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Abstract

BACKGROUND

Advanced gastric tumors are extremely prone to metastasize the in 20%-30% of
gastric cancer, and patients have a poor prognosis despite systemic chemo-
therapy. Peritoneal metastases from gastric cancer usually indicate the end stage
of the disease without curative treatment.

AIM
To peritoneal metastasis for facilitating clinical therapy are urgently needed.

METHODS

Immunohistochemical staining and immunofluorescence staining were used to
demonstrate the high expression of cathepsin L (CTSL) in human gastric cancer
tissues and its localization in cells. Lentivirus transfection was used to construct
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stable cell lines. Transwell invasion assays, wound healing assays, and animal tests were used to determine the
relationships between CTSL and epithelial-mesenchymal transition (EMT) and tumorigenic potential in vivo.

RESULTS

We observed that macrophage-derived CTSL promoted gastric cancer cell migration and metastasis via the EMT
pathway in vitro and in vivo, which involved macrophage polarization. Our findings suggest that macrophages
improve extracellular matrix remodeling and hence facilitate tumor metastasis. Ablation of CTSL in macrophages
within the tumor microenvironment may improve tumor therapy and the prognosis of patients with gastric cancer
peritoneal metastasis.

CONCLUSION

In consideration of our findings, tumor-associated macrophage-derived CTSL is an important factor that promotes
the metastasis and invasion of gastric cancer cells, and the targeting of CTSL may potentially improve the pro-
gnosis of patients with gastric cancer with peritoneal metastasis.

Key Words: Gastric cancer; Invasion and metastasis; Epithelial-mesenchymal transition; Inflammation; Immunology; Tumor-
associated macrophages; Cancer prevention

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Advanced gastric tumors are extremely prone to metastasize into the peritoneum and herald a dismal prognosis
with limited therapeutic options. Certain intraperitoneal chemotherapies have been examined, but their response is still
underperforming. Discovering target molecules associated with the development of gastric cancer peritoneal metastasis
(GCPM) is critical for improving clinical therapy. In our study, we revealed that tumor-associated macrophage-derived
cathepsin L can significantly facilitate gastric cancer invasion and metastasis both in vitro and in vivo. Immune-related
therapy may be a promising approach to improve the prognosis of patients with GCPM.
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INTRODUCTION

Peritoneal carcinomatosis (PC) is known as an orphan disease with a dismal prognosis and limited therapeutic options;
PC comprises primary peritoneal mesothelioma and secondary peritoneal metastases (PMs) of other tumors. Notably, the
incidence of secondary PC greatly exceeds that of primary PC, with the highest prevalence in patients with gastric and
ovarian cancer[1]. Five population-based studies from the United States and the Netherlands reported that the incidence
of peritoneal metastasis (PM) from gastric cancer ranged from 14% to 41%, and 58% of diffuse-type carcinomas
metastasized to the peritoneum rather than other sites (liver, lungs, and bones)[2]. However, the detailed mechanisms of
PC deserve further exploration.

The epithelial-mesenchymal transition (EMT) is recognized as a classical pathway for tumor metastasis that converts
epithelial cells into mesenchymal cells with decreased adhesive ability[3]. Inhibiting the degradation of adhesion
molecules in the extracellular matrix (ECM) may be an effective approach for alleviating EMT and potential peritoneal
metastasis. A typical modulator in the ECM, cathepsin L (CTSL), is upregulated in various malignancies, including breast,
lung, gastric, colon, head and neck carcinomas, melanomas, and gliomas[4]. As a chief member of the lysosomal cysteine
protease family, CTSL is considered to play an important physiological role in the catabolism of proteins in the lysosomal
system and is considered a potential therapeutic target in cancer treatment. In gastric cancer, CTSL exists in a high-
molecular-weight form. A structural change in the sugar chains of a glycoprotein produced by cells has been proposed to
be associated with the malignant transformation of CTSL, which also contributes to its more stable enzymatic structure.
The activity of CTSL in gastric cancer tissue and its alkaline and heat stability properties suggest that CTSL contributes to
gastric cancer invasion[5]. Over the past few decades, CTSL reduction or ablation has been considered to abolish
apoptosis and angiogenesis in tumors[6,7], resulting in decreased invasiveness and metastasis[8,9]. In particular, CTSL is
upregulated in gastric tumors with muscularis propria and venous invasion, as well as in chronic atrophic gastritis with
intestinal metaplasia, suggesting its role in the transition of gastritis to malignancy[10,11]. In 2020, Pan et al[12] revealed
that CTSL can promote angiogenesis by regulating the CCAAT-displacement protein/cut homeobox/vascular
endothelial growth factor-D pathway in human gastric cancer. However, the exact mechanism of CTSL in gastric cancer
metastases has rarely been reported and requires further investigations.
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Peritoneal metastasis is associated with inflammation[13]. In addition, inflammation and inflammatory cells are
involved in various types of cancers, including colon[14] and gastric[15] cancers. Furthermore, CTSL has regulatory
effects on inflammation[16]. Macrophages are recruited to lesions and can be utilized by tumor cells to exert protumor
effects[17]. Cathepsins, such as cathepsin B (CTSB), CTSL, and cathepsin S (CTSS), have been reported to be expressed in
macrophages[18]. In addition, human monocyte-derived macrophages have been found to synthesize both elastolytic
matrix metalloproteinases (MMPs) and cysteine proteinases, but only fully processed cathepsins have been detected in
the ECM. Coculture of a colon tumor cell line and monocytes significantly increased CTSB expression in both tumor cells
and normal cells within the tumor microenvironment, increasing the invasive ability of tumor cells five-fold[19]. These
studies highlight the protumor function of macrophage-derived cathepsins in cancers. Here, we observed increased CTSL
in gastric cancer and aimed to identify its role and association with macrophages in the gastric tumor environment, which
has rarely been reported until now.

MATERIALS AND METHODS

Patients and tissue samples

Primary gastric cancer tissue samples and peritoneal node samples were obtained from 53 patients who underwent
curative resection at Nanfang Hospital of Southern Medical University between 2015 and 2021. In addition, 38 gastric
cancer surgical resection samples from The Central Hospital of Wuhan collected between 2020 and 2021 were included in
our study. The collected samples consisted of tumor tissue (T, avoiding the selection of necrotic areas within the tumor),
adjacent normal tissue (N, located > 5 cm away from the tumor edge), and peritoneal metastatic nodes (M, confirmed by
pathological identification). All patients had not received any prior treatment, such as chemotherapy, radiotherapy, or
biological therapy, before surgery.

All collected samples were pathologically diagnosed as gastric cancer, and all related procedures were performed with
the approval of The Ethics Committee of Nanfang Hospital and the Central Hospital of Wuhan, No. NFEC-2021-008.
Formalin-fixed, paraffin-embedded cancer specimens were obtained from patients with informed consent. Patient
information, including patient name, age, surgical date, pathological number, pathological data, and preoperative
diagnosis and treatment history, was collected. Patients enrolled in this study met the following inclusion criteria: (1)
Clear pathological diagnosis of gastric adenocarcinoma without other tumors; (2) No preoperative antitumor therapy;
and (3) No other distant organ metastases except for peritoneal metastasis.

Cell culture and reagents

The human gastric cancer cell lines (MKN45 and MGC803) and the human monocytic cell line THP-1 were preserved in a
liquid nitrogen jar at The General Surgery Laboratory of Nanfang Hospital (purchased from Shanghai Cell Bioscience
Inc.). The cells were cultured in RPMI 1640 medium (Gibco, United States) supplemented with 10% fetal bovine serum
(FBS) (Gibco, United States) at 37 °C in a humidified atmosphere with 5% CO,. For macrophage generation, THP-1 cells
(1 x 10° cells) were treated with 100 ng/mL phorbol ester (Sigma-Aldrich, United States) for 24 hours. Gastric cancer cell
line and macrophage cocultivation was conducted via a noncontact transwell system in 6-well plates (Corning, United
States). Inserts containing THP-1-derived macrophages were transferred into a 6-well plate previously seeded with
gastric cancer cells (1 x 10° cells). After 48 hours of coculture, the gastric cancer cells or macrophages were harvested for
further analysis.

Generation of stable cell lines via lentiviral transfection
The recombinant human CTSL-shRNA-LV lentiviral vector and its control Scr-shRNA-LV viral vector were produced by
the Genechem Company (Shanghai, China) according to the following target RNA interference sequences: CTSL siRNA-1
sense strand: 5'-GCCUCAGCUACUCUAACAU-3', CTSL siRNA-2 sense strand: 5'-CCAAGUAUUCUGUUGCUAATT-3.
THP-1 cells (1 x 10° cells/mL) were infected by incubation with a concentrated lentiviral vector overnight in the
presence of 6 mg/mL polybrene. After 48 hours to 72 hours, the cells were observed via a microscope. The cells were
further cultured in RPMI 1640 containing 10% FBS supplemented with 5 mg/mL puromycin under humidity and 10%
CO, at 37 °C for selection and growth. Simultaneously, the cells were collected for quantitative real-time polymerase
chain reaction (qQRT-PCR) and western blotting to examine the expression levels of the target genes.

Transwell invasion assay

The invasion assay was performed using 24-well transwells (6.5 mm diameter, 8.0 mm pore size; Corning, United States)
precoated with Matrigel (Corning, United States) and incubated at 37 °C for three hours for solidification. A total of 5 x
10* cells (MKN45 or MGCB803 cells) suspended in 200 mL of RPMI 1640 were added to the top of the Matrigel in the upper
chamber and cultured with THP-1 cells or THP-1 CTSL*P cells seeded with 700 mL of RPMI 1640 containing 10% FBS in
the lower chamber. After 48 hours of coculture, the Matrigel and remaining cells in the upper chamber were removed
with cotton swabs. The cells on the lower surface of the membrane were fixed in 4% paraformaldehyde and stained with
0.5% crystal violet. The stained cells in 5 random microscopic fields (at 400 x magnification) were counted and captured.
All the experiments were performed in triplicate.

Wound healing assay
The ability of gastric cancer cells to migrate following culture with macrophages was evaluated via a wound healing
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assay. MKN45 or MGCB803 cells (1 x 10° cells) were seeded and grown to 80%-90% confluence in 6-well plates, and a
scratch was made by dragging a 200 pL pipette tip across the cell surface. The remaining cells were washed with
phosphate-buffered saline (PBS) to avoid cellular debris and cocultured with noncontact transwell inserts (24 mm
diameter, 0.4 mm pore size; Corning, United States) containing THP-1 cells or THP-1 CTSL*® cells. The migrating tumor
cells at the wound front were photographed at 6 hours, 12 hours, 24 hours, 36 hours, and 48 hours. All the experiments
were performed in triplicate. The area of the wound was calculated via Image J software (National Institutes of Health,
United States).

RNA extraction and qRT-PCR

Total RNA was extracted from cells or tissues via TRIzol™ Reagent (Gibco, United States) according to the manufacturer’s
protocol. After detection of the RNA concentration, 500 ng of total RNA was reverse transcribed to cDNA via HiScript® I
Q RT SuperMix for qPCR (Vazyme, China). The cDNA and forward and reverse primers were used for subsequent qRT-
PCR with SYBR-Green PCR Master Mix (No. 11202ES08; YEASEN). Reverse transcription and qRT-PCR were performed
via the Biometra TRIO amplification instrument and Applied Biosystems QuantStudio 5 (Thermo Fisher Scientific, United
States). Relative gene expression data were analyzed via the 27**“ method. In cell or tissue lysates, the mRNA levels were
normalized to those of B-actin. The mean value of B-actin in the control group was set as the reference value. The
sequences of the primers used in the study are shown in Supplementary Table 1.

Western blot

A total of 40 mg of protein extracted from cells with RIPA lysis buffer (No. FD008; Fdbio Science, China) was separated
on a 10% sodium dodecyl sulfate polyacrylamide gel under constant voltage. Proteins were blotted onto a 0.22 mm
polyvinylidene fluoride membrane (No. ISEQ00010; Merck Millipore, Germany) under constant current. The membranes
were blocked in 5% skim milk at room temperature for one hour and incubated with primary antibody at 4 °C overnight.
Next, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for one hour
at room temperature. For each incubation, the membranes were washed three times for 5 minutes each with tris-buffered
saline-Tween 20. Finally, the blots were detected with an enhanced chemiluminescence solution using a chemilumin-
escence detection system (No. 5200; Tanon, China). The following primary antibodies were purchased: (1) anti-CTSL
(1:1000; Proteintech, United States); (2) Anti-E-cadherin (1:1000; Cell Signaling, United States); (3) Anti-N-cadherin
(1:1000; Cell Signaling, United States); (4) Anti-Snail (1:1000; Cell Signaling, United States); (5) Anti-B-catenin (1:1000; Cell
Signaling, United States); and (6) Anti-B-actin (1:2000; Proteintech, United States).

Immunohistochemistry
Immunohistochemistry (IHC) staining of human gastric cancer specimens and murine subcutaneous tumors was
performed according to the following protocol. Consecutive paraffin sections (4 mm) were cut and mounted on adhesive
slides coated with 3-aminopropyl-trienthoxysilane. The sections were heated at 65 °C for two hours and then
deparaffinized in xylene and a graded series of ethanol solutions (from 100% to 75% concentrations). Antigen retrieval
was performed in a high-pressure cooker for 5 minutes in 0.01 M sodium citrate buffer [pouvoir hydrogéne (pH) of 6.0]
(BOSTER, China), after which the samples were incubated with 3% hydrogen peroxide for 10 minutes to quench
endogenous peroxidase activity. The sections were incubated with 5% goat serum for one hour at room temperature,
followed by incubation with primary antibodies at 4 °C overnight. After incubation with HRP-conjugated anti-mouse or
HRP-conjugated anti-rabbit antibodies for one hour at room temperature, immunostaining was performed using 3,3'-
diaminobenzidine tetrahydrochloride (DAB; Zsbio Bioscience, China) according to the manufacturer’s instructions. For
the negative control, isotype-matched antibodies were applied. Subsequently, the nuclei were counterstained with
Mayer’s hematoxylin (Solarbio, China). The sections were dehydrated in an ascending series of ethanol solutions (from
75% to 100% concentrations) and xylene. Finally, coverslips were placed on the slides with neutral balsam (Solarbio,
China). The following primary antibodies were purchased: (1) Anti-CTSL (1:400; Proteintech, United States); (2) Anti-
CD68 (1:500; Abcam, United States); (3) Anti-E-cadherin (1:400; Cell Signaling, United States); and (4) Anti-Ki67 (1:500;
Abcam, United States). Multiple IHC (mIHC) was performed via an mIHC kit (abs50012, Absin; China) according to the
manufacturer’s instructions.

The number of cells stained with antibodies was calculated per field of view via a microscope, with 5 fields of view per
section evaluated at 400 x magnification. The expression levels of CTSL, E-cadherin, and CD68 were analyzed with Image
J (NIH, United States). The percentage of positive cells was calculated.

Immunofiuorescence

For cell staining, before fixation, nonadherent and semiadherent cells in confocal dishes were removed by washing with
PBS, and the adherent cells were analyzed via an immunofluorescence (IF) assay. The cells were fixed with 4% PFA at
room temperature for 30 minutes and then incubated with 5% goat serum for one hour at room temperature. For tissue
staining, IF was performed in the same manner as for the IHC staining procedures before the antibody incubation. After
nonspecific antigens were blocked, the dishes or tissue sections were incubated with a combination of primary antibodies,
including anti-CTSL (1:400; Proteintech, United States), anti-CD68 (1:500; Abcam, United States), anti-CD163 (1:200;
Abcam, United States), or anti-CD86 (1:200; Abcam, United States) at 4 °C overnight, followed by incubation with
fluorescein-conjugated secondary antibodies, such as goat anti-rabbit immunoglobulin G (IgG) H and L (Alexa Fluor®
488) (1:500; Abcam, United States), goat anti-rabbit IgG H and L (Alexa Fluor® 594) (1:500; Abcam, United States), and
goat anti-mouse IgG H and L (Alexa Fluor® 647) (1:500; Abcam, United States). Nuclear staining was performed with 4',6-
diamidino-2-phenylindole (Solarbio, China). IF images were captured via a Zeiss LSM 5 confocal microscope and

WJG | https://www.wjgnet.com 5035 December 21,2024 | Volume30 | Issue47 |

Jaishideng®


https://f6publishing.blob.core.windows.net/02d9f168-b9f6-4145-9a93-b098c103cae1/98069-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/02d9f168-b9f6-4145-9a93-b098c103cae1/98069-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/02d9f168-b9f6-4145-9a93-b098c103cae1/98069-supplementary-material.pdf

Xiao LX et al. Macrophage-derived CTSL promotes GC

analyzed with Zen software (Zeiss, Germany) and Image J.

Animal studies

To verify the protumoral effects of macrophage-derived CTSL, we established a murine model with subcutaneous tumors
in vivo. All the animals were fed and monitored at The Animal Experiment Center of Nanfang Hospital with specific
pathogen-free microorganism grade. In addition, all of their feeding and experiments were performed in The Southern
Medical University animal facility with 12-hour day or night cycles according to the guidelines for the use of laboratory
animals. The research experiments in our study did not involve more than momentary pain or distress and did not
require the use of pain-relieving drugs. The animal experiments were approved by The Animal Ethics Committee of
Nanfang Hospital (No. IACUC-LAC-20230717-008). Six-week-old male BALB/c nude mice (purchased from Zhuhai
Bestest Bioscience Ltd) were divided into four randomized groups (1 = 5 per group), and the same group of animals was
housed in the same cage. MKN45 cells alone (5 x 10° cells), shNC tumor-associated macrophages (TAMs) alone (5 x 10°
cells), MKN45 cells (5 x 10° cells) and shNC TAMs (5 x 10° cells), or MKIN45 cells (5 x 10° cells) and shCTSL TAMs (5 x 10°
cells) in 100 pL were subcutaneously injected into the flank of each mouse. The design, execution and analysis of the
experiment were performed independently by different people to conceal the grouping of the experimental animals. After
3 days, we measured the tumor size [anteroposterior diameter (L), transverse diameter (W), and height (H)] every 3 days
via a digital vernier caliper and calculated the tumor volume according to the following formula: V=p/6 x L x W x H
(mm?®). Three weeks after cell injection, the mice were sacrificed, and the tumors were collected and visually examined.
There are no inclusion or exclusion criteria for experimental animals, and data from all experimental units and time
points are included. The original data include handwritten records from our laboratory. The tumor tissues of the mice
were further examined via haematoxylin and eosin (HE) and IHC staining.

Statistical analysis

All the statistical analyses were performed via Statistical Package for the Social Sciences statistical software (version 25.0,
IBM SPSS, United States) and GraphPad Prism (version 9.0, GraphPad Software, United States) for Windows. Pearson’s
correlation analysis was used to assess the relationships among CD68, CD163, and CTSL expression in patient tissues.
The Student’s t test was used to analyze the differences between the data from the two groups. One-way analysis of
variance (ANOVA) was used for comparisons among three or more groups. Dunnett’s multiple comparisons test was
performed to compare all the groups with the control group. All the data were examined using normality tests (Shapiro-
Wilk test). Several groups with a nonnormal distribution were analyzed by the Wilcoxon signed rank test. All the cell
culture experiments were performed in triplicate. All values are presented as the means + SD. The significance levels are
denoted as *P< 0.05, "P< 0.01, °P< 0.001, and nonsignificant when the P value exceeds 0.05.

RESULTS

Human gastric cancer with peritoneal metastasis highly expresses CTSL

The regulation of CTSL activity involves endogenous cathepsin inhibitors (cystatins and stefins)[20] and the activation of
their inactive precursors by autolysis in the acidic pH environment of lysosomes[9,21]. In addition, external hypoxic and
acidic conditions can also induce CTSL secretion by increasing CTSL expression and lysosomal exocytosis[22]. Therefore,
the local tumor environment, which is acidified due to increased anaerobic glycolysis, may improve the activity of
extracellular CTSL.

We searched for CTSL in the Gene Expression Profiling Interactive Analysis platform via The Cancer Genome Atlas
database and detected the upregulation of CTSL in multiple cancers, including SKCM, DLBC, GBM, THYM, and STAD
(Figure 1A). CTSL was more highly expressed in gastric tumors (n = 408) than in normal tissues (n = 211) in patients with
STAD (°P < 0.05) (Figure 1B), and its expression was associated with tumor stage (P = 0.00892) (Figure 1C). Moreover,
GEOR2R analysis revealed differentially expressed genes in two Gene Expression Omnibus datasets of gastric cancer,
GSE33651 and GSE118916 (log2fc = 1.786, log2fc = 2.162) (Figure 1D).

Next, we detected the mRNA expression of CTSL in 64 pairs of human gastric cancer tissues and paracancerous normal
tissues from patients at Nanfang Hospital via qRT-PCR and detected differential expression between the two groups (P =
0.0412) (Figure 1E). Furthermore, we compared CTSL mRNA expression between patients with metastasis (M1, n = 12)
and without metastasis (M0, n = 45) and confirmed a positive correlation between CTSL and gastric tumor metastasis (P =
0.0434) (Figure 1F). On the basis of the above results, we explored the underlying mechanism by which CTSL influences
gastric tumor metastasis.

To further identify the expression and location of CTSL in gastric cancer tissues, we performed IHC staining on 53
paraffin sections of human gastric cancer and paired paracancerous normal tissues from Nanfang Hospital (with
metastasis: 18 cases; without metastasis: 35 cases) and 38 paraffin sections of human gastric cancer from The Central
Hospital of Wuhan (with metastasis: 9 cases; without metastasis: 29 cases) (Table 1). Statistical analysis revealed
extensively increased expression of CTSL in gastric cancer tissues (P < 0.001) (Figure 1G and H), and patients with
peritoneal metastasis in two centers were more likely to highly express CTSL (*P < 0.05 and °P < 0.001) (Figure 11-K).

Next, we recognized the tumor margin, defined as a 2-mm-wide region extending from the tumor front to where no
tumor cells exist according to previous studies[23,24], in all sections (Figure 2A). We unexpectedly discovered that, within
the tumor tissues, CTSL expression in the tumor margin was significantly upregulated compared with that in the tumor
bulk (°P < 0.001) (Figure 2B and C), which was more obvious in the group with peritoneal metastasis (*P < 0.001)
(Figure 2D) than in the group without peritoneal metastasis (°P < 0.01) (Figure 2E). Only the patients with peritoneal
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Table 1 Demographic data of the patients enrolled in our study, n (%)

Characteristic Overall (n =91) PM (-) (n = 64) PM (+) (n=27) P value'
Sex 0.479
Female 20.00 (25.97) 16.00 (28.07) 4.00 (20.00)

Male 57.00 (74.03) 41.00 (71.93) 16.00 (80.00)

Unknown 14 7 7

Patient age, median (interquartile range) 63.00 (56.00-69.00) 64.00 (58.00-71.00) 62.00 (52.00-66.00) 0.121
Unknown 14 7 7

T stage 0.304

1 5.00 (6.49) 5.00 (8.77) 0.00 (0.00)

2 5.00 (6.49) 5.00 (8.77) 0.00 (0.00)

3 13.00 (16.88) 10.00 (17.54) 3.00 (15.00)

4 54.00 (70.13) 37.00 (64.91) 17.00 (85.00)

Unknown 14 7 7

N stage <0.001
X 7.00 (9.09) 0.00 (0.00) 7.00 (35.00)

0 18.00 (23.38) 16.00 (28.07) 2.00 (10.00)

1 13.00 (16.88) 12.00 (21.05) 1.00 (5.00)

2 13.00 (16.88) 11.00 (19.30) 2.00 (10.00)

8 26.00 (33.77) 18.00 (31.58) 8.00 (40.00)

Unknown 14 7 7

M stage <0.001
0 57.00 (74.03) 57.00 (100.00) 0.00 (0.00)

1 20.00 (25.97) 0.00 (0.00) 20.00 (100.00)

Unknown 14 7 7

Stage <0.001
I 6.00 (7.79) 6.00 (10.53) 0.00 (0.00)

I 17.00 (22.08) 17.00 (29.82) 0.00 (0.00)

11 34.00 (44.16) 34.00 (59.65) 0.00 (0.00)

v 20.00 (25.97) 0.00 (0.00) 20.00 (100.00)

Unknown 14 7 7

Pearson's y% Wilcoxon rank sum test; Fisher's exact test.

metastasis had significantly different CTSL expression between the tumor margin and bulk (°P < 0.001) (Figure 2F and G).
Similarly, gastric cancer tissues from patients with PM presented increased CTSL levels in the tumor margin but not in
the tumor bulk (°P < 0.05 and °P < 0.001) (Figure 2H). Similar results were obtained with the stained gastric cancer
sections from the Central Hospital of Wuhan cohort (Supplementary Figure 1).

Macrophage-derived CTSL promotes gastric cancer cell invasion, migration, and EMT progression in coculture
Despite its widespread expression in nearly all normal and neoplastic tissues, the function of most normal tissues
depends on intracellular CTSL, but tumor-associated and metastasis-associated properties are mediated primarily via
extracellular CTSL[25]. When the THC sections were scanned, we observed positive staining of multinucleated giant cells
in the gastric tumor tissues from different patients (Figure 3A). Generally, macrophages within the tumor microenvir-
onment are frequently observed at the break of the basement membrane in the early stage of malignant transformation
and at the invasive front of advanced tumors, improving angiogenesis and ECM degradation and remodeling[26].
Therefore, we performed IF staining, which revealed high colocalization of CTSL and CD68 (a marker of mononuclear
macrophages) in the tumor tissues of gastric cancer patients (Figure 3B), suggesting that macrophages, the multinucleated
giant cells shown in Figure 3A, are the main source of CTSL in gastric cancer. Notably, macrophages at the leading edge
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Figure 1 Upregulated expression of cathepsin L in gastric cancer patients with peritoneal metastasis. A: The general level of cathepsin L (CTSL)
expression among different cancers from the Gene Expression Profiling Interactive Analysis platform in The Cancer Genome Atlas database; B and C: CTSL
expression in gastric tumors (n = 408) was significantly greater than that in normal gastric tissues (n = 211) and was associated with tumor stage in the STAD
dataset. The error bars represent the SD, 2P < 0.05 according to Student’s ¢ test; D: As a differentially expressed gene, CTSL was upregulated in GSE33651 and
GSE11896 (log2fc = 1.786, log2fc = 2.162) via GEO2R analysis; E and F: The gPCR analysis of mRNAs extracted from 64 paired gastric tissues from patients at
Nanfang Hospital revealed a significant increase in CTSL expression in tumor tissues (n = 64), P = 0.0412, especially in the group with metastasis (n = 12), P =
0.0434. The data points are presented as the means + SD. The error bars represent the SD. P < 0.05 according to Student’s t test; °P < 0.01 according to Student’s ¢
test; G and H: Representative immunohistochemistry (IHC) images of tumor and paracancerous normal sections stained for CTSL; scale bar, 100 pm. The
quantification of positively stained cells in the sections via Image J was performed via the geometric mean of 3 representative views from each section; the 53
sections from Nanfang Hospital were used in total. The error bars represent the SD; °P < 0.001 according to Student’s ¢ test; I-K: Representative IHC images of tumor
sections from patients with or without peritoneal metastasis stained for CTSL; the error bars represent the SD; 2P < 0.05; °P < 0.001 according to Student’s ¢ test. The
quantification of positively stained cells in the sections was the same as above for 53 sections from Nanfang Hospital (with metastasis: 18 cases; without metastasis:
35 cases) and 39 sections from the Central Hospital of Wuhan (with metastasis: 9 cases; without metastasis: 30 cases) were used for each group. T: Tumor; N:
Normal; PM: Peritoneal metastasis; CTSL: Cathepsin L.

of tumors drive the invasive cellular phenotype partially through a paracrine positive feedback signaling loop, which
involves tumor-derived colony growth factor (colony stimulating factor-1) and macrophage-derived epidermal growth
factor[26,27]. Our findings suggest that CTSL may be another tumor-associated macrophage (TAM)-secreted molecule
involved in promoting tumor dissemination and metastasis.
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Figure 2 Cathepsin L is more localized in the gastric tumor margin than in the bulk. A: Example diagram of the method for classifying tumor sections
stained for cytokeratin, which defines the 2-mm-wide area away from the edge of the tumor as the tumor margin; scale bar, 500 pm; B-E: Representative
immunohistochemistry images of the margin and bulk of each tumor section from patients with or without peritoneal metastasis stained for cathepsin L; scale bar, 50
pm. The number of positive cells in the tumor sections was quantified via Image J via the geometric mean of 3 representative views from each section. The data
points are presented as the means + SD. The error bars represent the SD; °P < 0.001; °P < 0.01 according to Student’s t test; F-H: Significant analysis of positive cell
counts according to the metastasis state in the tumor margin or bulk region by Image J via the geometric mean of 3 representative views from each section. The data
points are presented as the means + SD. The error bars represent the SD; NS: Not significant, P > 0.05; P < 0.05; °P < 0.001 according to Student's ¢ test. CTSL:
Cathepsin L; PM: Peritoneal metastasis.

To clarify the exact role of macrophage-derived CTSL in gastric tumor cells, we transfected lentiviral vectors into the
human mononuclear cell line THP-1 to knock down CTSL molecules (Figure 3C). Furthermore, we selected MKN45 cells,
a gastric tumor cell line with high expression levels of E-cadherin, and MGC803 cells, which have moderate expression of
E-cadherin (Figure 3D), for coculture with CTSL*® THP-1 cells. E-cadherin has been identified as a CTSS ubstrate and can
be directly cleaved by CTSB, CTSL, and CTSS both in vitro and in vivo[7], leading to loss of cell-cell adhesion and thus
enhancing tumor invasion via the expression of the transcription factor Snail[28]. For gastrointestinal malignancies,
degradation of E-cadherin is required for EMT, resulting in a motile and invasive cellular phenotype[29]. Invasion and
wound healing assays revealed that CTSL knockdown significantly inhibited the invasion and migration of gastric tumor
cells (Figure 3E and F), suppressing tumor dissemination and metastasis.

Furthermore, we extracted proteins from gastric cells after coculture with CTSL*P or shANC THP-1 cells and estimated
the expression of EMT-related proteins. Decreases in E-cadherin, nuclear B-catenin, and p120 catenin are the most critical
alterations during tumorigenesis[30], as cadherins are inseparably connected with catenins, which form a cadherin-
catenin complex and contribute to cell-cell adhesion. The results revealed decreased E-cadherin and decreased levels of
the transcriptional protein Snail and increased levels of N-cadherin and B-catenin (Figure 3G). As degradation or destabil-
ization of the cadherin-catenin complex may result in tumor progression, macrophage-derived CTSL can improve the
breakdown of the cadherin-catenin complex and result in tumor progression in vitro. However, we found that the
inhibitory effects of CTSL knockdown on MGC803 cells were weaker than those on MKN45 cells, which may be due to
the lower baseline E-cadherin expression level in the MGC803 cell line.

CTSL expression contributes to the M2-like polarization of macrophages in gastric tumors
TAMs mainly originate from circulating bone marrow hematopoietic stem cell-derived monocytes but can also evolve
from tissue-resident cells[31,32]. In the chronological sequence of tumorigenesis, M1-like macrophages initially activate
immune functions and exert antitumor effects, but the tumor microenvironment gradually subverts TAMs into tumor-
promoting M2-like macrophages, which are enriched in hypoxic areas in the tumor bulk[33].

Classically activated macrophages (M1-like) and alternatively activated macrophages (M2-like) perform opposite
functions in the TME. To further identify the role of CTSL, we performed multiplex immunohistochemical staining of M1-
like macrophage markers and CTSL molecules. The results revealed strong overlap between CD163 (a marker of the M2
subtype) and CTSL in gastric cancer (Figure 4A and B); notably, the positive signals were mainly in the tumor margin
region rather than in the “desert” tumor bulk (Figure 4C and D).

The high CTSL expression in M2-like macrophages in the gastric tumor margin supports the hypothesis that CTSL is
associated with macrophage polarization. In the traditional binary classification, macrophages are broadly classified into
the classically activated M1 subtype (proinflammatory), which is induced by lipopolysaccharide (LPS) or Th1 cytokines
[interferon y (IFN-y), tumor necrosis factor-a (TNF-a)], or the alternatively activated M2 subtype (anti-inflammatory),
which is induced by Th2 cytokines [interleukin (IL)-4, IL-13] via signal transducer and activator of transcription (STAT) 6
or IL-10 via STAT3 signaling[34]. As the first responders, macrophages recognize and bind pathogen-associated patterns
such as LPS with surface Toll-like receptor 4 to activate transcription factors (interferon regulatory factors and nuclear
factor kB) to drive inflammatory responses[35]. This proinflammatory M1 phenotype results in the release of various
cytokines, such as IL-1p, IL-6, and TNF-a, improving the recruitment and infiltration of more macrophages and
leukocytes. Meanwhile, M2 macrophages secrete large amounts of IL-10 and transforming growth factor-p to inhibit
inflammation in the wounding environment, contributing to tissue repair, remodeling, and angiogenesis to control the
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Figure 3 Cathepsin L is critical for macrophages to promote gastric tumor invasion and migration via epithelial-mesenchymal transition.
A: Representative immunohistochemistry images of multinucleated giant cells stained for cathepsin L (CTSL) in gastric tumor sections. Magnification, 40 x; B:
Immunofluorescence analysis of CTSL and CD68 in the tumor tissue of gastric cancer patients; scale bar, 20 mm; C: The gPCR and Western blot analysis of
shCTSL-treated THP-1 cells. The error bars represent the SD; NS: P > 0.05; °P < 0.001; °P < 0.01 according to one-way analysis of variance (ANOVA); D: Invasion
assay of the gastric cancer cell lines MKN45 and MGC803 cocultured with shCTSL or shNC THP-1 cells. Magnification, 20 x. The chemotactic cells that migrated
through the Matrigel in the five views of each group were quantified manually. The error bars represent the SD; °P < 0.01; °P < 0.001; 4P < 0.0001 according to one-
way ANOVA; E: Wound healing assay of the gastric cancer cell lines MKN45 and MGC803 cocultured with shCTSL or shNC THP-1 cells for 48 hours. Magnification,
4 x, The wound closure area was quantified via Image J via data from 3 independent experiments. The error bars represent the SD; °P < 0.01; according to Student’s
t test; F: Western blot analysis of E-cadherin levels in various gastric cancer cell lines; G: Western blot analysis of epithelial-mesenchymal transition-related proteins
(E-cadherin, B-catenin, N-cadherin, and Snail) in MKN45 and MGC803 cells cocultured with shCTSL or shNC-transfected THP-1 cells for 48 hours. Blots from three
independent experiments were quantified via Image J. The error bars represent the SD; °P < 0.001; °P < 0.01; 2P < 0.05 according to one-way ANOVA. CTSL:
Cathepsin L; DAPI: 4',6-diamidino-2-phenylindole.

overactive immune response[36].

Moreover, the polarization of macrophages has been reported to be associated with EMT in fibrosis and tumor
progression. In fibrosis-related diseases, M2 macrophage polarization can promote peritoneal fibrosis[37], tubulointer-
stitial fibrosis[38], and chronic obstructive pulmonary disease[39] via the modulation of EMT. The EMT of endometrial
epithelial cells can also be accelerated by inducing M2-like macrophage polarization[40]. With respect to neoplasms, miR-
98 was reported to suppress the TAM-induced promotion of the EMT and invasion of hepatocellular carcinoma by
modulating macrophage polarization[41]. In addition, the inhibition of several bioactive molecules can induce EMT and
M2 macrophage polarization simultaneously and further intervene in the course of tumors and fibrosis. For example,
enhancer of zeste homolog 2 promotes renal fibrosis by inducing EMT and M2 macrophage polarization[42]. Histone
deacetylase 8 inhibition prevents peritoneal fibrosis by counteracting EMT and blocking M2 macrophage polarization
[43]. LCZ696, an angiotensin receptor-neprilysin inhibitor, can ameliorate the EMT of peritoneal mesothelial cells and M2
macrophage polarization[44].

We induced THP-1 cells to the MO state i vitro for IF staining and detected a low level of CD163 in CTSL® THP-1 cells,
but no significant difference in CD86 (a marker of the M1 subtype) expression was found compared with that in normal
MO-state THP-1 cells (Figure 4E). Next, M0-state macrophages were induced into the M1 state by LPS and IFN-y and
induced into the M2 state by IL-4 and IL-13[34,45]. The qRT-PCR revealed decreased expression of M2 markers (CD163,
CD206, IL-10, and arginase 1) and increased expression of M1 markers (TNF-oa and IL-6) in CTSL*® macrophages
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Figure 4 Cathepsin L + macrophages exert orienting effects on polarization. A: Multiplied immunohistochemistry (mIHC) analysis of cathepsin L
(CTSL), CD68, and CDD163 in human gastric tumor sections; scale bar, 20 um; B: Correlation analysis between CTSL and macrophage markers (CD68 or CD163)
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via Pearson’s R value measured by Image J; |R| < 1; C and D: Representative mIHC images stained for CTSL, CD68, and CD163 in the tumor margin and bulk of
human gastric tissues; magnification, 20 x, 80 x; E: Inmunofluorescence analysis of CD163 and CD86 expression in shCTSL-transfected or shNC-transfected THP-1
cells; scale bar, 20 um; F: Quantitative real-time polymerase chain reaction analysis of mRNAs extracted from shCTSL-treated or shNC-treated macrophages
induced into the MO/M1/M2 state in vitro; the results revealed increased M1 and decreased M2 marker mRNA levels in shCTSL-treated macrophages. The error bars
represent the SD; °P < 0.001; °P < 0.01; 2P < 0.05 according to one-way analysis of variance. CTSL: Cathepsin L; DAPI: 4',6-diamidino-2-phenylindole; TNF-o: Tumor
necrosis factor-a; IL: Interleukin; Arg-1: Arginase 1.

(Figure 4F), suggesting that CTSL is positively related to M2-like phenotype expression. These results revealed that CTSL
likely contributes to M2-like polarization, indirectly contributing to gastric cancer progression.

Macrophage-derived CTSL accelerates gastric tumor invasion and dissemination via EMT in vivo
To further verify the protumoral effects of macrophage-derived CTSL, we established a murine model with subcutaneous
tumors in vivo. On the basis of the results of the animal study, we found that macrophage-derived CTSL can promote
tumor growth and EMT progression in gastric cancer. In this study, MKN45 gastric cells were injected with THP-1 cells or
CTSL¥P THP-1 cells subcutaneously into 4-week-old male BALB/c nude mice (Figure 5A). By measuring the tumor
growth volume and weight, we observed that MKN45 gastric cells and shNC-treated THP-1 cells grew faster than did
CTSL*P-treated THP-1 cells. The tumor volume in the CTSL*P group was significantly smaller than that in the control
group (n =5, °P < 0.05) (Figure 5B-D), indicating the stimulating effects of CTSL on gastric cancer cell growth in vivo. The
IHC results revealed that the tumors of MKN45 cells mixed with shNC THP-1 cells presented lower expression of the
EMT critical molecule E-cadherin than did those of MKN45 cells mixed with CTSL*® THP-1 cells (Figure 5E), supporting
our in vitro findings that macrophage-derived CTSL can increase the expression of E-cadherin and promote the EMT
progression of gastric cancers. The effectiveness of the injected tumor cells was confirmed by HE and immunohisto-
chemical staining for Ki67, and the presence of macrophages was detected via CD68 staining (Figure 5E).

Despite varying results in animal models, the subcutaneous mouse model is not good enough to imitate the in vivo
tumor microenvironment of gastric cancer in humans, which deserves further optimization and in-depth study. However,
analogous findings may also exist in colorectal carcinoma considering the similarity of gastrointestinal tumors.

DISCUSSION

Gastric cancer peritoneal metastasis (GCPM) is prevalent in patients with advanced gastric cancer and is associated with a
dismal prognosis and limited therapies. Multiple studies have examined certain locoregional (intraperitoneal) treatments,
including intraperitoneal (IP) chemotherapy, hyperthermic IP chemotherapy, and pressurized intraperitoneal aerosol
chemotherapy (PIPAC), which can be prospective treatment options for refractory PMs of various origins[46-48], but the
response of PMs to systemic antineoplastic therapy is still limited due to the presence of the peritoneal-plasma barrier
and poor cancer tissue vascularity. To identify promising target molecules, we explored the molecular biology of GCPM
further in this study. First, we observed increased CTSL expression in the tumor margins of gastric cancer patients with
peritoneal metastasis through IHC and IF analysis. Second, owing to the high overlap of CTSL and macrophage markers
in the TME, we constructed stable CTSL*® THP-1-derived macrophages via lentiviral infection and examined the effects of
CTSL on macrophage polarization. By coculturing macrophages and gastric tumor cells in vitro and in vivo, we
demonstrated that macrophage-derived CTSL promote gastric tumor invasion and metastasis. Our findings indicate that
immunotherapy targeting macrophages may facilitate GCPM treatment.

Histologically, the peritoneum is composed of monolayer mesothelial cells with a basement membrane laid on
connective tissues. The exact reason why peritoneal tissue is a preferential site for the metastasis of intraperitoneal tumors
is still unknown, but it has been reported to be associated with omental ‘milky spots’ containing abundant immune
aggregates and capillary networks[49,50], where macrophages are the primary components of leukocytes[51]. Like the
distribution of the cathepsin proteinase, macrophages within the tumor microenvironment are frequently observed at the
break of the basement membrane in the early stage of malignant transformation and at the invasive front of advanced
tumors, improving angiogenesis and ECM degradation and remodeling[26,52]. The remodeling capacity of macrophages
enables cancer cells to access and migrate through the surrounding stroma[36,53], paving the way for the first step of
tumor metastasis. Tumor-associated macrophages have also been reported to promote PM through the secretion of IL-6
[54]. In addition, macrophages also produce multiple chemicals, including mutagenic oxygen, nitrogen radicals, and
angiogenic factors, contributing to tumor initiation and progression[53]. Notably, Gocheva et al[55] demonstrated that IL-
4 increases the activity of CTSB and S in macrophages in vitro and in vivo, promoting pancreatic tumor angiogenesis,
growth, and invasion. Shree et al[56] reported that cathepsin-expressing macrophages protect against taxol-induced
tumor cell death and thus blunt the chemotherapeutic response in breast cancer partially via CTSB and CTSS. However,
no reports regarding the role of macrophage-derived cathepsins in gastric cancer have been published. Although our
study did not cover the ‘milky spots’ in omental tissue due to the lack of an ideal in vivo model, we found that
macrophages promoted E-cadherin degradation and the EMT process by secreting CTSL, which significantly improved
gastric tumor cell invasion and migration.

Primary gastric tumors with the EMT phenotype develop peritoneal metastasis more frequently and have a worse
prognosis than all non-EMT subtypes do[57]. Downregulated intercellular adhesion molecules, especially typical
cadherins, such as E-cadherin, have been demonstrated to be associated with EMT and PC[58]. The extracellular domain
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MKN45 MKN45 + shNC shNC TAM

Figure 5 Cathepsin L knockdown impairs macrophage-induced gastric cancer tumorigenesis in vivo. A: Experimental design of the animal study.
Wild type male BALB/c nude mice had MKN45 cells implanted into the subcutaneous space and were mixed with either sh cathepsin L (CTSL) or shNC tumor-
associated macrophage (TAM); B: Morphological characteristics of tumors in the MKN45 + shNC TAM, MKN45 + shCTSL TAM, MKN45 alone, and shNC TAM
groups; C: Volume of tumor growth at the indicated time points over 3 days. The error bars represent the SD; D: Tumor weight and volume ex vivo. The error bars
represent the SD. °P < 0.01; 2P < 0.05 according to one-way analysis of variance (ANOVA); E: Immunohistochemistry analysis of mouse tumor sections from different
groups stained for CTSL, E-cadherin, CD68, and Ki67 proteins. Magnification, 40 x. Quantification of E-cadherin, CTSL, and CD68 protein expression was performed
via Image J. The error bars represent the SD. NS: Not significant, P > 0.05; 2P < 0.05; °P < 0.01; °P < 0.001 according to one-way ANOVA. TAM: Tumor-associated
macrophage; HE: Haematoxylin and eosin; :
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of E-cadherin is degraded by CTSL proteolytically with diminished adhesive properties[7]. In terms of cell surface
proteins, CTSL has proteolytic activity and degrades ECM components (collagen types I and IV, fibronectin, and laminin)
by directly cleaving the matrix and basement membrane or inducing a proteolytic cascade of other proteases, such as
MMPs and urokinase[6,18]. Eventually, the degradation of E-cadherin can disrupt adherens junctions and favor tumor
cell invasion and migration[6].

In addition, the relationship between CTSL and the M2 polarization of macrophages was verified in our study. We
confirmed that CTSL*® THP-1-derived macrophages simultaneously express lower levels of M2-type markers and higher
levels of M1-type markers. However, TAMs primarily exhibit M1-like or M2-like phenotypes instead of bona fide M1 or
M2 binary subtypes in the variable tumor microenvironment[33,59]. Some subtypes of macrophages completely off the
M1 and M2 spectrum also simultaneously exist within the tumor environment[45] and facilitate the maintenance of
homeostasis via sophisticated crosstalk. Therefore, the effects of CTSL may be related to certain subgroups of ma-
crophages under a more precise classification.

The incorporation of peritoneal-directed treatment with systemic therapy, in which more sophisticated intratumoral
agents are delivered intraperitoneally through either PIPAC or other methods, has potential for future use in PM patients.
For example, the effect of PIPAC-delivered oxaliplatin combined with systemic nivolumab in GCPM patients was
assessed in the PIANO study (ClinicalTrials.gov identifier: No. NCT03172416)[60]. As decreased CTSL enables che-
motherapeutic agents to reach the nucleus by reducing drug sequestration, the effectiveness of chemotherapy can also be
enhanced through CTSL inhibition[61]. The results of our work show that CTSL inhibition not only prevents tumor
invasion or metastasis through the suppression of EMT progression or the transfer of TAMs into the antitumor state but
also may improve the therapeutic effects of chemotherapy on the basis of the function of CTSL itself. In this way, the
primary choice for future therapy may be a medicine that targets CTSL on macrophages and applies intraperitoneal
chemotherapy as a locoregional treatment. In addition, compared with targeted medicine, various CTSL inhibitors have
more mature research and experimental development (R and D) systems, and some are derived from nature[62]. Li et al
[63] discovered a selective a natural product CTSL inhibitor with antimetastatic ability in vitro and in vivo against breast
cancer cells. The role of the CTSL inhibitor KGP9%4 in breast tumor angiogenesis and metastasis has also been examined
[64,65]. Moreover, machine learning and artificial intelligence can be applied to discover novel CTSL inhibitors from
natural products[66,67]. However, CTSL inhibitors have not been approved for clinical application. The unknown
interaction between chemotherapy and inhibitors increases the potential risk of combination therapy.

However, some limitations still exist in our current study. First, the exact signal transduction mechanism of these
protumor effects was not clarified in our study; thus, further studies on the specific effectors of macrophage-derived
CTSL in the gastric tumor environment still need to be undertaken. Second, we used only two kinds of gastric cells
because of the limited options for highly metastatic gastric cell lines. Third, we verified the in vitro results via
subcutaneous tumors in BALB/c nude mice because of the technical difficulty in establishing a mouse model of
peritoneal metastasis. The examination of a mature mouse model of PMs from gastric carcinoma in situ will be more
convincing.

CONCLUSION

In conclusion, macrophage-derived CTSL can accelerate tumor invasion or metastasis by promoting epithelial-
mesenchymal transition and M2 polarization in the gastric tumor microenvironment in vitro and in vivo. Considering the
wide distribution and critical physiological functions of cathepsins throughout the body, inhibiting CTSL on
macrophages with a precise delivery system to target the peritoneum might be a promising strategy for future clinical
application.
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