Received: 27 February 2018

Revised: 23 September 2018

Accepted: 25 September 2018

DOI: 10.1111/cas.13811

ORIGINAL ARTICLE

W4iB'a GCancer Science

Mechanism and prognostic value of indoleamine
2,3-dioxygenase 1 expressed in hepatocellular carcinoma

Shaolong Li'?

| Xue Han»? | NingLyu'? | Qiankun Xiel® | Haijing Deng!? |

Luwen Mu* | TaoPan* | XinHuang®® | XiaWang® | Yuanyuan Shi’ | Ming Zhao'*?

IState Key Laboratory of Oncology in South
China, Collaborative Innovation Center for
Cancer Medicine, Guangzhou, China

2Minimally Invasive Interventional
Division, Sun Yat-sen University Cancer
Center, Guangzhou, China

Svip Region, Sun Yat-sen University Cancer
Center, Guangzhou, China

“Department of Vascular Interventional
Radiology, Third Affiliated Hospital of Sun
Yat-sen University, Guangzhou, China

SDepartment of Hepatobilliary
Oncology, Sun Yat-sen University Cancer
Center, Guangzhou, China

6Department of Pathology, Second Affiliated
Hospital of Guangzhou Medical University,
Guangzhou, China

’Department of Obstetrics and
Gynecology, Sun Yat-sen Memorial Hospital,
Guangzhou, China

Correspondence

Ming Zhao, Minimally Invasive Interventional
Division, Sun Yat-sen University Cancer
Center, Guangzhou, Guangdong, China.
Email: zhaoming@sysucc.org.cn

Funding information

This work was supported by grants from
the National Natural Science Foundation
of China (81771956) and the National
Natural Science Foundation of Guangdong
(2016A030313282 and 2017A020215149).

1 | INTRODUCTION

Hepatocellular carcinoma is a typical malignancy that slowly un-
folds on a background of chronic inflammation mainly triggered

by exposure to infectious agents (hepatotropic viruses) or toxic

Indoleamine 2,3-dioxygenase 1 (IDO1) is a tryptophan-metabolizing enzyme that is
widely distributed in normal or malignant tissues and contributes to immunologic
tolerance and immune escape. However, in hepatocellular carcinoma (HCC), the
characteristics and mechanism of IDO1 expression have not been well defined. In
this study, IDO1 expression in tumor cells (T-IDO1) was frequently detected (109/112)
by immunohistochemistry in formalin-fixed paraffin-embedded specimens from HCC
patients, and the expression patterns were mostly focal (102/109). Expression of
T-IDO1 was significantly associated with the infiltration of CD8+ T cells (P = .043), as
well as younger age (<50 years old, P = .02). It was also found that IDO1 had diffuse
expression in inflammatory cells in all specimens, which were defined as antigen-
presenting cells. Significant correlations among IDO1, IFNG, and CD8A transcriptional
levels were observed in freshly resected HCC specimens; moreover, no constitutive
IDO1 expression was detected in HCC cell lines until stimulated by interferon-y
through the JAK2-STAT1 signaling pathway, but not type | interferon. Survival analy-
ses showed that increased T-IDO1 and CD8+ T cell infiltration were significantly as-
sociated with superior overall survival (OS) (T-IDO1, P = .003; CD8+ T cells, P = .004),
and T-IDO1 expression is an independent prognosis factor in both OS and disease-
free survival (OS, P = .007; disease-free survival, P = .044). These findings indicated
that T-IDO1 expression in HCC is common and is dominantly driven by the host anti-

tumor immune response, which is a favorable prognostic factor in HCC.
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compounds (ethanol).! In the tumorigenic process, the accumula-
tion of genomic alterations creates various neoantigens that can
elicit host antitumor immune responses.2 Indeed, intense lym-
phocytic infiltration within the tumor, especially CD8+ T cells, as
a favorable predictor in HCC, is a major effector against HCC.3*

Abbreviations: APC, antigen-presenting cell; DC, dendritic cell; DFS, disease-free survival; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; IDO1, indoleamine 2,3-dioxygenase 1;
IFN, interferon; LAMP3, lysosomal associated membrane protein-3; NK, natural killer; OS, overall survival; ROI, region of interest; TCGA, The Cancer Genome Atlas.
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Unexpectedly, tumors appear to establish an immunosuppressive
microenvironment to brake host immune killing. Recently, immune
checkpoint inhibitors blocking cytotoxic T-lymphocyte-associated
antigen-4 and programmed cell death-1/programmed cell death-
ligand 1 have been widely applied in HCC practice, but they have
been less effective than anticipated, suggesting that additional im-
munosuppressive fences might need to be overcome to maximize
therapeutic efficacy in HCC.> A recent study showed that IDO1
plays a key role in adaptive resistance to immune checkpoint in-
hibitors in HCC.’

Indoleamine 2,3-dioxygenase 1 is a rate-limiting enzyme in the
catabolism of the essential amino acid tryptophan along the ky-
nurenine pathway, and it is widely distributed in various types of
tumors.®? Broad evidence has indicated that local tryptophan depri-
vation and the accumulation of kynurenines produced by IDO1 ele-
vation crucially facilitate the escape of malignant tumors from host
immune killing with multiple effects, including the suppression of
T and NK cells, the generation and activation of regulatory T cells
and myeloid-derived suppressor cells, and the promotion of tumor
angiogenesis.m'15

As an immune escape mechanism, high constitutive IDO1 ex-
pression, driven by intrinsic cellular changes such as gene mutations
associated with carcinogenesis, represents an adverse prognostic
factor in colorectal cancer, endometrial cancer, ovarian carcinoma,
and a number of other cancers.'®?° In contrast, in breast carci-
noma, early stage cervical cancer, and melanoma, IDO1 expression
is accompany the host antitumor immune response, and it tends to
positively correlate with survival.?* However, in another study,
the high inductive IDO1 expression in primary melanoma nega-
tively affected progression-free survival.?> Under the heterogene-
ity of tumor gene mutations and the tumor microenvironment, both
constitutive and inducible IDO1 expression can co-exist regulated
by tumor intrinsic and extrinsic mechanisms, reflecting either the
absence or presence of antitumor immunity in specific tumor mi-
croenvironments. Thus, higher IDO1 expression could correlate
with either worse or improved prognosis in different tumors.?¢

Based on previous studies, the features and mechanisms of IDO1
expression in HCC tumor cells remain controversial, and its prognostic
value must also be clarified.?”"?? In this study, we characterize IDO1
expression in both tumor cells (T-IDO1) and inflammatory cells (I-
IDO1) in a series of 112 surgically resected HCCs. In vitro and ex vivo
experiments were carried out to explore the mechanism controlling
T-IDO1 expression, and survival analyses were undertaken to explore

the significance of T-IDO1 and I-IDO1 expression in prognosis.

2 | MATERIAL AND METHODS

2.1 | Celllines and culture

Two cell lines derived from human HCC (Hep3B and Huh7; ATCC,
Manassas, VA, USA) were authenticated by short tandem repeat
profiling-based PCR and were analyzed to determine IDO1 protein
expression. All cells were cultured at 37°C, 5% CO, in DMEM
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supplemented with 10% FBS and 1% penicillin-streptomycin. These

cell lines have been tested for mycoplasma contamination by PCR.

2.2 | Patients and samples

This research project was approved by the Ethics Committee of Sun
Yat-sen University Cancer Center (Guangzhou, China), and all HCC
patients enrolled in the research had signed informed written consent
before the start of the research. To reduce interference with survival
analysis from complex follow-up treatment, a total of 112 patients
who underwent resection of HCC as an initial treatment between
December 2007 and December 2010 were randomly selected and
analyzed. Liver function was evaluated by the Child-Pugh scoring
system and albumin-bilirubin grade.®° Clinical data were assessed
according to the 7th edition of the AJCC/UICC TNM classification
system and Barcelona Clinic Liver Cancer staging system. Surgically
resected specimens were fixed in formalin and embedded in
paraffin for routine histological diagnosis, and the histopathological
findings were classified by the Edmondson grading system. Further
prognostic analysis was carried out for patients receiving curative

hepatic resection (complete removal of the tumor).

2.3 | Western blot analysis

Cells were pretreated with or without a JAK2 inhibitor (BMS-911543,
10 pmol/L; #57144, Selleck Chemicals, Houston, TX, USA), a JAK1/3
inhibitor (ZM 39923 HCI, 10 umol/L; #58004, Selleck Chemicals), or
a STAT1 inhibitor (fludarabine, 10 pmol/L; #51491, Selleck Chemicals)
in DMEM complete medium for 2 hours. The cells were then cultured
in the presence or absence of IFN-y (20 ng/mL) for 24 hours. The
other cells were cultured in the presence of IFN-a (1000 IU/mL and
20 ng/mL), IFN-B (1000 IU/mL and 20 ng/mL), or IFN-y (20 ng/mL)
for 48 hours. The cells were washed twice with ice-cold PBS, lysed
in RIPA containing protease and phosphatase inhibitors, and then
centrifuged for 5 minutes at 12 000 g at 4°C. The protein concen-
tration in the supernatant was quantified utilizing the BCA protein
assay kit (#P0012S; Beyotime, Shanghai, China). Protein extracts
from each sample were separated on SDS-PAGE and transferred
onto a PVDF membrane. The membranes were blocked with 5% dry
milk or 5% BSA (for phospho-STAT1) in 1x TBST for 1 hour at room
temperature and probed with mouse anti-IDO1 mAb (4.16H1 Ab,
1:1000; a kind gift from Benoit J. Van den Eynde, Ludwig Institute
for Cancer Research, de Duve Institute [Universite catholique de
Louvain], Brussels, Belgium), rabbit anti-phospho-STAT1 mAb (58Dé
Ab, 1:1000; #9167, Cell Signaling Technology, Danvers, MA, USA)
and mouse anti-STAT1 mAb (c-136 Ab, 1:1000; #sc-464, Santa Cruz
Biotechnology, Dallas, TX, USA), overnight at 4°C, and mouse mono-
clonal anti-GAPDH (1E6D9 Ab, 1:5000; #60004-1-lg, ProteinTech
Group, Rosemont, IL, USA) was used as an internal control. After
three washings in 1x TBST, the membrane was probed for 1 hour
with HRP-conjugated goat anti-mouse IgG (1:5000; #SA00001-1,
ProteinTech Group) or HRP-conjugated goat anti-rabbit IgG (1:5000;
#SA00001-2, ProteinTech Group) at room temperature. Secondary
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Abs were incubated for 1 hour at room temperature before revelation
with SuperSignal West Pico Chemiluminescent Substrate (#34077;
Thermo Fisher Scientific, Waltham, MA, USA). The images were ac-
quired by Bio-Rad ChemiDoc Touch (Bio-Rad, Hercules, CA, USA)
and analyzed by Image Lab software (Bio-Rad).

2.4 | Reverse transcription-PCR

Tumor samples were immediately snap-frozen in liquid nitrogen after
harvesting. Total RNA was extracted using TRIzol reagent (#T9424,
Sigma-Aldrich, St. Louis, MO, USA). Complementary DNA was synthe-
sized from 2 pg total RNA with the ImProm-Il Reverse Transcription
System (#A3800, Promega, Madison, WI, USA), according to the man-
ufacturer’s directions. Real-time PCR analysis was carried out with di-
luted cDNA, and Fast SYBR Green Master Mix (#4385616, Promega)
was used. The sequences of the primers were as follows.

CD8A:forward,5-TCCTCCTATACCTCTCCCAAAAC-3' -reverse,
5'-GGAAGACCGGCACGAAGTG-3'; IFNG: forward, 5-TCGGTAACT
GACTTGAATGTCCA -3’ - reverse, 5-TCGCTTCCCTGTTTTAGCTG
C-3';IDO1: forward, 5-TCTCATTTCGTGATGGAGACTGC-3' reverse,
5'-GTGTCCCGTTCTTGCATTTGC-3'; GAPDH forward: 5-GGAG
CGAGATCCCTCCAAAAT-3' reverse, 5'-GGCTGTTGTCATACTTCTC
ATGG-3'.

Expression relative to the reference gene GAPDH was calculated
as 274G where AC, is Ctgene-Ctctrl. If undetectable, Ct was given

a value of 40.

2.5 | Immunohistochemistry

After deparaffinization, rehydration, and washing of the 5-pm sec-
tions, endogenous peroxidase was blocked (3% H,0, for 10 minutes),
and microwave antigen retrieval was undertaken in Tris-EDTA (pH 9.0).
The sections were first incubated with blocking serum at room tem-
perature for 30 minutes and with a mouse anti-IDO1 mAb (4.16H1 Ab,
1:1000; a kind gift from Benoit J. Van den Eynde), a rabbit anti-CD8 Ab
(SP16 Ab, 1:100; #ZA-0508, ZSGB-BIO, Beijing, China), a rabbit anti-
CD34 mAb (EP373Y Ab, 1:100; #ab81289, Abcam, Cambridge, UK), a
mouse anti-DC-LAMP mAb (104G4 Ab, 1:50; #DDX0190A546-100,
Novus Biologicals, Littleton, CO, USA), a rabbit anti-CDé8 polyclonal
Ab (1:100; #25747-1-AP, ProteinTech Group), a mouse anti-CD4
Ab (UMAB64 Ab; #ZA-0418, ZSGB-BIO, Beijing, China), or a rabbit
anti-NCAM1/CD56 polyclonal Ab (1:400; #14255-1-AP, ProteinTech
Group) at 4°C overnight. The second incubation was carried out using
a goat anti-mouse/rabbit Ab and visualized with DAB, following coun-
terstaining with hematoxylin after serial rinsing. The observation and
images acquisition of these sections were carried out by advanced re-
search microscope (Nikon Eclipse 80i; Nikon, Tokyo, Japan).

2.6 | Evaluation of immunostaining parameters

To evaluate IDO1 expression in tumor and inflammatory cells
separately, each IHC section was examined by two independ-
ent pathologists in the five most representative areas, and the

average count was calculated. To reduce the influence of subjective
factors, ImageJ computer software (National Institutes of Health,
Bethesda, MD, USA) was used to aid in analyzing the images, and
the tumor cells and nontumor cells were separated according to
morphology. Expression of IDO1 was evaluated quantitatively on
the basis of the percentage of positive areas. According to the re-
sults of the receiver operating characteristic curve curves, high
T-IDO1 and I-IDO1 expression were defined as 25.80% and 26.00%,
respectively (Figure S1). CD8+ T lymphocytes were counted in a micro-
scopic field at 400x, the median number (10 counts/high-power field)
of CD8 infiltrations in the cohort as a cut-off value. Additionally, CD4+
T lymphocytes and NK cells were also counted in another 20 speci-
mens at 400x to evaluate the association between them and IDO1.

2.7 | Method using Image)

Images were opened at high magnification in ImageJ software,
and the open image type was set to RGB color. The option
“Color Threshold” was turned on, and “Hue,” “Saturation,” and
“Brightness” were adjusted so that threshold color completely
covered the ROI. Then the number of pixels in the ROl was ana-
lyzed, and the proportion of the ROI area to total area was cal-
culated (the total number of pixels/high magnification image was
2560 x 1920).

2.8 | Immunofluorescence

After deparaffinization, rehydration and washing of the sections,
microwave antigen retrieval was carried out in Tris-EDTA (pH 9.0).
Sections were first incubated with blocking serum at room tempera-
ture for 30 minutes and with the mouse anti-IDO1 mAb (4.16H1 Ab,
1:1000; a kind gift from Benoit J. Van den Eynde), combined with a
rabbit anti-CD34 mAb (EP373Y Ab 1:100; #ab81289, Abcam), a rab-
bit anti-LAMP3 mAb (104G4 Ab, 1:50; #DDX0190A546-100, Novus
Biologicals), or a rabbit anti-CD68 polyclonal Ab (1:100; #25747-1-
AP, ProteinTech Group) at 4°C overnight. The second incubation
was undertaken using DyLight 488 AffiniPure goat anti-mouse IgG
(1:100; #E032210, EarthOx, Millbrae, CA, USA) and DyLight 594
AffiniPure goat anti-rabbit IgG (1:100; E032420, EarthOx). Following
counterstaining with DAPI after serially rinsing with 1x PBST, im-
ages were acquired in a microscopic field at 600x. The observation
and images acquisition of these sections were carried out using a
confocal laser scanning microscope (Olympus Fluoview FV1000;

Olympus, Tokyo, Japan).

2.9 | Statistical analyses

All statistical analyses were performed using SPSS statistical soft-
ware, version 20 (IBM Corporation, Armonk, NY, USA), and a P
value (two-sided) < .05 was considered significant. The XZ test and
Fisher's exact test were used to analyze the association between
immune parameters and clinicopathological features. For gene ex-
pression analysis, the correlations among the mRNA expression
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TABLE 1 Clinicopathological features of the cohort of patients

with hepatocellular carcinoma

Variable

Age, <50/250y

Gender, male/female

ECOG, 0/1

HBV, no/yes

AFP, <20 ng/mL/>20 ng/mL
Tumor size, cm

Tumor number, single/multiple
Vascular invasion, no/yes
Nodal invasion, no/yes

Tumor encapsulation, complete/none
ALBI grade, 1/2

BCLC stage, 0-A/B-C

TNM stage, I/11-IV

Histologic grade, I-11/111
Cirrhosis, no/yes

Alive, no/yes

Follow-up time, mo

Results

48 (43)/64 (57)
104 (93)/8 (7)
108 (96)/4 (4)

10(9)/102 (91)

36 (32)/76 (68)
5.76 (1.5-20)?

83 (74)/29 (26)
108 (96)/4 (4)
110 (98)/2 (2)

41 (37)/71 (63)

86 (77)/26 (23)

81 (72)/31 (28)

79 (71)/33 (29)

70 (63)/42 (37)

26 (23)/86 (77)

46 (41)/66 (59)
67.2(28.9-76.7)°

Data are shown as n (%) unless otherwise indicated.

Median (range).
PMedian (interquartile range).

AFP, a-fetoprotein; ALBI, albumin-bilirubin; BCLC, Barcelona Clinic Liver

Cancer; HBV, hepatitis B virus.

cancer Science muis e

levels of IDO1, CD8A, and IFNG were analyzed using Spearman’s
rank correlation. Comparisons of IDO1 expression were undertaken
using Student’s t test. The prognostic significances of IDO1 expres-
sion and CD8+ T cell infiltration were evaluated using the Kaplan-
Meier method and were compared with the log-rank test. A Cox
regression model was used to perform univariate analyses, and mul-
tivariate analysis was performed on all factors with P values < .05.
Overall survival was defined as the length of time from the surgery
date to death or until the last follow-up (censored). Disease-free
survival was defined as the length of time from the surgery date to
recurrence, death, or until the last follow-up (censored).

The authenticity of this article has been validated by upload-
ing the key raw data onto the Research Data Deposit public plat-
form (www.researchdata.org.cn), with the approval RDD number as
RDDB2018000434.

3 | RESULTS

3.1 | Clinical profiles of patients

The demographic and clinical characteristics of the patients and tu-
mors are presented in Table 1. A total of 112 patients with adequate
clinical data and tumor samples for the evaluation for IDO1 expres-
sion and CD8+ T cell infiltration were included. Liver functions of all
patients in our cohort were Child-Pugh A and all patients received
completely curative resection based on intraoperative evalua-

tion and postoperative pathology. Post-recurrent treatments were

FIGURE 1 Indoleamine 2,3-dioxygenase 1 (IDO1) expression pattern in tumor cells of hepatocellular carcinoma (HCC) in formalin-fixed
paraffin-embedded samples stained with anti-IDO1 Ab. A,B, Sample displaying pattern 1 showing focal staining in a mass of adjacent tumor
cells (brown). (A) 200x; (B) 400x. C,D, Sample displaying pattern 2 showing discrete staining in adjacent or nonadjacent tumor cells (brown).
(C) 200x; (D) 400x. E, Sample displaying pattern 3 showing negative expression in HCC cells (brown), 200x. F, Placenta was used as a

positive control for IDO1 expression, 200x
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FIGURE 2 Correlations among the relative expression levels of indoleamine 2,3-dioxygenase 1in T cells (T-IDO1) with CD8, albumin-
bilirubin (ALBI) grade, platelet level, a-fetoprotein level (AFP), hepatitis B virus (HBV) positivity, and IDO1 expression in inflammatory cells
(I-1IDO1). A, Tumors were classified as CD8-low (n = 52) or CD8-high (n = 60) and analyzed for the proportion of T-IDO1. B, Patients were
classified as ALBI grade 1 (n = 86) or ALBI grade 2 (n = 26) and analyzed for the proportion of T-IDO1. C, Patients were classified as platelets
low (n = 13) or platelets normal (n = 99) and analyzed for the proportion of T-IDO1. D, Patients were classified as AFP- (n = 36) or AFP+

(n = 76) and analyzed for the proportion of T-IDO1. E, Patients were classified as HBV- (n = 10) or HBV+ (n = 102) and analyzed for the
proportion of T-IDO1. C, Tumors were classified as I-IDO1 low (n = 47) or I-IDO1 high (n = 58) and analyzed for the proportion of T-IDO1.

HPF, high-power field

administered by managing doctors according the National Cancer
Center Network Clinical Practice Guidelines.

3.2 | Expression pattern of IDO1 in HCC
tissue samples

Indoleamine 2,3-dioxygenase 1 expression was present in 97.3%
(109/112) of cases within the tumor compartment and showed a pre-
dominantly cytoplasmic staining pattern. As shown in Figure 1, three
major expression patterns of T-IDO1 were observed by IHC: focal ex-
pression in 91% (102/112) of cases (Figure 1A,B); discrete expression
in 6.3% (7/112) of cases (Figure 1C,D); and absence in 2.7% (3/112)
of cases (Figure 1E). According to the cut-off value, T-IDO1 expres-
sion was low for 54 patients (48.2%) and high for 58 patients (51.8%).

Placenta was used as a positive control for IDO1 expression (Figure 1F).

3.3 | Correlation between IDO1 and
clinicopathological features

CD8+ T cell infiltration (Figure S2) and clinicopathological features
were submitted to correlation analysis with T-IDO1 expression. The
T-IDO1-positive area was larger in samples with abundant CD8+ T

cell infiltration than in those with infrequent CD8+ T cell infiltration

(P =.043, Figure 2A). In the clinicopathological features, only
age was a significant factor affecting T-IDO1 expression (P =.02;
Figure 2B-D and Table S1).

Hepatitis B was the main cause of HCC in our cohort, the
T-IDO1-positive area showed no significant difference between the
HBV (+) and HBV (-) groups (Figure 2E). There was no association
between T-IDO1 and I-IDO1 (Figure 2F).

3.4 | Expression of IDO1 reflects antitumor
immunity in HCC

To elucidate the mechanism underlying the association between
elevated T-IDO1 expression and abundant CD8+ T cell infiltra-
tion in HCC, the transcription of IDO1, IFNG, and CD8A genes was
quantitatively evaluated in 20 surgically excised tumor specimens.
Significantly, positive correlations among the transcription levels
of CD8A, IDO1, and IFNG were revealed (Figure 3A-C). To exclude
possible bias induced by limited sample size and/or the effects of
marker heterogeneity, we further analyzed the levels of IDO1, IFNG,
and CD8A mRNA from the TCGA liver cancer dataset obtained by
RNA sequencing from whole-tissue section tumor samples, and
positive association among mRNA levels of IDO1, IFNG, and CD8A

were also identified (Figure $3; n = 371).%! In vitro experiments
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FIGURE 3 y-Interferon (IFN-y), but not type | IFN, upregulates indoleamine 2,3-dioxygenase 1in T cells (T-IDO1) through the JAK2-
STAT1 signaling pathway. A-C, Correlation studies were carried out for IFNG, CD8A, and IDO1 mRNA expression in hepatocellular carcinoma
patients’ tumor tissues; GAPDH was used as an internal control (n = 20). D,E, Western blot detection of IDO1 expression in Hep3B and Huh7
cell lines in the presence or absence of 20 ng/mL IFN-y, 1000 IU/mL (D) or 20 ng/mL (E) type I IFN for 48 hours. F,G, Western blot detection
of IDO1 expression in Hep3B cell lines (F) and Huh7 cell lines (G) in the presence or absence of 20 ng/mL IFN-y for 24 hours. This effect
could be abrogated by the JAK2 inhibitor (JAK2i) or STAT1 inhibitor (STAT1i) but not by the JAK1/3 inhibitor (JAK1/3i). Total protein (40 pg)

was loaded in each lane

further showed that no constitutive IDO1 protein expression was
detectable in HCC cell lines until IFN-y stimulation, but not type
| interferon (Figure 3D, E), and this effect could be abrogated by
a JAK2 inhibitor or STAT1 inhibitor, but not by the JAK1/3 inhibi-
tor (Figure 3F, G). Immunohistochemical analysis of CD4 T cells and
NK cells was applied to tissues from 20 patients because they are
also the major sources of IFN-y. No correlation between T-IDO1
expression and CD4 T cells or NK cells was found (Figure S4).

3.5 | Indoleamine 2,3-dioxygenase 1 expressed in
APCs but not the vascular endothelium of HCC

In our study, except for 7 patients who had too few inflammatory
cells in the section to analyze, I-IDO1 expression was entirely dif-
fused (Figure 4A) and showed no association with clinicopathologi-
cal features (Figure 4B-E). We identified the types of IDO1-positive

inflammatory cells according to previous reports, including
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FIGURE 4 Expression pattern of indoleamine 2,3-dioxygenase 1 in inflammatory cells (I-IDO1) and correlations among the relative
expression levels of I-IDO1 with hepatitis B virus (HBV), albumin-bilirubin (ALBI) grade, platelet level, and a-fetoprotein level (AFP). A,
Samples showing the pattern of IDO1 expression in inflammatory infiltration of hepatocellular carcinoma (brown). B-E, Correlation analyses
between I-IDO1 expression and (B) HBV, (C) ALBI grade, (D) platelet level, or (E) AFP. F, Resected hepatocellular carcinoma samples

were fixed in paraffin for immunofluorescence confocal analysis with primary Ab (red; top, anti-CD34; middle, anti-lysosomal associated
membrane protein-3 (LAMP3); bottom, anti-CDé8), anti-IDO1 (green), and DAPI (blue). HPF, high-power field

endothelial cells, macrophages, and DCs by immunofluorescence
confocal microscopy. As shown in Figure 4F, IDO1 was expressed
by APCs, including macrophages and DCs, but not by endothelial
cells in HCC samples. Immunohistochemistry also showed distinc-
tive expression patterns between I-IDO1 and CD34 (Figure S5) and
similar expression patterns between I-IDO1 and CDé68 (Figure S6).

Transcriptional levels of IDO1 and vascular endothelial mark-
ers, including CD34, PECAM1, and CEACAM1, were also analyzed in
TCGA database, and similarly restricted cochange was observed in
HCC samples (Figure S7,n = 371).%!

3.6 | Associations of IDO1 expression and
CD8+ tumor-infiltrating lymphocytes with HCC
patient prognosis

Given that CD8+ T cell infiltration positively correlated with progno-
sis and T-IDO1 expression in our study, we next examined whether

tumor invasion might be partially restrained in high IDO1 expression

HCC. Favorable OS and DFS intervals were highlighted by Kaplan-
Meier curves (P =.003 and P =.045, respectively; Figure 5A,B) for
patients with a high T-IDO1 expression compared with those with
low expression. HCC patients with high I-IDO1 expression also have
superior OS and DFS outcomes (P < .001 and P =.002, respectively;
Figure 5C,D). In keeping with the previous findings, patients with high
levels of CD8+ T cell infiltration had significantly prolonged OS and
DFS (P =.004 and P = .027, respectively; Figure 5E,F), confirming the
role of the cytotoxic T cell in the eradication of HCC.® Multivariate
analyses showed that T-IDO1 expression was an independent predic-
tor of OS and DFS (P = .007 and P = .044, respectively; Tables S2, S3).

4 | DISCUSSION
In HCC, previous research has described the prognostic significance
of T-IDO1 expression. Unfortunately, the conclusions are contradic-

tory, and little is known regarding the prognostic value of 1-IDO1
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expression; the potential mechanism regulating T-IDO1 expression
must also be clarified.?”?? Our study explored the potential mecha-
nism regulating T-IDO1 expression, and the correlations of T-IDO1
or I-IDO1 expression with clinicopathological features and survival
were also analyzed.

To eliminate the effects of potential subjective factors on out-
comes, validated primary Abs, Image) image evaluation software,
and whole-tissue sections, but not tissue microarrays, were used in
our study. Our IHC data showed that tumors with a high level of
T-IDO1 expression were more likely accompanied by abundant
CD8+ T cell infiltration. Substantial evidence has indicated that
T-IDO1 is expressed in response to the presence of T cells produc-
ing immune-stimulating cytokines, such as IFN—y.21'32'33 In vitro cul-
tured HCC cells with recombinant IFN-y, but not type | interferon,
led to remarkable IDO1 expression, and the level of IDO1 mRNA
significantly correlated with either IFNG or CD8A transcriptional
levels in freshly resected HCCs, indicating that IDO1 was induc-
tively expressed by HCC neoplastic cells. This result is in accordance
with samples from TCGA database (as of March 2018). To further
verify this association, upon IFN-y binding to its receptor, p-STAT1
is the immediate downstream effector was tested in baseline and

0.0 20.0 40.0 60.0 80.0 100.0
Time (mo)

T T T T T T T T
0.0 20.0 40.0 60.0 80.0 100.0
Time (mo)

IFN-y-stimulated HCC cell lysates by western blot. Both STAT1 and
p-STAT1 covaried with IDO1, and this effect could be abrogated by
a JAK2 inhibitor or STAT1 inhibitor, but not by the JAK1/3 inhibitor,
indicating that the T-IDO1 expression in HCC was regulated by the
IFNy-JAK2-STAT1 signaling pathway. CD4+ T cells and NK cells are
also sources of IFN-y in the tumor microenvironment, but the results
of IHC analyses showed no correlation between T-IDO1 expression
and CD4+ T cell or NK cell infiltration. These findings are consis-
tent with our reported quantitative PCR results in freshly resected
HCC tissues, which showed no correlation between IFNG and CD4
or CD56 at the mRNA level.>* This might be due to NK cells seldom
infiltrating into HCC, and there is not only Th1 in CD4+ T cells in the
HCC microenvironment.

Notably, T-IDO1 staining was not proportional to infiltrating
CD8+ T cells some of the cases in our study, perhaps due to IDO1
also being constitutively expressed by tumor cells through poorly
characterized oncogenic signaling pathways. Previous studies have
revealed that intrinsic cellular changes triggered by poorly char-
acterized genetic mutations and epigenetic modifications can also
regulate T-IDO1 expression; for example, either demethylated

promoters or low expression of Binl could lead to highly inducible
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IDO1 expression in breast cancer.*¢3® Both intrinsic and extrin-
sic mechanisms could be independently or jointly determining the
T-IDO1 level in the HCC microenvironment.

Subsequent survival analysis showed that the upregulation
of T-IDO1 is a positive OS and DFS predictor in HCC. Given the
positive correlation between CD8 and T-IDO1 and the role of
CD8+ T cells in preventing tumor invasion, T-IDO1 expression is
proposed as a proxy for spontaneous antitumor immune response
in HCC. When clinicopathological features were included in the
correlation analysis with T-IDO1, only age correlated with T-IDO1
expression. Patients with low levels of T-IDO1 expression were
older than patients with high levels, which could be explained by
decreased production of cytokines and lower per-cell cytotoxicity,
resulting from innate immunosenescence.®? Thus, overexpression
of the immunosuppressive molecule IDO1 by tumors positively
correlates with enhanced antitumor immunity, and our seemingly
contradictory conclusion has been supported by many previous
studies in other tumors, 212334

Indoleamine 2,3-dioxygenase 1-positive cells were also detected
in inflammatory infiltration in all cases, and I-IDO1 expression pos-
itively correlated with OS, although it might be not an independent
predictor. Extensive mechanistic studies disclosed that I-IDO1 up-
regulation elicited by multiplex cytokines existed with inflammatory
infiltration; in turn, high I-IDO1 expression could downregulate in-
flammatory factors, and tumor cell proliferation was sequentially
slowed.*>*2 Consistent with previous studies, local tryptophan
deprivation produced by abundant IDO1 could also disturb tumor
growth.?’*3 We did not explore the potential mechanism because
its inducible expression by APCs has been intensively studied,
and it appears that no tumor specificity exists regarding 1-IDO1
expression.“o’44

Expression of I-IDO1 tends to be higher in HBV+ HCCs than in
HBV- HCCs; however, in our study, there was no significant differ-
ence between the groups, which might be due to the small number
of HBV- HCC patients included in our study. Yoshio and colleagues
discovered that IDO1 was mainly induced by IFN-y in patients with
hepatitis B.** It was safely deduced that inflammatory cells could be
stimulated with cytokines induced by HBV-infected hepatocytes
and then by unregulated IDO1 expression. Hence, I-IDO1 expres-
sion comprehensively reflects the host immune response to the
tumor and HBV, supporting that antiviral therapy could improve
HCC patient prognosis.*¢

There were some limitations in this study. A major limitation
was its retrospective nature, which incurred the inevitable selec-
tion bias. To distinguish tumor and stroma, we did not analyze the
entire section but included 5 high-power fields in a representative
region, which might also have contributed to selection bias due to
tumor heterogeneity. Because of poor uniformity of the IDO1 IHC
Abs and evaluation methods, there is no widely accepted cut-off
value for IDO1 expression in HCC; therefore, we defined one ac-
cording to the present cohort, which could have led to the discrep-
ancy between our results and other studies. The overwhelming
majority cohort in our research is HBV-associated HCC, which is

due to the high incidence of HCC associated with endemic HBV
infection in China.*’

Our study revealed that IDO1 expression, which is common
in HCC, is a positive survival predictor, and its expression is a
counter-regulatory action to suppress the antitumor immune re-
sponse. Thus, combined inhibition of IDO1 and immune check-
points to boost host antitumor immune response could be a
promising strategy in HCC treatment, and understanding of the
mechanism of IDO1 expression would help us explore better com-

bined strategies.”234®
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