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Purpose: Non-small cell lung cancer (NSCLC) is currently a problem in the clinic and in society. Tumor-related macrophages
(TAMs) in the tumor microenvironment (TME) play a vital role in the development of NSCLC.

Patients and Methods: Bioinformatics was used to analyze the role of Indoleamine 2,3-dioxygenase 1 (IDO1) in NSCLC and the
correlation of its expression with CD163 expression. The expression of CD163 and IDO1 was measured by immunohistochemistry,
and their colocalization was assessed by immunofluorescence. M2 macrophage polarization was induced, and a coculture model of
NSCLC cells and macrophages was established.

Results: Bioinformatics analysis showed that IDO1 promoted the metastasis and differentiation of NSCLC and inhibited DNA repair.
Moreover, the expression of IDO1 was positively correlated with CD163 expression. We discovered that IDO1 expression was related
to M2 macrophage differentiation. In vitro, we showed that increased IDO1 expression promoted the invasion, proliferation, and
metastasis of NSCLC cells.

Conclusion: In conclusion, we determined that IDO1 can regulate the M2 polarization of TAMs and promote the progression of
NSCLC, which provides partial theoretical evidence for the use of IDOI1 inhibitors in the treatment of NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-related death in men and women worldwide.! Non-small cell lung cancer
(NSCLC) accounts for ~85% of all lung cancer cases." NSCLC is a tumor with poor chemotherapy sensitivity, which is
only applicable to about 15% of patients with EGFR, ALK, and ROS mutations and can be targeted for treatment.”
Accordingly, NSCLC, which has a high risk of progression and recurrence, requires neoadjuvant treatment. Despite the
reported success of immune checkpoint inhibitors in treating various cancers, the response rate is very limited, and less
than 20% of patients respond to these agents.® The microenvironment has been increasingly recognized as a key regulator
of cancer progression. Du et al found that hypothermia can activate adipocytes to stimulate tumor development and play
a crucial determining role in malignant progression.* Due to the complex TME and the interaction between various tumor
components, the development of new combinations of treatments that target different mechanisms of tumor progression
may initiate a new era of NSCLC treatment.

Macrophages are innate immune cells that play an important role in maintaining the homeostasis of the TME.’
Macrophages have different phenotypes in response to challenges in the microenvironment.® Different macrophage
polarization phenotypes are characterized by different profiles of enzyme, cytokine, and cell surface marker expression.
Generally, macrophages are divided into two subgroups: classical M1 macrophages and alternative M2 macrophages.’
The M1 phenotype is induced by IFN-y and lipopolysaccharide (LPS). IL-4 and IL-13 can stimulate macrophages to
polarize into the M2 phenotype.® Many studies have shown that TAMs are mostly polarized toward the M2 phenotype.’
TAM infiltration is associated with poor prognosis in most human tumors.'® This suggests that TAMs may be an
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attractive target for anticancer therapy. Therefore, understanding how macrophage polarization is regulated is of great
importance for developing novel treatments for NSCLC.

Indoleamine 2.3-dioxygenase 1 (IDO1) can reduce local tryptophan concentrations and produce immunomodulatory
tryptophan metabolites, thus exerting an immune-suppressive effect.'''* IDO1 is expressed by many different types of
tumor cells and tumor draining lymph nodes. Studies have shown that IDO1 expression is associated with poor prognosis
in patients with several types of cancer, such as endometrial cancer, ovarian cancer, and colon cancer.'*"'® Wang et al
showed that IDO1 overexpression increased the expression of M2-specific markers. In contrast, downregulation of IDO1
expression mediated by small interfering RNA (siRNA) upregulation M1-specific marker expression.!” Therefore, IDO1
may be a therapeutic target for reverse immunosuppression.'® Currently, several IDOI inhibitors are under clinical
evaluation, and many of them are in Phase II or III clinical trials."® Epacadostat (INCB024360) is the most common
IDOI inhibitor that is well tolerated by patients, and it exerts a significant beneficial effect in cancer treatment.”’ Phase
I and phase II studies have shown that Epacadostat is well tolerated in patients with advanced cancer.?'** In the Phase 1/
2 ECHO-202/KEYNOTE-037 clinical trial (NCT02178722) targeting multiple tumor types, it was found that the
combination of Epacadostat and anti-PD-1 antibody pembrolizumab was safer; and the effective rate of combined
treatment for 54 patients with advanced melanoma was 56%.>* Epacadostat reduces tryptophan metabolism by inhibiting
IDO1, enhances the proliferation of effector T cells and natural killer cells, increases the activation of CD86 and reduces
apoptosis.”* Therefore, we hypothesize that Epacadostat may affect the polarization of macrophages. However, the
interplay between NSCLC cells, macrophages and IDO1 has never been addressed.

In this study, we studied the effect of IDO1 expression on the phenotype of macrophages. We used an in vitro M2
macrophage and NSCLC cell coculture system to simulate the tumor microenvironment of NSCLC and explored the
effect of IDO1 inhibitors on NSCLC cells, as well as the underlying mechanism, to provide a possible mechanism by
which IDO1 inhibitors function for treating NSCLC.

Materials and Methods

Bioinformatics Analysis Based on a Public Database
CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/) was the first database established to analyze distinct functional

states of cancer cells at the single-cell level. CancerSEA provides an atlas of cancer functional states at the single-cell
level, and it includes 14 functional states of 41,900 single cancer cells from 25 cancer types (including stem cells,
invasion, apoptosis, cell cycle, differentiation, metastasis, proliferation, EMT, angiogenesis, DNA damage, DNA repair,
hypoxia, inflammation and quiescence).”” In this study, the CancerSEA database was used for the functional analysis of
IDO1. We downloaded The Cancer Genome Atlas (TCGA) data from UCSC (http:/xena.ucsc.edu/)*® and data about
IDO1 and CD163 mRNA expression in cell lines from the Cancer Cell Line Encyclopedia (CCLE) (https://sites.

broadinstitute.org/ccle),?” and we analyzed the correlation of IDO1 and CD163 expression in cancer samples and cell
lines with R language (R 4.1.0).

Cell Culture and Differentiation

THP-1 human monocytes were purchased from Wuhan Procell Life Science & Technology Co., Ltd. (Hubei, China).
NSCLC cell lines (A549 and H1299) were purchased from the Institute of Life Sciences, Chinese Academy of
Sciences Cell Bank (Shanghai, China). The THP-1, H1299 and A549 cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and penicillin 20 pg/mL and streptomycin 20 pg/mL (Sigma, USA).
All the cells were cultured in a humid environment at 37 °C and 5% CQO2. In this experiment, THP-1 cells were seeded
in 6-well plates, and 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Abcam) was added and incubated for 48 h to
differentiate the cells into MO macrophages. LPS (100 pg/mL) and IFN-y (20 ng/mL) or IL-4 and IL-13 (20 ng/mL)
(Novoprotein, Shanghai, China) were added and incubated to differentiate the cells into M1 or M2 macrophages,
respectively, for subsequent experiments. Then, Epacadostat (INCB024360, Selleck, USA) was used to treat the M2

macrophages.
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Clinical Information and Tissue Samples

This study was approved by the ethics committee of Qilu Hospital of Shandong University (ethics batch number: KYLL-
2018-341). Patients or their relatives were informed that paraffin sections of excised specimens would be used for
scientific research and all patients gave written informed consent. The experiment was carried out in accordance with the
Declaration of Helsinki. The expression of CD163 and IDO1 in pneumonectomy tissue samples from 89 patients with
NSCLC was measured by immunohistochemistry. The clinical data, which included basic information, tumor lymph node
metastasis (TNM) stage (according to the eighth edition), pathological type, tumor location, and prognosis, were
analyzed.

Immunohistochemistry
Immunohistochemistry (IHC) was performed on paraffin-embedded sections. Before staining, the paraffin sections were
incubated at 65 °C for 60 minutes. Then, the paraffin sections were immersed in fresh xylene twice for 10 minutes.
Tissue sections were rehydrated by immersion in a series of ethanol solutions with decreasing concentrations (100%,
100%, 95%, 80% and 70%) for 5 minutes. After washing with distilled water for 2 minutes, the antigens were repaired by
microwaving in citrate solution. After incubation for 15 minutes with an endogenous peroxidase inhibitor and 20 minutes
with goat serum working solution (SP-9000, Zhongshan Golden Bridge Biotechnology, Beijing, China), the sections
were incubated with anti-IDO1 antibody and anti-CD163 antibody overnight at 4 °C. Biotin-labeled goat anti-rabbit IgG
polymer was added and incubated at 37 °C for 30 minutes. A DAB Kit (ZLI9017, Zhongshan Golden Bridge
Biotechnology, Beijing, China) was used for chromogen development. The sections were stained with hematoxylin
and covered with a neutral balm.

The scores were independently assessed by two independent investigators. The tumor cell intensity was scored on
a scale of 0-3 points (0O=none; 1=weak; 2=mild; 3=strong). The proportion score was obtained by estimating the
percentage of positive tumor cells (O=none; 1=less than 25%; 2=25-75%; 3=greater than 75%). To evaluate the average
degree of staining of the sections, multiple regions were randomly selected and analyzed, and at least 100 tumor cells
were evaluated. The cytoplasmic expression levels were calculated by the H-score system as follows: H-score = Y (Pi)
x]) = (percentage of weak cells) x 1) + (medium intensity cell percentage) x 2) + (percentage of high intensity cells) x 3).
In this equation, Pi represents the percentage of stained tumor cells, and I represent the staining intensity. The tumor
samples were divided into a high-expression group or a low-expression group according to whether their H-scores were
above or below the median.

Immunofluorescence and Immunofluorescent Colocalization

THP-1-derived macrophages were fixed with 4% paraformaldehyde for 15 minutes and washed with PBS 3 times. The
macrophages were permeabilized with 0.5% Triton X-100 in PBS for 15 minutes. After washing, they were blocked with
5% BSA for 1 h at room temperature and incubated with anti-CD86 (ab239075, Abcam, USA), anti-CD163 (ab182422,
Abcam, USA), and anti-IDO1 (ab156787, Abcam, USA) antibodies at 4 °C overnight. Coimmunofluorescence staining
was performed with anti-CD163 (ab182422, Abcam, USA) and anti-IDO1 (ab156787, Abcam, USA) antibodies. After
removing the slides from a 4 °C environment, the slides were rewarmed at room temperature for 1 h. After extensive
washing, the slides were incubated with fluorescent secondary antibodies (ab150077 and ab150115, Abcam, USA) and
then restained with DAPI for 5 minutes. Then, the climbing pieces were placed on glass slides, and a fluorescent
quenching inhibitor was added to seal the slides. The slides were observed under a laser confocal microscope.

Coculture Experiment

H1299 and A549 cells were seeded in 6-well plates (1x10° cells per well). THP-1-derived M2 macrophages (1x10° cells
per chamber) were directly seeded in the upper chamber (0.4 pm, Corning, USA), while the H1299/A549 cells were
seeded in the lower chamber. Before coculture, NSCLC cells and macrophages were washed with RPMI 1640
supplemented with 0.1% bovine serum albumin (BSA). After the last wash, M2 macrophages were added to the upper
chambers with the appropriate basic medium alone or basic medium supplemented with Epacadostat, and then, the upper
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chambers containing the M2 macrophages were placed in each well. NSCLC cells were collected for subsequent
experiments after being cocultured for 48 hours.

Flow Cytometry

Macrophages were stained with PE-conjugated anti-human CD163, FITC-conjugated anti-human CD86, PE/Cy-
conjugated anti-human CD11b, and APC-conjugated anti-human CD68 (BioLegend, USA) according to the manufac-
turers’ instructions. Flow cytometry was performed using a flow cytometer (FACSCalibur, USA), and the results were
analyzed with ImagelJ. For each sample, at least 1x104 cells were analyzed. Annexin fluorescein isothiocyanate isomer
V-(FITC) (E-CK-A211, Elabscience, China) and propidium iodide (E-CK-A211, Elabscience, China) were used to stain
the cells for 20 minutes, and cell apoptosis was detected using flow cytometry.

Western Blotting

Cellular proteins were extracted with RIPA buffer (Beyotime, Shanghai, China) and the protease inhibitor phenylmethylsulfonyl
fluoride (PMSF) (Beyotime, Shanghai, China). The proteins were separated by SDS—PAGE and transferred to PVDF membranes
(Millipore, USA). After blocking with 5% nonfat milk, the membranes were incubated with primary antibodies at 4 °C overnight
and then labeled with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 hour. The
primary antibodies were as follows: anti-CD163 (ab182422, Abcam, USA), anti-CD86 (ab239075, Abcam, USA), anti-JAK2
(ab108596, Abcam, USA), anti-pJAK?2 (ab32101, Abcam, USA), anti-STAT3 (ab68153, Abcam, USA), anti-STAT3 (ab76315,
Abcam, USA), anti-IDO1 (13268-1-AP, Proteintech, USA), anti-Vimentin (Servicebio, Wuhan, China), anti-Ecadherin
(Servicebio, Wuhan, China), anti-GAPDH (5174, Cell Signaling Technology, USA), anti-Bcl2 (15071, Cell Signaling
Technology, USA), anti-Bax (5023, Cell Signaling Technology, USA), and B-Tubulin (2128, Cell Signaling Technology,
USA). The proteins on the membranes were detected by Tanon 5200 (Shanghai, China), and the membranes were further
probed for GAPDH or B-Tubulin as a loading control.

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. OligodT primers were used to synthesize cDNA from total RNA using PrimeScript RT Reagent Kit
(RR0O37A, TaKaRa, Japan). The expression of mRNA was determined using RT-PCR using TB Green Premix Ex Taq
IT (RR820A, TaKaRa, Japan). The forward and reverse primer sequences are shown in Table 1. The relative mRNA

Table | The Primer Sequences of the Genes
Investigated in RT-qPCR Analysis
Gene Primer Sequences
GAPDH F5'GCACCGTCAAGGCTGAGAACS'
R5'TGGTGAAGACGCCAGTGGA3'
IDOI F5’AGCCCCTGACTTATGAGAACA3’
R5’AGCTATTTCCAACAGCGCCCT3'
IL-1B F5'CAACAAGTGGTGTTCTCCATGTC3'
R5’ACACGCAGGACAGGTACAGA3'
TGF-B F5'GCAACAATTCCTGGCGATACC3'
R5'ATTTCCCCTCCACGGCTCAA3’
TNF-a F5'GAGGCCAAGCCCTGGTATG3'
R5'CGGGCCGATTGATCTCAGC3'
Argl F5'TGACGGACTGGACCCATCTT3’
R5'GGCTTGTGATTACCCTCCCG3'
iNOS F5'CGTGGAGACGGGAAAGAAGT3'
R5'GACCCCAGGCAAGATTTGGA3'
IL-10 F5'CCAGACATCAAGGCGCATGT3'
R5'GATGCCTTTCTCTTGGAGCTTATT3'
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expression levels were normalized to the GAPDH expression level in the same sample. The gene expression of RT—
gPCR was calculated as the change compared with the control (2- AA Ct).

Cell Colony Formation and Proliferation Assays
Cell colony formation assays were performed as described previously.? To conduct colony formation experiments,
approximately 1x10° NSCLC cells were seeded into 6-well plates. After incubation at 37 °C for 2 weeks, the cells
were washed twice with PBS. Then, the cells were fixed with methanol for 20 min and stained with 0.1% crystal violet at
room temperature for 15 min. The number of colonies with more than 50 cells was counted under a microscope. The
experiment was repeated thrice.

Cell proliferation was detected by the Cell Counting Kit-8 assay (CCK-8). The cocultured NSCLC cells were plated
in 96-well culture plates at 5x10° cells per well. After incubation for 0 h, 24 h, 48 h and 72 h, 10 uL of CCK-8 solution
was added to each well and incubated at 37 °C for 1 h. The absorbance was measured using a microplate reader at 450

nm. The experiment was repeated at least thrice.

Wound-Healing Assay

The cells were seeded in 6-well plates at a density of 1x10> cells/mL and cultured to 90% density. Then, a sterile 200 uL
pipette tip was used to generate a scratch in the center of the cell monolayer in each well. Then, the plates were incubated
in CO2 incubator for 24 hours. Images of the cells that migrated into the wounded area were captured, and the migration
distance was measured under an inverted microscope. The degree of wound healing was determined by calculating the
relative width of the wound compared to that in the control group.

Cell Migration and Invasion Assay

The upper inserts of the Transwell migration chambers (3422, Corning, USA) were incubated at 37 °C in serum-free medium
for 1 h. After the medium was removed, cells were suspended in serum-free medium (4x 10* cells/well) and seeded into the
inserts. A medium supplemented with 20% FBS was added to the lower chamber. The cells (H1299/A549, H1299/A549
+Epacadostat, H1299/A549+M2 macrophages, H1299/A549+M2 macrophages+Epacadostat) were incubated in
a humidified incubator at 37 °C for 24 h. After incubation, the culture medium was removed, and the residual cells on the
membrane surface were removed with cotton swabs. The migrated cells were fixed with methanol for 20 min and stained
with 0.1% crystal violet at room temperature for 15 min. Images of the migrated cells were captured by confocal microscopy.
Three visual fields of each chamber were randomly selected, and the number of cells in each field was counted. The results
were analyzed by ImageJ, and t tests were performed to determine statistical significance.

For the invasion assay, the inserts were precoated with 50 uL Matrigel (BD Bioscience) for 30 min at 37 °C. After the
medium was removed, the upper inserts were seeded with cell suspensions in serum-free medium (6 x 10* cells/well).
A medium supplemented with 20% FBS was added to the lower chamber. The cells were cultured at 37 °C for 48 hours.
The invasive cells were fixed with methanol for 20 min and stained with 0.1% crystal violet at room temperature for 15
min. Three microscope fields were chosen from each chamber, and the number of cells in each field was counted. A ¢-test

was used to analyze the data to determine the statistical significance.

Statistical Analysis

All the data are presented as the mean + standard deviation (SD). The cell experiments were repeated at least three
independent times. The statistical significance of the differences was evaluated using GraphPad Prism and SPSS. A #-test
was used to analyze the data of the cell and animal experiments. The Mann—Whitney U-test was used to compare
differences between two groups of measurement variables with nonnormal distributions. Differences with a P value
<0.05 were considered statistically significant.
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Results

The Functions of IDOI in Single NSCLC Cells and the Correlation of Its Expression
with CD 163 Expression Based on Data in Public Databases

The functions of IDO1 in single NSCLC cells were explored using CancerSEA. IDO1 function was mainly related to
angiogenesis, DNA repair and metastasis (Figure la and b). Lam (EXP0068) showed that high IDO1 expression was
negatively correlated with DNA repair (Spearman’s coefficients, —0.35; p<0.001) (Figure 1c). *® Correlation analysis also
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revealed a positive between correlation of IDO1 expression and differentiation and metastasis (Spearman’s coefficient,
0.43 and 0.89, respectively; p<0.001) (Figure 1d and e). The distribution of IDO1 expression in EXP0068 is shown in the
box plot, and the expression levels of IDO1 in single cells are shown in the t-SNE plot (Figure 1f). Moreover, IDO1
expression was positively correlated with CD163 expression in cancer tissues (LUAD and LUSC) and cell lines
(Figure 1g—i). Correlation analysis also revealed a positive correlation of IDOI expression with
“HALLMARK IL6 JAK STAT3 SIGNALING” in LUAD and LUSC (R=0.52 and 0.526, respectively; p<0.001)
(Figure 1j and k).

THP-1 Cells Were Induced to Differentiate into Macrophages

TAMs play a key role in cancer progression and angiogenesis. To study the effect of M2-type TAMs on NSCLC, we first
induced THP-1 cells to polarize into M2 macrophages in vitro according to the previously published methods.” In brief,
THP-1 cells can be induced to differentiate into MO, M1 and M2 macrophages and undergo the corresponding
morphological changes. After PMA treatment, THP-1 cells changed from suspension cells to adherent MO macrophages
(Figure 2a). MO macrophages were induced to differentiate into M1 macrophages by stimulation with LPS and IFN-y;
then, the cells exhibited morphologies that resembled long spindles, and the volumes increased (Figure 2b). Additionally,
the MO macrophages were induced to differentiate into M2 macrophages by stimulation with IL-4 and IL-13; the cells
developed dendritic processes, and the cell volume increased (Figure 2c).

The surface marker expression of macrophages with different phenotypes was analyzed by flow cytometry. The high
expression of CD68 and CD11b by M0, M1, and M2 macrophages suggested that macrophage induction was successful
(Figure 2d and e). The expression of CD86 (an M1 macrophage-specific surface marker) was clearly increased in M1
macrophages compared with MO and M2 macrophages (Figure 2f). The expression of CD163 (an M2 macrophage-specific
surface marker) was clearly increased in M2 macrophages compared with MO and M1 macrophages (Figure 2g). The
immunofluorescence results also showed that the expression of CD86 was higher in M1 macrophages (Figure 2h) and that
the expression of CD163 was higher in M2 macrophages (Figure 2i). RT—qPCR was used to analyze the mRNA expression
levels of M1 and M2 marker genes. Compared with M0 and M2 macrophages, M1 macrophages exhibited significantly
upregulated expression of iNOS, TNF-A and IL-1p (Figure 2j—L; p <0.05 or 0.01). The levels of Arg-1, TGF-B, and IL-10 in
M2 macrophages were significantly higher than those in MO and M1 macrophages (Figure 2m—o; p< 0.05 or 0.01).

Verification of the Relationship Between the Expression of IDO| and M2 Macrophages
To verify the correlation between the expression of IDO1 and M2 macrophages, we performed immunofluorescence
colocalization assays on M2 macrophages in vitro. The immunofluorescence double-labeling method in M2 macrophages
showed that the IDO1 protein labeled with green fluorescence and the CD163 protein (specific surface marker of M2
macrophages) labeled with red fluorescence were colocalized in the M2 cytoplasmic (Figure 3a). Next, we performed
coimmunofluorescence staining of CD163 and IDO1 in tissue sections of NSCLC patients (Figure 3b).

Then, we measured the protein expression of IDO1 and CD163 in M2 macrophages. The results showed that the
protein expression levels of IDO1 and CD163 in M2 macrophages were higher than those in MO macrophages
(Figure 3c). Additionally, the mRNA expression of IDO1 and CD163 was upregulated in M2 macrophages (Figure 3d).

Association of IDO| Expression with M2 Macrophages and the Clinic Pathological
Parameters of NSCLC Patients

Immunohistochemistry was used to measure the expression of CD163 in NSCLC samples. The positive expression of the
CD163 protein was observed in the presence of brown-yellow to brown granules. The proportion of patients with higher
expression of CD163 in NSCLC tissues was 86.5% (77/89), indicating increased M2 macrophage infiltration into tumor
tissues than adjacent nontumor tissues (Figure 4a, ¢ and e). To confirm the association between IDO1 and CD163 protein
expression in NSCLC patients, we also performed IHC staining of IDO1 expression in NSCLC tissues. The proportion of
patients with higher expression of CD163 in NSCLC tissues was 73% (65/89) (Figure 4b, d and f). The expression of IDO1
was positively correlated with CD163 protein expression (p<0.001, R=0.524). Overall, 79.2% (61 of 77) of the tumor
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expression of CD163. (h and i) Inmunofluorescence showed that the expression of CD86 was higher in M| macrophages and that of CD 163 was higher in M2 macrophages.
(j-1) Compared with M0 and M2 macrophages, M| macrophages had significantly upregulated expression of INOS, TNF-a and IL-1f. (m—0) The mRNA expression of Arg-1,
TGF-B, and IL-10 in M2 macrophages was significantly higher than that in M0 and M| macrophages (*p < 0.05, **p < 0.01).
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protein labeled with red fluorescence colocalized in the cytoplasm of M2 macrophages. (b) The colocalization of IDO1 (green) and CD163 (red) in tissue sections of NSCLC
patients as shown by immunofluorescence. (c and d) The protein and mRNA expression levels of IDO| and CD163 in M2 macrophages were higher than those in MO

macrophages (magnification, 20-x) (*p<0.01; *p<0.05).
samples showed the same staining intensity of IDO1 and CD163 protein (Figure 4g). Table 2 describes the relationship
between the expression of IDO1 and clinic pathological features of NSCLC tumor patients. In the NSCLC patients, the high
expression of IDO1 was significantly associated with lymph node metastasis (p =0.025) and differentiation grade (p =0.034).
Table 3 also shows the relationship between the expression of IDO1 and clinic pathological features of NSCLC patients with
high CD163 expression. The results showed that high expression of IDO1 was significantly associated with smoking status
(»=0.021), primary tumor location (p =0.019) and lymph node metastasis (p =0.026).
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the NSCLC tissues shown in c. (e) High expression of CD163 in NSCLC tissue. (f) Protein expression of IDOI in the NSCLC tissues shown in e. (g) Correlation between
IDOI and CD163 protein expression in NSCLC (p<0.001, R=0.524).

Effect of IDOI Expression on Macrophage Polarization

Previous experiments confirmed that the expression level of IDO1 was higher in M2 macrophages. To verify the effect of
IDO1 on M2 polarization, we added the IDOT1 inhibitor Epacadostat to M2 macrophages. Flow cytometry showed that
the expression of CDI11b and CD68 did not significantly change after treatment with Epacadostat (Figure 5a and b).
However, the expression of CD86 increased (Figure 5c), and the expression of CD163 decreased (Figure 5d), suggesting
that after IDO1 was inhibited, M2 macrophages transformed into M1 macrophages. The increase in CD86 protein
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Table 2 Correlation of IDOI Expression in the Tumor Tissues with Clinicopathologic
Characteristics in the NSCLC Patients

Clinicopathologic IDOI Expression
Characteristic . 2
n Low High X P
Expression Expression

Gender 0.007 0.932
Male 73 19 54
Female 16 4 12

Smoking status 0.065 0.798
No smoking 29 7 22
Smoking 60 16 44

Age at diagnosis 0413 0.520
<60 36 8 28
260 53 15 38

Primary tumor location 2.033 0.154
Left lung 39 13 26
Right lung 50 10 40

Primary tumor size 0.136 0.712
TI+T2 57 14 43
T3+T4 32 9 23

Lymph node metastasis 5.003 0.025%
NO 40 14 26
NI-3 49 9 40

Stage 0.202 0.652
Stage | + |l 39 I 28
Stage Ill + IV 50 12 38

Differentiation grade 4.489 0.034*
High and Middle 62 12 50
Low 27 I 16

Note: *P <0.05.
Abbreviation: NSCLC, Non-small cell lung cancer.

Table 3 Correlation of IDOI Expression in the Tumor Tissues with Clinicopathologic
Characteristics in the NSCLC Patients with High M2 Macrophage Infiltration

Clinicopathologic IDOI Expression
Characteristic
n Low High Ve P
Expression | Expression
Gender 0.004 0.947
Male 63 13 50
Female 14 3 I
Smoking status 5.316 0.021*
No smoking 39 4 35
Smoking 38 12 26
Age at diagnosis 0.137 0.711
<60 32 6 26
260 45 10 35
Primary tumor location 5.529 0.019*
Left lung 33 I 22
Right lung 44 5 39
(Continued)
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Table 3 (Continued).

Clinicopathologic IDOI Expression
Characteristic j 2
n Low High X P
Expression | Expression

Primary tumor size 0.014 0.907
TI+T2 42 I 41
T3+T4 25 5 20

Lymph node metastasis 4.954 0.026*
NO 34 I 23
NI-3 43 5 38

Stage 0.011 0.915
Stage | + Il 28 6 22
Stage Il + IV 49 10 39

Differentiation grade 0.789 0.374
High and Middle 55 10 45
Low 22 6 16

Note: *P <0.05.
Abbreviation: NSCLC, Non-small cell lung cancer.

expression and the decrease in CD163 and IDOI protein expression also confirmed the above conclusion (Figure 5e).
The IDO1 mRNA expression level was decreased (Figure 5F). The RT-qPCR assay showed that the mRNA expression
levels of M1-related genes (iNOS, TNF-A and IL-1 ) were markedly increased (Figure 5g—i), while the mRNA
expression levels of M2-related genes (Arg-1, TGF-B, and IL-10) were decreased (Figure 5j—L) (p<0.05).

Effect of IDOIl on NSCLC Cells and M2 Macrophage Cocultures

To investigate the role of IDO1 in NSCLC, we established an in vitro coculture system of NSCLC and M2 macrophages.
A549 and H1299 cells were cultured with M2 and M2 macrophages + Epacadostat, respectively. Western blotting was
used to measure the expression of CD86, CD163 and IDO1 in H1299/A549 cells in different treatment groups. The
expression levels of CD163 and IDO1 increased significantly, whereas the expression level of CD86 decreased in the
coculture group. The changes described above could be reversed by adding Epacadostat, and the difference was
statistically significant (Figure 6a and b).

RT—gPCR was used to measure the expression of IDO1, Arg-1, TGF-f, IL-10, IL-1B, iNOS and TNF-A in the H1299/
A549 cells in different treatment groups. After coculture with M2 macrophages, the expression levels of IDO1, Arg-1,
TGF-B, and IL-10 were significantly increased, and the expression levels of IL-1B, iNOS and TNF-A were significantly
decreased. After adding Epacadostat to the coculture system, the expression levels of IL-1p, iNOS and TNF-a were
significantly increased, and the expression levels of IDO1, Arg-1, TGF-B, and IL-10 were significantly decreased
(Figure 6¢—p, p < 0.05).

IDO| Promoted NSCLC Cell Proliferation, Migration, and Invasion

To evaluate the impact of IDO1 on NSCLC cells, A549 and H1299 cells were cocultured with M2 and M2 macrophages
+ Epacadostat, respectively. The number of colony-forming cells in the M2 coculture group was significantly higher than
that in the H1299/A549 group. The number of colonies decreased after the addition of the inhibitor Epacadostat
(Figure 7a and b) (p<0.05). To evaluate the effect of IDOI1 on the proliferation of NSCLC cells, a CCK-8 proliferation
assay was performed in H1299 and A549 cells. We found that the proliferation of H1299 and A549 cells in the M2
coculture group was higher than that in the H1299/A549 group at different time points. The proliferation decreased after
the inhibitor Epacadostat was added (p<0.05), but there was no difference between the H1299/A549+ Epacadostat and
H1299/A549 groups (Figure 7c and d) (p>0.05). We further investigated the effect of the inhibitor Epacadostat on the
invasion and migration of H1299 and A549 cells. The migration experiment showed that the migration ability of cells
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cocultured with M2 macrophages was significantly increased (Figure 7e and f) (p<0.05). Similarly, the invasion
experiments revealed that the invasion ability of H1299 and A549 cells cocultured with M2 macrophages was
significantly elevated. However, the inhibitor Epacadostat reversed these changes (Figure 7g and h) (p<0.05). Wound
healing experiments with H1299/A549 cells showed that the most significant cell migration was observed in cells
cultured with M2 macrophages, and Epacadostat disrupted this migration (Figure 7i and j) (p<0.05).

IDOI Induces EMT and Inhibited the Apoptosis of NSCLC Cells in vitro

We measured the expression of the epithelial phenotype marker E-cadherin and the mesenchymal marker Vimentin.
Figure shows that the expression of Vimentin in NSCLC cells cocultured with M2 macrophages was higher than that in
NSCLC cells cultured without M2 macrophages, while the expression of E-cadherin was lower, indicating that EMT
occurred in NSCLC cells cocultured with M2 macrophages. The expression of Vimentin decreased and that of E-cadherin
increased in NSCLC cells cocultured with M2 macrophages and treated with Epacadostat, showing that Epacadostat
inhibited EMT (Figure 8a and b).

To evaluate the effect of IDO1 on apoptosis, we also verified the expression of apoptosis-related proteins (Bcl2 and
Bax). The protein expression of Bcl2 in the M2 group significantly increased, and compared with that in the M2 group,
the expression of Bcl2 in the M2+Epacadostat group decreased. However, the protein expression of Bax showed the
opposite result (Figure 8a and b). To evaluate the effect of IDO1 on the apoptosis of NSCLC, flow cytometry assays were
performed with H1299 and A549 cells. Compared with those of the H1299 and A549 groups, the apoptotic rates of the
groups of H1299 and A549 cells cultured with M2 macrophages were significantly increased, and compared with those
the M2 coculture group, the apoptotic rates in the M2+Epacadostat group were decreased (Figure 8c and d).

Macrophage IDO1-enhanced NSCLC cell progression was mediated by JAK2/STATS3.

In this experiment, we measured the expression of p-JAK2 and p-STAT3 in H1299/A549 cells after coculture M2
cells with or without Epacadostat by Western blotting. We found that the pattern of JAK2 and STAT3 phosphorylation
was similar to the pattern observed for IDO1 expression in NSCLC cells cultured with M2 or M2 macrophages and
Epacadostat. The results showed that compared with H1299/A549 cells cultured alone, the levels of p-JAK2 and
p-STAT3 in the cells cocultured M2 macrophages were upregulated dramatically, whereas the levels were downregulated
in cells cocultured with M2 macrophages and Epacadostat (Figure 8¢ and f).

Discussion

In recent decades, new treatments, such as minimally invasive surgery and targeted therapy, have been developed to treat
lung cancer. However, the overall 5-year survival rate of patients with NSCLC is only 18%, especially for patients with
advanced diseases.”’ Different types of environmental, genetic, and metabolic factors are involved in the occurrence and
spread of lung cancer. Research has shown that both pl16 and glucose transporter protein (Glutl) are overexpressed in
malignant lung cancer, which are potential prognostic factors and can serve as new targeted therapies.>® The critical role
of the TME in regulating tumorigenesis, invasion and metastasis is widely accepted. Due to the lack of sufficient blood
supply for the rapid growth of tumor cells, hypoxia is a common condition in tumor environments, and different hypoxia
inducible factor (HIF) induction mechanisms can induce the progression and invasion of lung cancer.®' The achievements
of immunotherapy in recent years have revealed the importance of immune response in tumor treatment, and demon-
strated how TME affects anti-tumor response. Dendritic cells (DCs), macrophages, and B cells are often considered the
most important antigen-presenting cells (APC) as they can provide for establishing effective T cell responses.*> TME
permeates in different mature stages of DC and different subgroups of DC. Clinical studies have also shown that DCs in
tumors can also exhibit functional differentiation and impaired activation, thereby affecting the anti-tumor immune
response.”® TAMs, as the main tumor-infiltrating cells in the TME, play an important role in tumor growth, invasion, and
metastasis.®* The strategy of M2 macrophage repolarization to the M1 phenotype may can enhance the antitumor
response and improve therapeutic effects. Many studies have shown that the high expression of M2-related genes is
related to the prognosis of NSCLC.?>*® SLC3A2 acted as a metabolic switch on LUAD cells to induce reprogramming of
the macrophage phenotype through arachidonic acid (AA).*”” The interaction between TAMs and NSCLC is very
complex, so we should better understand the potential mechanism by which TAMs regulate the progression of NSCLC.
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The function of TAMs is similar to that of M2 macrophages, and M2 macrophages are usually induced to mimic
TAMs in vitro.*®*2° The THP-1 cell line can be used as an in vitro cell model to study the functional regulation of
monocytes and macrophages, and it can be used to study the effect of IDO1 expressed by macrophages on tumor cell
invasion. This study also used PMA, IL-4 and IL-13 to stimulate THP-1 cells to differentiate into M2 macrophages. The
frequency of CD163+ cells was detected by flow cytometry. Immunofluorescence also showed that the positive
expression of CD163 in M2 macrophages. The results showed that after induction, the growth characteristics of THP-
1 cells changed from suspension to adhesion, and the morphology changed from round to spindle-shaped. In addition, we
confirmed that the expression of Arg-1, TGF-f, IL-10, and IL-1p in the differentiated cells was significantly increased by
RT qPCR. All of these results confirmed the successful establishment of TAMs in vitro in the present study. In addition,
to simulate the tumor microenvironment model, M2 macrophages were added to H1299 and A549 cells. The results
showed that the proliferation and migration of H1299 and A549 cells were enhanced.

IDOI is not expressed in most adult tissues under physiological conditions but is expressed in various tumor and
immune cells in the tumor microenvironment.*” IDO1 participates in the development of drug resistance to immune
checkpoint inhibitors,*' so the combination of IDO1 and checkpoint inhibitors may become a new strategy for cancer
immunotherapy.*> A study showed that IDO1 and PD-L1 expression in tumor-infiltrating immune cells could be
a prognostic biomarker for patients with MSI-high colon cancer.*? In clinical prostate cancer, the expression of IDO1
is upregulated, and this expression could protect tumors from effective immune control in prostate cancer patients.** In
LUSC, IDOL1 expression is related to PD-L1 expression, and coexpression of IDO1 and PD-L1 may be an important
target for immunotherapy.*® The functions of IDO1 in single NSCLC cells were explored using CancerSEA in our study.
IDOI1 function was mainly related to angiogenesis, DNA repair and metastasis. IDO1 expression was positively
correlated with CD163 expression in cancer tissues (LUAD and LUSC) or lung cell lines, but the R-correlation was
low. First, M2 macrophages have various surface markers (CD 68, CD163, CD206, EGF, Argl, IL-10, TGF-B, Yml,
CCL20, CCL22), and CD163 is only one of them.*® Second, NSCLC has tumor heterogeneity. Third, IDO-1 activation is
related to EMT-induced immunosuppression.*” Della found that tumors with high EMT scores expressed higher levels of
IDO-1; similarly, they found that NSCLC cell lines (A549, H1299, H460) with high EMT scores produce higher IDO-1
transcript levels and display activation of PKC protein, a mediator of IDO-1 intracellular activation. These results suggest
that the regulation of IDO-1 has a higher correlation in tumors undergoing EMT.*® For preclinical research, we can study
co-expression of multiple markers and replicate these results in sub-groups of NSCLC (LUAD and LUSC) samples. Our
study confirmed that IDO1 was highly expressed in M2 macrophages. CD163 (a surface marker of M2 macrophages) and
IDO1 were coexpressed in the cell membrane and cytoplasm by immunofluorescence colocalization assay. Previous
studies have suggested that IDO1 promotes the formation of many types of tumors. Therefore, we hypothesized that
IDOI1 expressed in macrophages may be involved in promoting NSCLC cell proliferation, migration, and invasion. Most
of the studies focused on the effect of IDO1 on cancer cells, but there are few studies about whether it affects
macrophages in the TME.

Currently, several IDO1 inhibitors are under clinical evaluation, and many of them are in phase II or III clinical
trials.*’ In patients with advanced solid tumors, Epacadostat plus pembrolizumab resulted in objective responses in 12
(55%) of 22 patients with melanoma, non—small cell lung cancer, renal cell carcinoma, endometrial adenocarcinoma,
urothelial carcinoma, and squamous cell carcinoma of the head and neck. Epacadostat combined with pembrolizumab
was generally well tolerated and showed encouraging antitumor activity in patients with multiple advanced solid
tumors.”®> In our study, we found that Epacadostat could inhibit M2 macrophage-induced proliferation, migration,
invasion and EMT and promote apoptosis of NSCLC cells. Since the function of macrophages depends on their
activation state (M1 or M2), we further studied the effect of IDOl on macrophage polarization. We found that
Epacadostat could regulate the polarization of macrophages, which could reduce the expression of CD163 (M2
phenotype marker) and increase the expression of CD86 (M1 phenotype marker). IDO1 can regulate and affect many
signaling pathways, including the Janus kinase—signal transducer and activator of transcription (JAK—STAT), RAS—
protein kinase C (RAS-PKC), nuclear factor kappa-light-chain enhancer of activated B cells (NF-«kB), and Kit signaling
pathways,'>>*5* but IDO1 specifically activated the JAK2/STAT3 signaling pathway in the present study. In a previous
study, we showed that correlation analysis revealed a positive correlation between IDOI1 expression and
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“HALLMARK IL6 JAK STAT3 SIGNALING” in LUAD and LUSC through bioinformatics analysis (R=0.52 and
0.526, respectively; p<0.001). Western blotting results showed that the expression of JAK2/STAT3 was increased when
IDO1 expression was increased but decreased when Epacadostat was added. These results suggest that IDO1 may
regulate macrophage polarization through the JAK2/STAT3 pathway. However, the specific molecular mechanism by
which IDOI regulates macrophage polarization requires further study. For preclinical research, ex-vitro model is
a suitable and useful system for studying cancer immune dynamics. Future research should include an in vivo model
of complete immunity mouse and other potential targets related to the IDO-1 signal.

In summary, our study suggested that IDO1 exerts a potential tumor-promoting effect in NSCLC with higher M2
macrophage infiltration. We observed that the levels of IDO1 and CD163 were correlated in NSCLC tissues, and they
were independent prognostic markers of survival. In vitro coculture experiments showed that IDO1 could promote the
proliferation, invasion, and metastasis of NSCLC, inhibit apoptosis, promote EMT, and regulate M2 macrophage
polarization, and these effects may be mediated by the JAK2/STAT3 pathway. It was suggested that IDO]1 inhibitors
would be more effective in patients with M2 macrophage-infiltrated NSCLC, which could provide strong evidence for
the future treatment of NSCLC with IDO1 inhibitors.

Conclusion

Taken together, these results show that elevated expression of IDO1 was found in M2-polarized macrophages and
facilitated the migration and EMT of NSCLC cells by activating the JAK2/STAT3 signaling pathway. Our study
highlights the importance of targeting the tumor microenvironment as a mechanism to inhibit NSCLC recurrence and
metastasis.
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