerotic 
arteries.27 In addition, IDO1 activity in blood significantly and pos-
itively correlates with more advanced degrees of atherosclerosis.28 
These findings collectively suggest that the IDO1- mediated Kyn 
pathway plays a significant role in atherosclerotic lesions. Here, 
immunostaining detected IDO1 in CD68- positive macrophages 
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from samples of coronary plaque, and this was more obvious in 
patients with UAP than SAP. These and previous findings are com-
parable. However, not all macrophages were positive for IDO1, 
which might have been due to heterogeneity among macrophages 
and inflammatory stimuli in human plaques. Although we did not 
assess cytokine levels, several inflammatory cytokines including 
IFNγ and TNFα are increased in blood and atherosclerotic plaques 
from patients with ACS.29,30

The expression of IDO1 positively correlated with TF expression 
in plaque. The overexpression of TF in atherosclerotic lesions con-
tributes to platelet- fibrin thrombus formation via excess thrombin 
generation during plaque disruption.2,31 We previously correlated TF 
expression with coronary thrombus size, which is a determinant of 
the onset of ACS.4 Macrophages and smooth muscle cells in plaques 
express TF, and this is induced by many stimuli, including inflamma-
tory cytokines, hypoxia, oxidized low- density lipoprotein, and C- 
reactive protein.6,32 We localized TF and IDO1 in macrophages from 
coronary plaques, and found that IDO1 mediated TF expression 
in THP- 1 macrophages activated by IFNγ and TNFα. These results 

suggest that TF expression in macrophages within atherosclerotic 
lesions is linked to the Kyn pathway. Although clinical evidence for 
a relationship between the Kyn pathway and blood coagulation is 
scant, Pedersen et al showed that elevated plasma Kyn values or 
Kyn/Trp ratios predict increased risk of acute myocardial infarction 
in patients with stable angina pectoris.21 Pawlak et al significantly 
associated TF, TFPI, and prothrombin fragments 1 + 2 with levels of 
Kyn pathway metabolites in patients with uremia on dialysis.33 Such 
evidence suggests that plasma Kyn values or Kyn/Trp ratios could be 
markers with which to predict cardiovascular events.

Gene expression of TF is regulated by transcriptional factors 
such as NFκB, SP- 1 and AP- 134,35 and/or mRNA stabilization and 
NFκB is a major transcriptional factor for inducible TF expression. 
We found that inhibiting IDO1 activity using epacadostat reduced 
NFκB (p65) binding activity in the nuclei of THP- 1 macrophages 
activated using IFNγ and TNFα. Although the precise mechanism(s) 
remains unknown, the present findings suggest that transcriptional 
upregulation via NFκB rather than mRNA stability contributes to 
IDO1 mediated TF upregulation.

F IGURE  2  Induction of IDO1 catalyzes tryptophan to kynurenine and enhances TF expression in THP- 1 macrophages activated by 
IFNγ and TNFα. Tryptophan and kynurenine concentrations in cell culture supernatants (A and B). THP- 1 macrophages induced with PMA 
were incubated with IFNγ plus TNFα (10 ng/mL each) and epacadostat (100 μg/mL), or with DMSO (control) for 24 hours (n = 5 each). 
Tryptophan and kynurenine concentrations in supernatants were measured using LC- MS at indicated times. Inflammatory stimuli reduced 
levels of tryptophan and increased those of kynurenine in the supernatants, whereas epacadostat reduced kynurenine production under 
inflammatory stimuli. *P < 0.001, †P < 0.0001 (two- way ANOVA followed by Bonferroni correction). Effects of epacadostat on expression 
of TF mRNA, protein and chromogenic activity in activated THP- 1 macrophages at 3 (mRNA) or 24 (protein and chromogenic activity) 
hours (n = 5 each; C–E). Effects of Epacadostat on NFκB (p65) binding activity in activated THP- 1 macrophages at 2 hours (n = 6 each [F]). 
*P < 0.05, †P < 0.01, ‡P < 0.001, §P < 0.0001, one- way ANOVA followed by Bonferroni correction. LC- MS, liquid chromatography- mass 
spectrometry; ns, not significant; TF, tissue factor
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The ligand- inducible transcription factor AHR, which mediates 
the toxic effects of dioxins and uremic toxins, has recently emerged 
as a pathophysiological regulator of immune- inflammatory condi-
tions and Kyn is an endogenous ligand for AHR.36 Activating AHR 
promotes both atherosclerosis in mice with an apolipoprotein E defi-
ciency,37 and leukocyte endothelial interaction induced by TNF- α.38 
The findings of clinical studies have suggested that AHR contrib-
utes to thrombotic complications in patients with chronic kidney 

disease.39,40 Indolic uremic sulfates, levels of which are increased in 
patients with chronic kidney disease, enhance TF mRNA and protein 
expression in endothelial and peripheral blood mononuclear cells 
via the AHR pathway.39 The AHR receptor regulates TF protein sta-
bility via TF ubiquitination and degradation.40 The present findings 
showed that Kyn enhances TF expression via AHR under IDO1 inhi-
bition in activated macrophages. However, the contribution of the 
Kyn- AHR pathway to TF expression in macrophages is only partial, 

F IGURE  4 Contribution of kynurenine to TF mRNA expression in macrophages activated by IFNγ and TNFα. Dose- dependent effect of 
AHR inhibitor, CH223191, on TF mRNA expression in THP- 1 macrophages activated with 10 ng/mL IFNγ or TNFα at 3 hours (A). Data are 
shown as values relative to controls and are expressed as means ± SD (n = 3). *P < 0.05, †P < 0.001, ‡P < 0.0001, one- way ANOVA followed by 
Bonferroni correction. Effect of AHR inhibition to TF mRNA expression in THP- 1 macrophages activated with IFNγ and TNFα (10 ng/mL each) 
together with kynurenine (200 μg/mL) under IDO1 activity inhibited by 100 μg/mL of epacadostat at 3 hours (B). Data are shown relative to 
control values and are expressed as means ± SD (n = 3). *P < 0.05, †P < 0.01, one- way ANOVA followed by Bonferroni correction. AHR, aryl 
hydrocarbon receptor; IDO1, indoleamine 2,3- dioxygenase; TF, tissue factor
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because Kyn- induced TF expression did not reach the levels induced 
by IFNγ and TNFα.

Epacadostat (INCB024360) is a competitive IDO1 inhibitor that 
suppresses Kyn generation in vitro and in vivo.41 Many solid malig-
nancies express IDO1, which can promote tumor escape from host 
immunosurveillance. Clinical trials of epacadostat combined with 
other immunomodulatory drugs against several malignancies are 
ongoing.42 The present findings showed that epacadostat not only 
reduced IDO1 activity, but also suppressed TF expression via NFκB 
(p65) binding activity and Kyn production. This suggests that epaca-
dostat could help to prevent coronary thrombosis. However, further 
studies are required, because whether or not IDO1 can prevent ath-
erosclerosis remains controversial.26,43,44

This study has several limitations. Serum levels of the inflam-
matory cytokines, Trp, and Kyn were not investigated due to the 
retrospective design. Therefore, we could not show a relationship 
between serum parameters and IDO1 expression in coronary ath-
erosclerotic plaques. Because coronary atherectomy samples were 
obtained from parts of atherosclerotic plaques, the data might 
not represent entire atherosclerotic lesions derived from patients. 
We mainly used a human leukemic monocyte THP- 1 cell line. 
Nonetheless, similar to peripheral blood monocytes, IDO1 and TF 
were expressed after stimulation with cytokines, and the IDO1 in-
hibitor, epacadostat, reduced TF expression in macrophages derived 
from this line.

We did not investigate the contribution of IDO1 to TF expression 
in atherosclerotic plaque and thrombus formation in vivo. Further 
study is required to determine role of IDO1 on atherothrombosis 
in vivo.

In conclusion, enhanced IDO1 expression in coronary athero-
sclerotic plaque might contribute to atherothrombosis through TF 
upregulation in activated macrophages.

ACKNOWLEDGMENTS

We thank Dr. Kazunari Maekawa for technical assistance with human 
peripheral blood monocyte experiment, and Ms. Ritsuko Sotomura 
and Ms. Kyoko Ohashi for assistance with immunohistological stain-
ing and cell culture studies. We also thank Dr. Tomoko Matsumoto 
for contributing to the LC- MS measurements.

RELATIONSHIP DISCLOSURE

None of the authors have any disclosures relevant to this paper.

AUTHOR CONTRIBUTIONS

Y. Watanabe performed experiments, analyzed the data, and 
wrote the manuscript. S. Koyama, Y. Matsuura, and K. Nishihira 
supervised the study, designed experiments. A. Yamashita, K. 
Kitamura, and Y. Asada revised the manuscript for intellectual 
content.

REFERENCES

 1. Kolodgie FD, Burke AP, Farb A, et al. The thin- cap fibroatheroma: a 
type of vulnerable plaque: the major precursor lesion to acute cor-
onary syndromes. Curr Opin Cardiol. 2001;16:285–92.

 2. Sato Y, Hatakeyama K, Yamashita A, Marutsuka K, Sumiyoshi A, 
Asada Y. Proportion of fibrin and platelets differs in thrombi on 
ruptured and eroded coronary atherosclerotic plaques in humans. 
Heart. 2005;91:526–30.

 3. Yamashita A, Sumi T, Goto S, et al. Detection of von Willebrand 
factor and tissue factor in platelets- fibrin rich coronary thrombi in 
acute myocardial infarction. Am J Cardiol. 2006;97:26–8.

 4. Okuyama N, Matsuda S, Yamashita A, et al. Human coronary throm-
bus formation is associated with degree of plaque disruption and ex-
pression of tissue factor and hexokinase II. Circ J. 2015;79:2430–8.

 5. Mackman N, Tilley RE, Key NS. Role of the extrinsic pathway of 
blood coagulation in hemostasis and thrombosis. Arterioscler 
Thromb Vasc Biol. 2007;27:1687–93.

 6. Tatsumi K, Mackman N. Tissue factor and atherothrombosis. J 
Atheroscler Thromb. 2015;22:543–9.

 7. Matsuura Y, Yamashita A, Iwakiri T, et al. Vascular wall hypoxia pro-
motes arterial thrombus formation via augmentation of vascular 
thrombogenicity. Thromb Haemost. 2015;114:158–72.

 8. Kasthuri RS, Glover SL, Boles J, Mackman N. Tissue factor and tis-
sue factor pathway inhibitor as key regulators of global hemostasis: 
measurement of their levels in coagulation assays. Semin Thromb 
Hemost. 2010;36:764–71.

 9. Polyzos KA, Ketelhuth DF. The role of the kynurenine pathway 
of tryptophan metabolism in cardiovascular disease. An emerging 
field. Hamostaseologie. 2015;35:128–36.

 10. Jones SP, Franco NF, Varney B, et al. Expression of the kynurenine 
pathway in human peripheral blood mononuclear cells: implica-
tions for inflammatory and neurodegenerative disease. PLoS One. 
2015;10:e0131389.

 11. Wang Q, Liu D, Song P, Zou MH. Tryptophan- kynurenine pathway is 
dysregulated in inflammation, and immune activation. Front Biosci 
(Landmark Ed). 2015;20:1116–43.

 12. Wang Y, Liu H, McKenzie G, et al. Kynurenine is an endothelium- 
derived relaxing factor produced during inflammation. Nat Med. 
2010;16:279–85.

 13. Mangge H, Stelzer I, Reininghaus EZ, Weghuber D, Postolache TT, 
Fuchs D. Disturbed tryptophan metabolism in cardiovascular dis-
ease. Curr Med Chem. 2014;21:1931–7.

 14. Song P, Ramprasath T, Wang H, Zou MH. Abnormal kynurenine 
pathway of tryptophan catabolism in cardiovascular diseases. Cell 
Mol Life Sci. 2017;74:2899–916.

 15. Bianchi M, Bertini R, Ghezzi P. Induction of indoleamine dioxygen-
ase by interferon in mice: a study with different recombinant in-
terferons and various cytokines. Biochem Biophys Res Commun. 
1988;152:237–42.

 16. Schrocksnadel K, Wirleitner B, Winkler C, Fuchs D. Monitoring 
tryptophan metabolism in chronic immune activation. Clin Chim 
Acta. 2006;364:82–90.

 17. Mellor AL, Keskin DB, Johnson T, Chandler P, Munn DH. Cells ex-
pressing indoleamine 2,3- dioxygenase inhibit T cell responses. J 
Immunol. 2002;168:3771–6.

 18. Wirleitner B, Rudzite V, Neurauter G, et al. Immune activation and 
degradation of tryptophan in coronary heart disease. Eur J Clin 
Invest. 2003;33:550–4.

 19. Pedersen ER, Svingen GF, Schartum-Hansen H, et al. Urinary ex-
cretion of kynurenine and tryptophan, cardiovascular events, 
and mortality after elective coronary angiography. Eur Heart J. 
2013;34:2689–96.

 20. Pedersen ER, Midttun O, Ueland PM, et al. Systemic mark-
ers of interferon- gamma- mediated immune activation and 



     |  735WATANABE ET Al.

long- term prognosis in patients with stable coronary artery disease. 
Arterioscler Thromb Vasc Biol. 2011;31:698–704.

 21. Pedersen ER, Tuseth N, Eussen SJ, et al. Associations of plasma 
kynurenines with risk of acute myocardial infarction in patients 
with stable angina pectoris. Arterioscler Thromb Vasc Biol. 
2015;35:455–62.

 22. Pawlak K, Tankiewicz J, Mysliwiec M, Pawlak D. Tissue factor/its 
pathway inhibitor system and kynurenines in chronic kidney dis-
ease patients on conservative treatment. Blood Coagul Fibrinolysis. 
2009;20:590–4.

 23. Midttun O, Hustad S, Ueland PM. Quantitative profiling of biomark-
ers related to B- vitamin status, tryptophan metabolism and inflam-
mation in human plasma by liquid chromatography/tandem mass 
spectrometry. Rapid Commun Mass Spectrom. 2009;23:1371–9.

 24. Della Chiesa M, Carlomagno S, Frumento G, et al. The tryptophan 
catabolite l- kynurenine inhibits the surface expression of NKp46-  
and NKG2D- activating receptors and regulates NK- cell function. 
Blood. 2006;108:4118–25.

 25. Niinisalo P, Oksala N, Levula M, et al. Activation of indoleamine 
2,3- dioxygenase- induced tryptophan degradation in advanced 
atherosclerotic plaques: Tampere vascular study. Ann Med. 
2010;42:55–63.

 26. Metghalchi S, Ponnuswamy P, Simon T, et al. Indoleamine 
2,3- dioxygenase fine- tunes immune homeostasis in atherosclero-
sis and colitis through repression of interleukin- 10 production. Cell 
Metab. 2015;22:460–71.

 27. Matsuura Y, Yamashita A, Zhao Y, et al. Altered glucose metabolism 
and hypoxic response in alloxan- induced diabetic atherosclerosis in 
rabbits. PLoS One. 2017;12:e0175976.

 28. Niinisalo P, Raitala A, Pertovaara M, et al. Indoleamine 
2,3- dioxygenase activity associates with cardiovascular risk factors: 
the Health 2000 study. Scand J Clin Lab Invest. 2008;68:767–70.

 29. Al Shahi H, Shimada K, Miyauchi K, et al. Elevated circulating levels 
of inflammatory markers in patients with acute coronary syndrome. 
Int J Vasc Med. 2015;2015:805375.

 30. Heinisch RH, Zanetti CR, Comin F, Fernandes JL, Ramires JA, 
Serrano CV Jr. Serial changes in plasma levels of cytokines in pa-
tients with coronary artery disease. Vasc Health Risk Manag. 
2005;1:245–50.

 31. Yamashita A, Matsuda S, Matsumoto T, et al. Thrombin genera-
tion by intimal tissue factor contributes to thrombus formation on 
macrophage- rich neointima but not normal intima of hyperlipidemic 
rabbits. Atherosclerosis. 2009;206:418–26.

 32. Matsuda S, Yamashita A, Sato Y, et al. Human C- reactive protein 
enhances thrombus formation after neointimal balloon injury in 
transgenic rabbits. J Thromb Haemost. 2011;9:201–8.

 33. Pawlak K, Mysliwiec M, Pawlak D. Hypercoagulability is inde-
pendently associated with kynurenine pathway activation in dial-
ysed uraemic patients. Thromb Haemost. 2009;102:49–55.

 34. Oeth P, Parry GCN, Mackman N. Regulation of the tissue factor 
gene in human monocytic cells: role of AP- 1, NF- kappa B/Rel, and 
Sp1 proteins in uninduced and lipopolysaccharide- induced expres-
sion. Arterioscler Thromb Vasc Biol. 1997;17:365–74.

 35. Parry GC, Mackman N. Transcriptional regulation of tissue factor 
expression in human endothelial cells. Arterioscler Thromb Vasc 
Biol. 1995;15:612–21.

 36. Nguyen NT, Nakahama T, Le DH, Van Son L, Chu HH, Kishimoto 
T. Aryl hydrocarbon receptor and kynurenine: recent advances in 
autoimmune disease research. Front Immunol. 2014;5:551.

 37. Wu D, Nishimura N, Kuo V, et al. Activation of aryl hydrocarbon 
receptor induces vascular inflammation and promotes atheroscle-
rosis in apolipoprotein E−/− mice. Arterioscler Thromb Vasc Biol. 
2011;31:1260–7.

 38. Ito S, Osaka M, Edamatsu T, Itoh Y, Yoshida M. Crucial role of the 
aryl hydrocarbon receptor (AhR) in indoxyl sulfate- induced vascular 
inflammation. J Atheroscler Thromb. 2016;23:960–75.

 39. Gondouin B, Cerini C, Dou L, et al. Indolic uremic solutes increase 
tissue factor production in endothelial cells by the aryl hydrocarbon 
receptor pathway. Kidney Int. 2013;84:733–44.

 40. Shivanna S, Kolandaivelu K, Shashar M, et al. The aryl hydro-
carbon receptor is a critical regulator of tissue factor stabil-
ity and an antithrombotic target in uremia. J Am Soc Nephrol. 
2016;27:189–201.

 41. Koblish HK, Hansbury MJ, Bowman KJ, et al. Hydroxyamidine in-
hibitors of indoleamine- 2,3- dioxygenase potently suppress sys-
temic tryptophan catabolism and the growth of IDO- expressing 
tumors. Mol Cancer Ther. 2010;9:489–98.

 42. Beatty GL, Dwyer PJ, Clark J, et al. First- in- Human Phase I Study 
of the oral inhibitor of indoleamine 2,3- dioxygenase- 1 Epacadostat 
(INCB024360) in patients with advanced solid malignancies. Clin 
Cancer Res. 2017;23:3269–76.

 43. Cole JE, Astola N, Cribbs AP, et al. Indoleamine 2,3- dioxygenase- 1 
is protective in atherosclerosis and its metabolites provide new 
opportunities for drug development. Proc Natl Acad Sci USA. 
2015;112:13033–8.

 44. Polyzos KA, Ovchinnikova O, Berg M, et al. Inhibition of in-
doleamine 2,3- dioxygenase promotes vascular inflammation 
and increases atherosclerosis in Apoe−/− mice. Cardiovasc Res. 
2015;106:295–302.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

How to cite this article: Watanabe Y, Koyama S, Yamashita A, 
et al. Indoleamine 2,3- dioxygenase 1 in coronary 
atherosclerotic plaque enhances tissue factor expression in 
activated macrophages. Res Pract Thromb Haemost. 
2018;2:726–735. https://doi.org/10.1002/rth2.12128

https://doi.org/10.1002/rth2.12128

