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Aim: To investigate the effect of IDO1 expression levels in HCC on the distribution, infiltration, and anti-tumor immune response of
mature DCs.

Methods: Multiplex immunohistochemical staining was applied to detect the expression level of IDO1 and the infiltration of DCs in
the HCC tissue microarray, including total 96 human HCC samples and 82 samples of matched adjacent normal tissues. In vitro, CCK-
8, Key Fluor 488 Click-iT Edu, wound healing, and transwell assays were performed to explore the effect of IDO1 on the viability,
proliferation, migration and invasion ability of HCC cell line SK-HEP1. In vivo, a subcutaneous xenograft tumor model of nude mice
was established by subcutaneously inoculating SK-HEP1 and treated with IDO1 catalytic inhibitor epacadostat (EPA) to observe the
effect of IDO1 on tumor growth and immune cells infiltration.

Results: Results of clinical tissue microarrays showed that compared with corresponding paracancerous tissues, the infiltration of
mature DCs was significantly reduced in HCC cancer tissues with high expression of IDO1. Meanwhile, IDO1 was highly expressed in
HCC cancer tissues with pathological grade I-II, high AFP levels (>200ng/L), HBV-positivie, cirrhosis, distant metastasis and
recurrence. Survival analysis showed that low IDO1 and high mature DCs cell infiltration were significantly associated with superior
overall survival (OS). Correlation analysis further showed that IDO1 was negatively correlated with mature DCs. The in vitro cellular
and in vivo animal experiments in this study showed that inhibition IDO1 helped to decrease the malignant biological behavior of
HCC and enhance the response of immune cells to tumor cells.

Conclusion: IDO1 suppresses anti-tumor immunity in HCC, at least in part, by curtailing mDC infiltration. Targeting IDO1 may
represent a promising immunotherapeutic strategy. However, its immunomodulatory effects must be validated in immunocompetent or
humanized animal systems before clinical translation.
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Introduction

Primary liver cancer is a common and serious liver malignant tumor. Globally, its morbidity and mortality rank fifth and
fourth, respectively.' It is one of the more common and serious diseases in the digestive system. According to the data
reported by the National Cancer Center of China, in 2022, the number of new cases of primary liver cancer was 367,700,
ranking the fourth among the number of new cases of various cancers and the fifth in the morbidity rate.>* Primary liver
cancer mainly includes three different pathological types: hepatocellular carcinoma (HCC), intrahepatic cholangiocarci-
noma (ICC), and mixed hepatocellular carcinoma-cholangiocarcinoma (HCC-CC), which are quite different in terms of
their pathogenesis, biological behaviours, pathohistology, therapeutic methods, and prognosis. HCC accounts for 75%—
85% of the incidence rate of primary liver cancer, and ICC accounts for 10%-—15%.*> Risk factors for the development of
HCC include various factors such as viral infection, excessive alcohol consumption, aflatoxin, and metabolic-associated
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fatty liver disease.”’ Although in recent years, people have made rapid progress in the diagnosis and treatment of liver
cancer, it has not been able to effectively improve the prognosis of HCC.® For early-stage HCC and ICC limited to the
liver, treatment is mainly carried out through surgical resection and ablation. However, the recurrence rate within 5 years
after treatment can be as high as 40%-70%.° Furthermore, approximately 70% of patients are already in an advanced
stage of the disease or have complications when diagnosed and cannot undergo radical surgery.'®'" Recent breakthroughs
in immune checkpoint inhibitors (ICIs, e.g, anti-PD-1/PD-L1 antibodies) have revolutionized HCC treatment. However,
objective response rates in clinical trials such as KEYNOTE-224 barely exceed 20%, underscoring the urgent need to
unravel immunosuppressive mechanisms within the tumor microenvironment (TME).'*!?

The human indoleamine 2,3-dioxygenase-1 (IDO1) gene is located on chromosome 8, has 10 exons, and is about 15 kb
in length; the human IDOI1 protein is composed of 403 amino acids with a relative molecular mass of about 45,000, and
consists mainly of two a-helices and their encapsulated ferrous haemoglobin moieties.'* It has been reported that IDO1 can
be abnormally highly expressed in a variety of tumor tissues, including gastric cancer,'> esophageal cancer,'® pancreatic
cancer,'” breast cancer,'® and lung cancer.'” IDO1 was highly expressed in these solid tumors and was associated with
immune escape and poor prognosis. Jiao et al revealed that IDO1 expression was upregulated in patients with esophageal
squamous cell cancer and predicted poor response and prognosis.”° Yin et al reported that high IDO1 expression in lung
adenocarcinoma correlated with increased tumor invasiveness, metastatic potential, advanced clinical stage, and poorer
prognosis.>' Hu et al reported that overexpression of IDO1 and lower CD8" T-cell levels were associated with poor survival
in patients with gastric cancer and overexpression of IDO1 was associated with the poor tumor response.*? Shi et al revealed
that in colorectal cancer, patients with a low immunoscore or high IDO1 protein levels were significantly associated with
poor survival. IDO1 depletes tryptophan (Trp) in the tumor microenvironment by catalyzing Trp metabolism, activates
GCN2 kinase, leads to the phosphorylation of elF2q, and thereby inhibits the proliferation and activation of effector T cells,
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inducing T cell incompetence. Meanwhile, the produced kynurenine (Kyn) can activate AhR, promote the differentiation
and proliferation of regulatory T cells (Treg), and enhance immunosuppression.”> The expression of IDO1 in tumor cells
could indirectly promote tumor angiogenesis and the formation of hypoxic environments by influencing immune cells and
cytokine networks in the tumor microenvironment.** Yang Q et al reported IDO1-mediated AhR activation up-regulated
pentose phosphate pathway via NRF2 to inhibit ferroptosis in lung cancer.””> Chow LP et al found that IDO1-induced AhR
and B-catenin modulated the expression of proliferation and EMT-related genes to facilitate growth and metastasis of
HCC.?® However, the biological role of IDO1 in HCC has not been fully defined. Some scholars have indicated that
increased IDO1 expression in HCC tissues was associated with tumor progression,?’ while other evidence suggested that
IDO1 might play an anti-tumor role through regulation of specific immune cell subsets. This paradox implies that the
function of IDO1 may be tissue microenvironment-dependent, and the specific regulatory mechanisms of IDO1 on HCC
immune escape need to be further elucidated.

IDO is a heme enzyme that catalyzes the oxidative degradation of L-tryptophan (L-Trp) through the kynurenine
pathway (KP), generating metabolites that regulate immune responses. These byproducts, mainly kynurenines, contribute
to immunosuppression and influence immune cell differentiation, promoting Tregs and inducing apoptosis in inflammatory
cells.?® Tt was reported that IDO1 could induce macrophage M1 polarization via ER stress-associated GRP78-XBP1
pathway to promote ulcerative colitis progression.?’ And IDO1 could promote CD8T cell exhaustion by reducing Trp
levels in glioblastoma.*® Kyn, produced by the metabolism of IDOI, is a ligand of AhR. Kyn binds to AhR, induces the
expression of FoxP3 in CD4 T cells and blocks the orphan receptor C associated with retinoic acid receptor, differentiates
CD4 *T cells intoTreg cells and prevents the development of Th17 cells, thereby inducing immune tolerance.’! Besides,
IDO1 could affect the maturation and function of DCs by altering the cytokine profile secreted by DCs, reducing the
secretion of IL-12 and increasing the secretion of IL-10. Subsequently, it regulates the activation and proliferation of T cells
and the immune response.’” Many studies have confirmed IDO1 could inhibit the antigen-presenting ability of DCs and
macrophages, which in turn inhibit T-cell activation; whereas in NK cells, IDO1 could significantly increase the killing
effect of NK cells on tumor cells and promote the anti-tumor immune response.’’>* > Yang KD et al reported that
increasing NK cell infiltration into tumors could help to improve the efficacy of HCC treatments.>® DCs are specialized
antigen-presenting cells, which play an important role in activating naive T cells and initiating adaptive immune responses,
and are an important bridge between innate and adaptive immunity. As the most potent APCs in the body, DCs upregulate
the expression of costimulatory molecules such as CD80, CD86, CD40, and the chemokine receptor upon stimulation with
tumor antigens. Zeng et al reported that DCs were stimulated by nasopharyngeal carcinoma antigens and underwent
maturation, which might facilitate the activation of cytotoxic T cells and enhance the anti-tumor immune response.>’ DCs
could take up tumour antigens and then migrate towards lymph nodes, where they cross-present them to CD8" T cells,
resulting in priming of tumour antigen-specific CTLs.*® Although DC-based vaccines have shown preclinical efficacy, their
clinical translation remains hindered by persistent TME suppression, highlighting the imperative to target upstream
immunosuppressive nodes such as IDO1.>° The dose-response relationship between IDO1 expression level and DCs
antitumor activity, especially the dynamic regulatory network in HCC, has not been systematically studied.

Based on the above background, this study focuses on the reprogramming effect of IDO1 expression level on DCs
function and its effect on anti-tumor immune response in HCC. By integrating clinical sample analysis, in vitro experiments,
and tumor-bearing mice models, we demonstrated that low IDO1 expression in liver cancer tissues could reshape the
immunosuppressor state of TME by up-regulating the infiltration of mature DCs and downstream T cells, thereby inhibiting
HCC progression. This finding not only provides a new theoretical explanation for the double-edged sword role of IDO1 in
HCC but also provides an experimental basis for combining the precision treatment strategy of IDO1 inhibitors with existing
immunotherapies (such as PD-1 blocking), which has important translational medicine value.

Materials and Methods

Cell Culture and Treatment
Human-derived hepatocellular carcinoma cell line (SK-HEP1) was purchased from Wuhan Servicebio Technology Co.,
Ltd (Hubei, China) and has been authenticated by STR profiling. SK-HEP1 cells were cultured in SK-HEP1 cell-specific
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culture medium, including 89% MEM basic medium+10% fetal bovine serum+1% penicillin streptomycin mixture
(Servicebio, China) in humidiffed cell incubator at 37°C with 5% CO,. IDO1 catalytic inhibitor epacadostat (EPA)
was purchased from MedChemExpress LLC (Shanghai, China). Cells were seeded in 6-well plates or 96-well plates and
randomly divided into control and EPA treatment groups with EPA at final concentrations of 2.5, 5, 10 and 20 uM in light
of the test data proposed in reference.****According to different experimental purposes, cells were collected for fixation
or extraction of RNA and proteins for subsequent assays after incubation for an appropriate period of time.

Tumor Models and Treatments

All animal experiments were performed in compliance with protocols approved by the Laboratory Animal Ethics Committee
of Shenzhen Zhongxun Precision Medicine Research Institute and adhered to the relevant ethical regulations for animal
research (Approval number: ZXJZ202306100001). Mice were managed in accordance with the Institutional Animal Care and
Use Committee (IACUC) guideline. Male BALB/c nude mice, 4-6 weeks old, were purchased from Guangdong Pharmalab
Biotechnology Co., Ltd (Guangdong, China) and kept under specific pathogen-free conditions. Drawing on previous literature
reports, we constructed a HCC-bearing mouse model and subsequently performed EPA intervention to investigate its potential
effects.**** SK-HEP1 cells (4 x 10° cells/100 uL) in logarithmic growth phase were injected into the right dorsal side of nude
mice. Tumor size was measured every 3 days until the end of the experiment, and the tumor volume was calculated according
to the formula V = (a % b?)/2, where a is the largest superficial diameter and b is the smallest diameter. When the tumor volume
reached approximately 90 mm?>, mice were randomly distributed to control and experimental group (five mice in each group),
and treatment was initiated. Experimental group (EPA-treated) received intraperitoneal injection of EPA (100 mg/kg), every 3
days for a total of 3 injections. EPA solutions were prepared using a solvent containing 5% DMSO + 40% PEG300 + 5%
Tween-80 + 50% Saline according to the reagent instructions. Control group was treated with equal dose of solvent without
EPA. At the end of the experiment, mice were anesthetized by intraperitoneal injection of 200mg/kg pentobarbital. The blood
and fresh tumor tissues were collected and processed for further detection.

Key Fluor 488 Click-iT Edu Assay

Effects of EPA on the proliferation of SK-HEP1 cells were detected using the Key Fluor 488 Click-iT Edu kit (RiboBio,
China) according to the product instructions. SK-HEP1 cells in the logarithmic growth phase were inoculated into 96-
well plates at a cell density of 1 x 10° per well and adhered overnight. EPA was formulated at working concentrations of
0, 2.5, 5, 10, and 20uM. Three duplicate wells were set for each group, and the intervention lasted for 24 h. Diluted
10mM of the Edu working solution with the medium to 10 uM. Added 100uL of the preheated Edu working solution to
each well and incubate for 2 h to label Edu. Discarded the culture medium in the wells and added 4% paraformaldehyde.
Fixed at room temperature for 20 min. Discarded the stationary solution, added 50 pL of 2mg/mL glycine solution to
each well to neutralize the remaining stationary solution, and incubated at room temperature for 5 mins. Added 100uL of
3% BSA in PBS washing solution to each well and washed the cells twice. After the washing was completed, 100puL of
0.5% Triton X-100 in PBS was added to each well and permeated at room temperature for 20 mins. After washing, added
100 pL of the freshly prepared Click-iT reaction mixture to each well and incubated at room temperature in the dark for
30 mins. After washing, added 100pL 1x Hoechst 33342 working solution to each well and incubated at room
temperature in the dark for 10 min. Removed the Hoechst33342 reaction solution. Added 100uL of PBS buffer washing
solution to each well to wash the cells twice, then observed and photographed under a fluorescence microscope.

CCK-8 Assay

SK-HEP1 cells in the logarithmic growth phase were inoculated into 96-well plates at a cell density of 1 x 10° per well and
adhered overnight. EPA was formulated at working concentrations of 0, 2.5, 5, 10, and 20uM. Three duplicate wells were set
for each group, and the intervention lasted for 24 h. CCK-8 kit (Bioswamp, China) was used to detect the effect of EPA on the
viability of SK-HEPI cells. After culturing in the medium containing different concentrations of EPA for 24h, 10 uL of CCK-8
solution was added to the cells, and incubated for 4 h at 37°C. The absorbance of each group of cells was detected at 450 nm
using a multifunctional microplate detector (TECAN Spark, Switzerland). The cell viability was calculated in each group
according to the instructions.
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Wound Healing Assay

Total 7 x 10° SK-HEP1 cells were seeded in a 6-well plate. When the cells reached 85% density, a 10 pL sterile pipette
tip was used to draw a straight line vertically on the cell layer. The cells were washed twice with PBS to remove the
scratched cell debris. Then, fresh complete medium containing different concentrations of EPA was added for culture.
The 6-well plates were observed under a microscope and photographed at 0, 24 h and 48 h, respectively.

Transwell Assay

SK-HEPI cell suspension was prepared by using FBS-free medium, and the cell density was adjusted to 1 x 10° cells/
mL. Two hundred microliter of cell suspension was taken from each group and placed on the upper chamber of Transwell
insert (Membrane pore size is 8 um, Corning, USA), 600 uL of complete medium containing 10% FBS was put into the
lower surface of each group. After being cultured in a constant temperature incubator for 24 h, the medium was aspirated
from the lower surface of the chamber, and the cells were washed three times with PBS, and the lower surface of each
group was fixed with 4% paraformaldehyde for 30 min, 0.1% crystal violet (Beyotime Biotechnology, China) staining for
30 min. The cells on the upper chamber surface were wiped off. Under the microscope, six fields of view were randomly
selected from each group to observe and count the cells.

Enzyme Linked Immunosorbent Assay (ELISA)

ELISA was used to detect the Trp and Kyn contents in the serum of tumor-bearing mice after EPA intervention. Each
analyte was assessed using a specific ELISA kit, all procured from COIBO BIO, following the manufacturer’s detailed
instructions. Before the experiment, mouse serum was placed at room temperature for equilibration for 60 mins.
Meanwhile, the corresponding ELISA kits were removed from the refrigerated environment and equilibrated at room
temperature for 30 mins. Standard wells and sample wells were set up on the microplate. The number of standard wells
was determined based on experimental requirements. Fifty microliter of standard substances with different concentrations
were added to each standard substance well, respectively. Fifty microliter of the mouse serum sample to be tested was
added to the sample well, and no liquid was added to the blank well. Except for the blank wells, 100uL of horseradish
peroxidase (HRP)-labeled detection antibody was added to each well of the standard wells and sample wells. The
reaction wells were sealed with a sealing film, and the microplate was incubated in a 37°C water bath for 60 mins. After
incubation, the liquid in the wells was discarded, and the microplate was turned upside down onto absorbent paper to be
patted dry. After washing, 50 puL of Substrate A and 50 pL of Substrate B were added to each well, and the microplate
was gently shaken to ensure thorough mixing of the substrates with the liquid in the wells. The microplate was then
incubated in a light-proof environment at 37°C for 15 mins. After incubation, 50 pL of stop solution was added to each
well, and the microplate was gently shaken to ensure thorough mixing of the liquid. The OD value of each well was
measured at a wavelength of 450 nm using a microplate reader (TECAN Spark, Switzerland). The linear regression
equation of the standard curve was calculated based on the concentration and corresponding OD value of the standard
substance. The OD value of the sample was substituted into the equation to obtain the calculated concentration, which
was then multiplied by the dilution factor to determine the actual concentration of the sample.

RNA Extraction, cDNA Synthesis, and qPCR

Total RNA was extracted from the cells according to the instructions of the RNA Extraction Kit (Fastagen, China), and
then cDNA was synthesized by reverse transcription of total RNA in accordance with the instructions of the HiScript II1
RT SuperMix for qPCR (Vazyme, China). qPCR was performed with RealStar Green Fast Mixture (GenStar, China) in
Applied Biosystems QuantStudio Dx system. GAPDH was used as endogenous control. Three duplicate holes were set
for each group. After the PCR reaction was completed, first determined whether the primers were appropriate based on
the amplification curve, dissolution curve and CT value of PCR. Then, obtained the relative expression level of the target
gene mRNA through the CT value of the target gene and the CT value of the internal reference gene detected
simultaneously on the machine. The results were normalized against the GAPDH gene and expressed as relative target
abundance using the 2-AACt method. Sequence-specific primers for the genes detected are listed as following:
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GAPDH (human)-F, 5'-AGAAGGCTGGGGCTCATTTG-3',
GAPDH (human)-R, 5'-GCAGGAGGCATTGCTGATGAT-3";
E-cadherin (human)-F, 5'-ATTTTTCCCTCGACACCCGAT-3',
E-cadherin (human)-R, 5'-TCCCAGGCGTAGACCAAGA-3';
Vimentin (human)-F, 5-AGTCCACTGAGTACCGGAGAC-3',
Vimentin (human)-R, 5-CATTTCACGCATCTGGCGTTC-3%

IDO1 (human)-F, 5'- GCCTGATCTCATAGAGTCTGGC-3',

IDO1 (human)-R, 5'-TGCATCCCAGAACTAGACGTGC -3';
PCNA (human)-F, 5'- AGAGGAGGAAGCTGTTACCATAGAG-3,
PCNA (human)-R, 5'-CATACTGAGTGTCACCGTTGAAGAG-3'".

Western Blot Analysis

Total cellular protein was extracted and quantified according to the instructions of Total Protein Extraction Lysate
(Beyotime Biotechnology, China) and BCA protein assay kit (EpiZyme, China). Then, total proteins were separated by
10% SDS-PAGE (EpiZyme, China) and then transferred onto a PVDF membrane (Millipore, USA). After membrane
transfer, the membrane was blocked for 10 min with NcmBlot blocking buffer (NCM Biotech, China). After washing
with TBST, incubated the primary antibody overnight at 4°C, including IDO1 (clone D5J4E, 1:1000, rabbit, CST),
E-cadherin (clone 24E10, 1:1000, rabbit, CST), Vimentin (clone D21H3, 1:1000, rabbit, CST), GAPDH (1:3000, rabbit,
proteintech) and a-tubulin (1:3000, rabbit, proteintech), followed by incubation with HRP-conjugated secondary anti-
bodies (1:5000, rabbit, proteintech). After imaging by chemiluminescence, Quantity One was used to analyze the gray
value of the image and calculate the relative expression level of protein.

Multiplex Immunohistochemistry Analysis

We performed multiple immunohistochemical staining according to the instructions for the Opal 7-color Manual IHC Kit
(PerkinElmer, USA). The tissue microarray (HLivH180Su31) employed in this study, including total 96 human HCC
samples and 82 samples of matched adjacent normal tissues, was purchased from Shanghai Outdo Biotech Co. Ltd
(Shanghai, China). Before the research began, they had already obtained the corresponding ethical approval. The use of
these tissue samples all conformed to ethical standards and obtained the informed consent of the patients. The specific
ethics approval number was SHYJS-CP-2206007, which was approved by the Ethics Committee of Shanghai Superchip
Biotechnology Co., LTD. All patients’ personal information was strictly confidential and used only for scientific research
purposes. Tissue microarrays were routinely deparaffinized and antigenically repaired. After blocking, primary antibodies
and horseradish peroxidase (HRP)-conjugated secondary antibodies were used for staining sequentially and stained with
one of the seven Opal reagents, followed by microwave intervention to remove the primary and secondary antibodies
before another round of staining. Anti-IDO1 (clone D5J4E, 1:250, rabbit, CST), anti-CD11C (1:200, rabbit, Proteintech),
anti-CD80 (clone RM1133, 1:200, rabbit, Abcam), anti-CD40 (clone EPR20735, 1:100, rabbit, Abcam), anti-MHCII
(clone SC06-78, 1:150, rabbit, HUABIO) and anti-keratin (1:200, rabbit, Proteintech) were used as primary antibodies.
The dyes Opal520, Opal650, Opal480, Opal690, Opal570, Opal620 and DAPI were used for staining. Samples were
visualized and analyzed using the Tissue Gnostics (TissueFAXS SpectraS, Peking, China).

Histopathology, Immunofluorescence and Immunohistochemical Staining

For histopathological staining, tumor tissues were fixed with 4% paraformaldehyde for 24 h, routinely dehydrated in gradient,
embedded in paraffin sections, cut into 4 um-thick sections. HE staining were conducted according to the reagent instructions
(Servicebio, China).

For immunohistochemical staining, we performed routine baking, dewaxing to water for paraffin sections of tumor tissues,
antigen repair, blocking endogenous peroxidase. Then, the slices were incubated with PCNA antibody (rabbit, proteintech) at 4°C
overnight in a wet box. The subsequent steps was carried out according to the instructions of the immunochromatography kit
(Servicebio, China). The slides were scanned under the Digital Pathology Slice Scanner (KFBIO, China).
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For immunofluorescence staining, before staining, performed routine dewaxing and rehydration, microwave antigen
heat repair, and blocking. Next, primary antibodies were added and samples were incubated overnight at 4°C. After
washing with PBS three times, added the corresponding secondary antibodies, incubated at room temperature in the dark
for 50 min, followed by staining the nuclei with DAPI (Solarbio Life Science, China) then observed under the
fluorescence microscope (Nikon Eclipse Ti-SR, Japan). The following primary antibodies were used: anti-IDO1 (clone
1G1, 1:100, rabbit, HUABIO), anti-CD11C (1:250, rabbit, Servicebio), anti-CD80 (clone 1E2F10, 1:200, mouse,
Proteintech), anti-CD40 (clone PSH10-01, 1:100, rabbit, HUABIO), anti-MHCII (clone SCO06-78, 1:100, rabbit,
HUABIO), anti-CD4 (1:200, rabbit, Servicebio) and anti-CD8 (1:400, mouse, Servicebio).

Statistical Analyses

All data were presented as means + SEM. Statistical analyses were performed through SPSS22 (IBM Corp, USA) and
GraphPad Prism 9 (GraphPad Software, USA). Data were compared using independent-samples ¢-test for two groups or
one-way ANOVA for multi-group variable comparisons. Statistically significant differences were considered at *P <
0.05, **P< 0.01 and ***P < 0.001. The prognostic significances of IDO1 expression and mature DCs 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 multivariate analysis was performed on all factors with P<0.05. Overall survival was
defined as the length of time from the surgery date to death or until the last follow-up (censored). The correlations among
the expression levels of IDO1 and mature DCs were analyzed using Spearman’s rank correlation.

Results
IDOI Expression Was Related to Poor Prognosis in HCC

To evaluate the possible significance of IDOI in the development of HCC, we used immunofluorescence staining to
detect IDO1 expression level in HCC tissue microarray. The valid sample size in results was smaller than the total stated
in methods, due to technical issues (detachment, staining failure, or weak signals) during microarray staining/scanning.
Of 96 cancer tissues, 23 were excluded, leaving 73 for statistical analysis. We found that the fluorescence intensity of
IDO1 in HCC tissues were significantly increased compared with that in paracancerous tissues (Figure 1A). We divided
the samples into the IDO1-low expression group and the IDO1-high expression group based on the median fluorescence
density of IDO1. Survival analysis has shown favorable OS were highlighted by Kaplan—Meier curves for HCC patients
with low-IDOI expression compared with those with high-IDOlexpression (Figure 1B). To define the potential func-
tional role of IDO1 to the outcome of HCC, we further studied the association of IDO1 expression with clinicopathologic
and prognostic features in HCC. Results showed that there was no significant association between IDO1 expression and
age (Figure 1C), gender (Figure 1D), tumor size (Figure 1E), HBcAb (Figure 1L). IDO1 expression was lower in HCC
tissues with pathologic grade III-IV compared to those with pathologic grade I-II (Figure 1F). Moreover, HCC tissues
from patients with high AFP levels (=200ug/L), HBV-positive, cirrhosis, metastasis, and relapse presented higher
expression levels of IDO1 compared with those from patients with low AFP levels (<200ug/L), HBV-negative and the
absence of cirrhosis, metastasis, and relapse (Figure 1G—K). These findings indicated that IDO1 was highly expressed in
HCC tissues and related to poor prognosis.

The Infiltration and Prognostic Significance of Mature DCs Subsets in HCC

It is known that the tumor immune microenvironment is closely related to the occurrence and development of tumors.
Our previous research has shown that IDO1 could be used as a key biological target for hepatic fibrosis, the early
pathological process of HCC. By mediating the Trp metabolic pathway, IDO1 could inhibit the maturation of the immune
phenotype of DCs, affect the immune microenvironment in the liver, and participate in regulating the process of hepatic
fibrosis.** To comprehensively characterize the infiltration of mature DCs, we conducted m-IHC analysis to evaluate the
infiltration of mature DCs. In this paper, DCs were identified as the CD11C", and mature DCs were identified as the
CD11C*CD80", CD11C*CD86", CD11C'CD40", CD11C ™MHCII", according to references literatures.*® 8
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Figure | IDOI expression was related to poor prognosis in HCC. (A) Representative images of IDO| immunofluorescence staining of HCC tissue and paracancerous
tissue in patients with HCC and quantitative results of the fluorescence intensity of IDOI. (B) Kaplan—Meier curves for OS in HCC patients based on IDO | expression level.
(C) The IDOI expression grouped by age, gender (D), tumor size (E), stage (F), AFP (G), HBV (H), cirrhosis (l), metastasis (J), relapse (K) and HBcAb (L). The data were
presented as mean * SEM (*P< 0.05).

Abbreviations: Ca, Cancer; Pca, Paracancerous; DAPI, 4’,6-Diamidino-2-phenylindole; CK, Cytokeratin; IDOI, Indoleamine 2,3 dioxygenase |; AFP, Alpha-Fetoprotein;
HBYV, Hepatitis B Virus; HBcAb, Hepatitis B core antibody.

Representative m-IHC staining images were shown in Figure 2A. In the HCC tissues, the percentage of CD11C",
CD11C"MHCII', CD11C"CD80" and CD11C CD40 DCs were significantly lower than those of the corresponding para-
cancerous tissues (Figure 2B). To investigate the survival difference of the infiltration of mature DCs in HCC, overall survival
rates were analyzed by Kaplan—Meier survival curves. As shown in Figure 2C—F, HCC patients with the high infiltration of
CD11C", CD11C"MHCII', CD11C"CD80" and CD11C"CD40 DCs had significantly more favourable OS than those with
low infiltration of CD11C", CD11C"MHCII', CD11C'CD80" and CD11C"CD40 DCs. Moreover, Spearman correlation
analysis revealed the negative correlation between the infiltration of IDO1" cells and the infiltration of CD11C "MHCII",
CD11C'CD80" and CD11C'CD40'DCs in HCC (Figure 2G-I). Together, these results suggest that IDOIl might be
responsible for establishing the immune tolerance mechanism of HCC and affect the prognosis of patients with HCC.

Analysis of Risk Factors Affecting OS in Patients with HCC
In order to understand the correlation between various clinicopathological parameters, the expression level of IDO1 and
the overall survival (OS) rate of HCC patients, we conducted univariate and multivariate Cox proportional hazards model
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Figure 2 The infiltration and prognostic significance of mature DCs subsets in HCC. (A) Representative images of immunofluorescence staining of CK, CDI1C, MHCI,
CD40, CD80, in cancer and paracancerous tissues from HCC patients. (B) Quantitative analysis of the percentage of CDIIC*, CDIIC*MHCII*, CDI1C*CD80" and
CDI1C*CD40" DCs. (C) Kaplan—Meier curves for OS in HCC patients based on the percentage of CD11C*DCs. (D) Kaplan—Meier curves for OS in HCC patients based
on the percentage of CD | |C*"MHCII*DCs. (E) Kaplan—-Meier curves for OS in HCC patients based on the percentage of CD|1C"CD80"DCs. (F) Kaplan—Meier curves for
OS in HCC patients based on the percentage of CDI1C*CD40"DCs. (G) The correlation between the percentage of IDOI” staining area levels and the percentage of
CDIIC*MHCII"DCs, according to Spearman correlation analysis. (H) The correlation between the percentage of IDOI™ staining area levels and the percentage of
CDI11C*CD80DCs, according to Spearman correlation analysis. (I) The correlation between the percentage of IDOI™ staining area levels and the percentage of
CDI1C*CD40"DCs, according to Spearman correlation analysis. The data were presented as mean + SEM (*P< 0.05, **P<0.01).

Abbreviations: Ca, Cancer; Pca, Paracancerous; DAPI, 4',6-Diamidino-2-phenylindole; CK, Cytokeratin; IDOI, Indoleamine 2,3 dioxygenase |; CDIIC, Cluster of
Differentiation | | C; MHCII, Major Histocompatibility Complex Class Il; CD40, Cluster of Differentiation 40; CD80, Cluster of Differentiation 80.

analyses on these factors for OS in patients with HCC. Univariate Cox regression proportional risk model analysis
revealed that CD11C"MHCII'DCs, CD11C'CD80" DCs, CD11C"'CD40" DCs and HBcAb were protective factors
affecting the prognosis of HCC patients. Age and distant metastasis were risk factors for poor prognosis in patients
with HCC. Multifactorial Cox regression proportional risk model analysis confirmed that age and distant metastasis were
independent risk factors for poor prognosis in HCC patients (Table 1).

IDOI Inhibition Could Attenuate the EMT and Malignant Proliferation of SK-HEP|

in vitro

To explore the influence of IDO1 on the malignant biological behaviors of HCC, we inhibited IDO1 in SK-HEP1 cells
with EPA and observed the biological changes in vitro. As shown in Figure 3A, 20 uM, 5uM, 2.5 uM EPA could
decrease IDOI protein expression level in SK-HEPI cells significantly. Q-PCR analysis showed substantially decreased
IDO1 mRNA level in 20 uM EPA-treated group than in control group (Figure 3C). Results of Western blot showed that
IDO1 inhibition caused an increase in the expression of the epithelial marker E-cadherin and a decrease in mesenchymal
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Table | Univariate and Multivariate Analysis Results of Cox Regression Proportional Risk
Model for OS in HCC Patients

Variables Univariate Analysis Multivariate Analysis
HR 95% CI P Value HR 95% ClI P Value
IDO|"Mean Intensity 1.003 | 0.726-1.803 0.398 / / /
CDIIC*MHClI"cells(%) | 0.61 0.39-0.96 0.0306 0.79 0.47-1.34 0.383
CD11C*CD80"cells(%) 0.60 0.36-0.98 0.0404 0.67 0.32-1.39 0.283
CDI1C*CD40" cells(%) 0.64 0.41-0.10 0.048 1.17 0.58-2.34 0.661
Sex 0.80 0.42-1.51 0.486 / / /
Age 2.07 1.30-3.30 0.00204 2.11 1.28-3.48 0.00358
Tumor_size 1.09 0.70-1.70 0.698 / / /
T 1.49 0.93-2.39 0.0966 / / /
N 741 0.96-56.95 0.0544 / / /
M 26.84 | 5.29-136.10 | 0.0000715 | 26.04 | 4.58-147.98 | 0.000235
Grade 223 1.40-3.57 0.000818 1.43 0.82-2.48 0.209
TNM 1.49 0.93-2.39 0.0966 / / /
Distal_metastases 26.84 | 529-136.11 | 0.0000715 | 26.04 | 4.58-147.98 | 0.000235
Lymph.node_metastasis | 7.41 0.96-56.95 0.0544 / / /
Cirrhosis 1.08 0.68-1.71 0.757 / / /
HBsAg 1.37 0.86-2.16 0.184 / / /
HBcAb 0.50 0.28-0.87 0.0138 0.55 0.3-1.03 0.0606
HCVAb 0.94 0.23-3.86 0.934 / / /
AFP (ug/L) 1.41 0.91-2.20 0.126 / / /

marker Vimentin as compared with control cells (Figure 3A and B). We also determined that the RNA level of
E-cadherin in EPA-treated SK-HEP1 cells were remarkably increased and Vimentin was decreased as compared with
control cells (Figure 3C). Additionally, proliferating cell nuclear antigen (PCNA) plays a crucial role in the initiation of
cell proliferation and is an excellent indicator of the proliferative state of cells. Higher levels of PCNA expression in
tumor cells indicate greater proliferative activity and higher degrees of malignancy.*® As expected, both PCNA protein
and RNA expression level were down-regulated in EPA-treated SK-HEP1 cells as compared with control cells
(Figure 3B and C). In summary, these results indicated that IDO1 inhibition could alleviate the degree of EMT and
malignant proliferation of SK-HEP1 cells.

IDOI Inhibition Could Reduce the Viability, Proliferation, Invasion and Migration of
SK-HEPI Cells in vitro

To investigate the potential role of IDO1 in the development of HCC, CCK-8, Edu, transwell and wound healing assays
were performed to assess IDOI1 inhibition on the viability, proliferation, invasion and migration of SK-HEP1 cells
in vitro. Edu assay revealed that treatment with 20 uM and 10uM EPA could reduce the proliferation level of SK-HEP1
cells dramatically (Figure 4A and B). Consistently, CCK-8 assays also revealed that 20 uM, 10uM and 5uM EPA could
significantly reduce the viability of SK-HEP1 cells (Figure 4C). Furthermore, through transwell and wound-healing
assays, we found that, the invasion and migration ability of SK-HEP1 cells in the 20 uM and 10uM EPA-treated group
were significantly reduced compared with that in the control group (Figure 4D and E). These results suggest that the
decreased malignant biological behavior of SK-HEP1 cells observed were likely attributed to the inhibition of IDO1.

IDOI Inhibition Could Delay the Subcutaneous Tumor Formation of SK-HEP| Cells

in vivo
Given that IDO1 inhibition could attenuate the malignant biological behavior of SK-HEP1 in vitro, we further established
a xenograft tumor model by inoculating SK-HEP1 cells subcutaneously on the right back of nude mice to explore the
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Figure 3 IDOI inhibition could attenuate the EMT and malignant proliferation of SK-HEPI in vitro. (A) Western blot analysis was used to detect the expression levels of
Vimentin and IDOI in control and experimental SK-HEP| cells at 24 h after EPA intervention. GAPDH served as a loading control. The density of protein was measured
using Quantity One software. (B) Western blot analysis was used to detect the expression levels of E-cadherin and PCNA in control and experimental SK-HEP! cells at
24 h after EPA intervention. a-tubulin served as a loading control. The density of protein was measured using Quantity One software. (C) Relative mRNA levels of IDOI,
E-cadherin, Vimentin, and PCNA were measured in SK-HEP| cells treated with 0, 2.5, 5, 10, and 20 pM EPA for 24 h. The data were presented as mean * SEM (*P< 0.05,
*#P<0.01, ***P< 0.001).

Abbreviations: IDOI, Indoleamine 2,3 dioxygenase |; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase; PCNA, Proliferating Cell Nuclear Antigen; EPA, Epacadostat.

effect of IDO1 on HCC cell growth in vivo. The experimental procedure is shown in Figure SA. As reflected in
Figure 5D and E, compared with the control group, the protein expression level of IDO1 was reduced in the tumor tissues
of the experimental group significantly intervened with EPA. We further detected the Trp and Kyn contents in the serum
of tumor-bearing mice after EPA intervention. Consistent with existing reports, compared with the control group, the
serum levels of Trp in tumor-bearing mice after EPA intervention were significantly increased, and the levels of Kyn
were significantly decreased, indicating that EPA indeed inhibited the activity of IDOI in catalyzing the metabolism of
Trp to Kyn. According to the tumor growth curves in Figure 5B and C, both the volume and weight of the tumors in the
EPA-treated group of tumor-bearing mice were significantly reduced compared with control group. HE staining of tumor
tissues in the two groups revealed that in the control group, the tumor cells were in good growth status, abundant and
tightly arranged between cells, with unequal cell sizes and deeply stained nuclei, and there were obvious necrotic foci,
which was in line with the morphologic characteristics of tumor cells. In the EPA-treated group, the number of tumor
cells were significantly reduced, the length and diameter of the tumor was significantly shorter than that of the control
group, and the arrangement between cells was loose (Figure 5F). We have previously found that both PCNA protein and
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Abbreviations: DAPI, 4',6-Diamidino-2-phenylindole; EPA, Epacadostat; IDOI, Indoleamine 2,3 dioxygenase |; H&E, Hematoxylin and Eosin; PCNA, Proliferating Cell
Nuclear Antigen.

RNA expression level decreased in EPA-treated SK-HEP1 cells in vitro. The protein expression level of PCNA in tumors
was further analyzed by immunohistochemical staining. We detected a significant decrease on the expression intensity of
PCNA in the tumor tissues from the EPA-treated group compared to those from controls (Figure 5F). Taken together,
these data indicated that, IDO1 inhibition could significantly reduce the growth rate of SK-HEPI cells in vivo and delay
SK-HEPI1 xenograft tumor growth.

IDOI Inhibition Could Enhance Immune Cells Response to Tumor Cells in vivo

As outlined above, IDO1 expression was correlated with the infiltration of mature DCs in HCC patients. Additionally, we
investigated the infiltration of mature DCs in HCC tissues from tumor-bearing mice following IDO1 inhibition.
Immunofluorescence staining verified that an increased proportion of infiltrated CD11C", MHCII", CD80", CD40'DCs
cells, and CD4 ", CD8'T cells were observed in tumor tissues after administrating EPA (Figure 6A and B), indicated that
IDO1might involved in the regulation of DCs and T cells response to tumor cells.

Discussion

By integrating clinical HCC samples, in vitro cell experiments and animal models, this study revealed the inhibitory
effect of IDO1 on the infiltration of mature DCs and anti-tumor immune response in the HCC microenvironment, and
provided evidence for its use as a potential therapeutic target. Our core findings suggest that HCC tissues with IDO1 high
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Figure 6 IDOI inhibition could enhance immune cells response to tumor cells in vivo. (A) Immunofluorescence staining of CDI1C, MHCII,CD80 and CD40 in tumor
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expression show significantly reduced infiltration of mature DCs and were strongly associated with aggressive clinical
features (including, high AFP, HBV positive, metastasis/recurrence) and poor prognosis. Notably, IDO1 expression levels
were inversely correlated with the proportion of infiltrated mature DCs in HCC. This finding complements the
mechanism reported in previous studies, wherein IDO1 promotes Treg differentiation via the Kyn-AHR pathway,®
may contribute to the establishment of a pathological axis of “IDO1 high expression —DCs function depletion —
immune escape” in HCC.

Published literatures indicated that IDO1 could induce phenotypic changes of DCs through various mechanisms in the
tumor microenvironment, thus promoting immune tolerance and tumor immune escape. IDO1 catalyzes the metabolism
of Trp to produce Kyn and its downstream metabolites that activate the AhR signaling pathway. Activation of AhR
inhibits DCs maturation, reduces the expression of co-stimulatory molecules (eg, CD80, CD86, MHCII) on the surface of
DCs, and decreases their ability to activate T cells, thereby inducing immune tolerance.>'** Accelerated Trp metabolism
leads to local Trp depletion and activation of the GCN2 kinase signaling pathway, which can also inhibit DCs maturation
and function in mice with intracerebral hemorrhage.>® The expression of IDO1 in DCs can also confer an immune
tolerance phenotype that is independent of its enzyme activity. ITIM (immune receptor tyrosine inhibitory motif) in the
IDO1 molecule recruits SHP-1/SHP-2 phosphatase, which in turn inhibits immune activation signaling in DCs.>* In
celiac disease patients, DCs with high expression of IDO1 can amplify Tregs cells, which further inhibit DCs maturation
by secreting immunosuppressive cytokines such as TGF-p and IL-10.°> Here, we found that the percentage of
CDI1C'MHCII', CD11C"CD80" and CD11C'CD40'DCs were significantly reduced in HCC tissues with high expres-
sion of IDOI. And an increased proportion of infiltrated CD11C", MHCII, CD80", CD40'DCs cells, and CD4",
CD8'T cells were observed in tumor tissues after inhibiting IDOI.

In clinical application, this study provided an important basis for the targeted therapy of IDO1 in HCC. IDO1 was highly
expressed in HCC tissues with pathological grade I-II, high AFP levels (>200ug/L), HBV-positivie, cirrhosis, distant
metastasis and recurrence, suggested that these patients might be the priority beneficiary group of IDO1 catalytic inhibitors.
The expression level of IDO1 by Western blot as well as q-PCR, confirmed that EPA treatments led to decreased levels of
IDO1 in SK-HEP1 cells. It was reported that EPA (firstly named INCB024360) was one of the most promising catalytic
inhibitors targeting IDO1 to foster anti-tumor immune responses.’® Many studies®” °* have confirmed that the intervention
of EPA could reduce the expression level of IDO1, which were consistent with the results of this study. In animal models,
EPA treatment significantly reduced tumor volume, accompanied by increased DCs and T cell infiltration, suggesting that
inhibition of IDO1 could potentially reverse the immunosuppressive microenvironment of HCC.

Survival analysis showed that low IDOI1 and high mature DCs cell infiltration were significantly associated with
superior OS. These findings may support the use of IDO1 expression in combination with DCs infiltration distribution as
a biomarker to guide therapeutic stratification in HCC. However, it is important to note the potential limitations of the
clinical application of IDOI1 catalytic inhibitors. The limited efficacy of single-agent EPAs in solid tumors in clinical trials
might be related to their failure to synchronize the blockade of other pathways depleted of DCs (eg, PD-L1/PD-1).** DC
vaccine, as a new method of cancer immunotherapy, has made remarkable progress in clinical research in recent years,

showing great application potential.**

Bol KF et al announced the Phase III clinical data of DC vaccine treatment in stage
[IIB/C melanoma patients, which generated specific immune responses and was well tolerated with a 2-year survival rate of
over 80%.%° Recently, van Eijck CHJ et al published a study on the efficacy of SOC therapy and DC-based adjuvant
immunotherapy in preventing recurrence of pancreatic cancer in patients with pancreatic cancer, which showed that the
2-year RFS rate after pancreatectomy was 64%, suggesting that DC-based immunotherapy can significantly prevent
recurrence of pancreatic cancer.®® It is worth noting that the results of the current clinical trials of IDO1 catalytic inhibitors
and also DC vaccines are not all helpful in improving the prognosis of cancer patients, probably due to patient selection,
combination therapy and other factors, and better treatment options need to be further investigated. For HCC, taking into
account the findings of the present study, we can next explore the synergistic treatment options of IDO1 catalytic inhibitors
in combination with PD-1 blockade or DCs vaccine or enhancement of DCs response based on the stratification of patients
with IDO1 expression levels, so as to improve the efficacy of targeted therapies.

This study, through comprehensive experimental design and multi-faceted analysis, revealed the mechanism of IDO1
in HCC, especially its inhibitory effect on the infiltration of mature DCs and the anti-tumor immune response. It not only
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enriches the understanding of the immune microenvironment of HCC but also provides new ideas and strategies for the
diagnosis, prognosis assessment and immunotherapy of HCC. Meanwhile, there are some limitations in this study. The
clinical sample size was small and the functional association of IDO1 expression levels with DCs subpopulations was not
analyzed. The in vitro experiments only used SK-HEP1 cell line, which needs to be expanded to HCC cell lines of
different molecular subtypes. Animal models using immunodeficient mice failed to fully mimic the regulatory effects of
IDO1 on the adaptive immune system. Nude mice exhibit thymic deficiency, resulting in incomplete T-cell development
and consequent immune system impairments. This characteristic can reduce the interference of the normal immune
system on tumors, providing convenience for the study of biological behaviors such as tumor growth and metastasis.
However, it also poses a challenge to the interpretation of immune cell infiltration results. Although nude mice are
typically regarded as lacking functional T cells, accumulating evidence indicates that small populations of cells
expressing T-cell markers (eg, Thy-1) can be detected in these animals. The numbers of such cells tend to increase
with age or under specific pathological conditions (eg, hepatitis).””® Moreover, functional CD4" and CD8" T cells, as
well as IL-2-secreting T cells, have been identified in the tumor tissues of nude mice in several studies.”'"® Consistent
with these reported immune cell characteristics of nude mouse models, our study detected DCs and a small number of
infiltrating T cells in tumor tissues via immunohistochemistry. To address the limitations of the nude mouse model, we
further validated the potential impact of low IDO1 expression on immune cell infiltration trends through correlation
analyses between IDO1 and DC markers using clinical liver cancer tissue microarrays. Nevertheless, it is important to
emphasize that as nude mice lack a fully functional adaptive immune system, while they can be used to study certain
aspects of the immune microenvironment, there are limitations in drawing comprehensive conclusions about immune cell
infiltration, especially regarding T cell-mediated adaptive immune responses. Consequently, the immune-infiltration
findings should be regarded as hypothesis-generating rather than definitive. Robust validation in immunocompetent
syngeneic models, humanized mouse systems, or patient-derived organoid-immune cell co-cultures is indispensable
before clinical translation. These results nonetheless provide valuable preliminary insights for exploring the role of IDO1
in the tumor immune microenvironment.

Conclusions

In summary, this study delineates a dual, clinically relevant role for IDO1 in HCC immune evasion, directly fostering
tumor aggressiveness while concurrently suppressing anti-tumor immunity, notably by curbing mature DCs infiltration.
These findings provide a theoretical framework for precision immunotherapies centered on IDOI1 inhibition.
Nevertheless, because our in-vivo experiments were performed in nude mice that lack a functional adaptive immune
system, the immune-infiltration data must be interpreted cautiously. Follow-up work should therefore (I) validate the
immunomodulatory effects of IDO1 blockade in immunocompetent or humanized mouse models, (II) dissect the
molecular crosstalk between IDO1 and additional immune checkpoints, and (III) optimize combination regimens tailored

to the HCC-specific immune microenvironment.
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