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Editorial on the Research Topic 


Emerging anti-cancer compounds and immunomodulators for pancreatic cancer treatment


Several recent studies have shown that cancers arising in the gastrointestinal tract are on the rise, especially in younger adults. Of those gastrointestinal cancers, pancreatic adenocarcinoma, a subtype of pancreatic cancer, remains one of the deadliest (1). Pancreatic adenocarcinoma is expected to surpass colorectal cancer-related deaths by the year 2030 to become the second leading cause of cancer-related deaths in the United States (2). Despite advances in radiation therapy, immune-oncology, surgery, and new therapeutics, the 5-year survival rate for all stages is 12%. Several factors contribute to the poor prognosis for these patients including a hostile, hypoxic and immune suppressed tumor microenvironment, limited approaches for early detection, minimal surgical resection options for most patients who are diagnosed with locally advanced or metastatic pancreatic cancer, and other complications including malignant ascites, as reviewed by Han and Borazanci. In a systematic review published by Su et al., a significant association between early incidence of venous thromboembolism and poorer overall survival in patients with pancreatic cancer indicates another clinical consideration in understanding overall survival rates for this malignancy.

There are several emerging therapeutic strategies for treating pancreatic cancer. In a review by Tindall et al., therapeutic strategies targeting the TGF-β family are considered with an emphasis on the stage of disease. Targeting TGF-β has gained traction for pancreatic cancer as pathway activation can promote immune suppression and extracellular matrix production, two critical components of the pancreatic cancer microenvironment that inhibit the function of chemo and immunotherapeutic agents. Studies by Wang et al. have discovered a new agent called C150 that inhibits epithelial to mesenchymal transition (EMT) through enhancement of proteosome assembly and subsequent degradation of transcription factors important for epithelial to mesenchymal transition. Experiments were conducted in an orthotopic model of pancreatic cancer and treatment with C150 (150 mg/kg 3x weekly) significantly increased survival of mice showing strong preclinical consideration.

IL-6 overexpression has been associated with poor prognosis in patients with pancreatic cancer. Leukemia inhibitory factor (LIF) is a cytokine that belongs to the IL-6 family. LIF mediates intracellular signaling by binding to a heterodimeric receptor complex including LIF receptor and Gp130. A recent study by Di Giorgo et al. showed BAR502, a non-bile acid steroidal ligand for two LIF receptors, Farnesoid-X-Receptor (FXR) and G Protein Bile Acid Activated Receptor (GPBAR1), reduced binding of LIF to the LIF receptor complex and reduced proliferation of MIA PaCa-2 pancreatic cancer cells.

An emerging consideration for therapeutic targeting is Claudin18.2, a tight junction protein highly expressed in pancreatic cancer primary tumors and in metastatic lesions. There are several clinical trials targeting Claudin18.2, as reviewed in Xu et al., and a number of emerging strategies to target Claudin18.2 including monoclonal antibodies, antibody-drug conjugates, bispecific antibodies, and a CAR-T cell drug targeting Claudin18.2, also currently being evaluated in clinical trials.

Development of more effective treatment of metastatic pancreatic cancer is critically needed for patients diagnosed with unresectable pancreatic adenocarcinoma. In a recent study published by Lu et al., third-line treatment for patients with metastatic pancreatic cancer prolonged the survival time of patients. In this study, survival was evaluated in 72 patients, 36 of whom received chemotherapy alone, 16 who received chemotherapy combined with targeted therapy or immunotherapy, 14 who received chemotherapy-free anti-tumor agents, and 6 who received palliative care. While the data show improved survival with chemotherapy, the study also revealed that third-line treatment with targeted therapy or immunotherapy did not improve survival benefits to chemotherapy alone and was associated with more adverse side effects. In a somewhat related study published by Cheng et al., patients who were diagnosed with stage III/IV pancreatic cancer were assigned into groups based on treatment with programmed cell death protein 1 (PD-1) blockade plus gemcitabine and nab-paclitaxel or chemotherapy alone. The patients treated with PD-1/chemotherapy had a progression free survival of 8 months as compared to 3.5 months in the chemotherapy alone cohort and the median overall survival was 15 months in the PD-1/chemotherapy arm as compared to 8 months in the chemotherapy alone arm. This study is timely as immunotherapeutic strategies targeting PD-1 in combination with other strategies have not previously shown survival comparison in patients with pancreatic cancer.

Future clinical trials will need to evaluate overall response to therapy to assist in treating this aggressive gastrointestinal malignancy. Additionally, expanded efforts in early detection are promising to aid in the diagnosis of patients with resectable early-stage cancer, who qualify for surgical resection, which has a more promising outlook for survival. Artificial Intelligence (AI) uses machines to reproduce human cognition and learning. AI methods are under evaluation for assisting with early screening, diagnosis, surgical treatment, risk prediction and management of post operative complications for patients with pancreatic cancer (reviewed in Zhao et al.). In the field of early detection and the diagnosis of intraductal papillary mucinous neoplasia or pancreatic adenocarcinoma, deep learning models have emerged with superior performance and high diagnostic accuracy. Additionally, in this review, the use of deep learning models and algorithms enabled risk prediction models for postoperative complications with strong area under the curve measures, indicating AI through the amalgamation of imaging modalities, tree models and AI-driven random forest and neural network algorithms can aid in the postoperative care of patients. Combined use of AI, immune-oncology and radiation, ablation, and new therapeutic approaches are all promising for the future care and management of pancreatic cancer.
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Pancreatic cancer is a devastating disease with a dismal prognosis and poor treatment outcomes. Searching for new agents for pancreatic cancer treatment is of great significance. We previously identified a novel activity of compound C150 to inhibit pancreatic cancer epithelial-to-mesenchymal transition (EMT). Here, we further revealed its mechanism of action. C150 induced ER stress in pancreatic cancer cells and subsequently increased proteasome activity by enhancing proteasome assembly, which subsequently enhanced the degradation of critical EMT transcription factors (EMT-TFs). In addition, as cellular responses to ER stress, autophagy was elevated, and general protein synthesis was inhibited in pancreatic cancer cells. Besides EMT inhibition, the C150-induced ER stress resulted in G2/M cell cycle arrest, which halted cell proliferation and led to cellular senescence. In an orthotopic syngeneic mouse model, an oral dose of C150 at 150 mg/kg 3× weekly significantly increased survival of mice bearing pancreatic tumors, and reduced tumor growth and ascites occurrence. These results suggested that compound C150 holds promises in comprehensively inhibiting pancreatic cancer progression.
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Introduction

Pancreatic cancer is among the most malignant types of cancers and will soon become the third leading cause of cancer-related death in the United States (1). The current estimated overall 5-year survival rate is only 10% (1). Despite our increasing understanding of the genetic and molecular makeups of the disease over the past few decades, the prognosis of pancreatic cancer remains very poor. Current first-line chemotherapy options include gemcitabine plus nab-paclitaxel and the regimen of FOLFIRINOX (oxaliplatin, irinotecan, fluorouracil, and leucovorin). These therapies improved the median survival by a few months compared to gemcitabine mono treatment, but they added significant toxicities to patients (2, 3).

The homeostasis between protein loading and protein folding in the endoplasmic reticulum (ER) is essential for cell survival. Cellular insults that perturb the homeostasis lead to misfolded protein accumulation and ER stress (4). In response to ER stress, cells activate the unfolded protein response (UPR) pathways to restore homeostasis in the ER, as a survival mechanism (5). The UPR is controlled by three ER membrane-bound proteins, protein kinase RNA-like ER kinase (PERK), inositol-requiring protein 1α (IRE1α), and activating transcription factor 6 (ATF-6) (5). Activation of PERK, IRE1α, and ATF-6 activates their direct downstream transcription factors, ATF-4, XBP1-s, and spliced-ATF-6, respectively, leading to increased gene expressions of chaperone proteins to enhance protein folding capacity in the ER (6, 7). In addition, PERK activation results in the attenuation of mRNA translation through eIF2α phosphorylation, therefore reducing new protein load to the ER (8). Finally, ER stress also activates the ER-associated degradation (ERAD) pathway to facilitate misfolded protein removal through the ubiquitin–proteasome system and autophagy (9, 10). By increasing the level of protein folding chaperones, reducing protein synthesis, and enhancing protein removal through ERAD, the UPR signaling functions as a pro-survival mechanism to restore ER homeostasis (10). However, severe or prolonged ER stress that goes beyond the UPR rescue capacity would lead to cell proliferation arrest, cell death, and/or senescence (11–13).

As the major protein degradation system in the cell, proteasome levels and activities are often elevated upon ER stress, to facilitate the clearance of misfolded or damaged proteins (14). The two major forms of proteasomes in the mammalian cells are 20s proteasome and 26s proteasome, both of which are multi-subunit protein complexes. The 20s proteasome is made up of two sets of α subunits (α1-7) and two sets of β subunits (β1-7) with a stoichiometry of α1-7β1-7β1-7α1-7, while the 26s proteasome is composed of a 20s proteasome flanked at one or both ends by a 19s regulatory particle (19s RP) that is made up of 19 different subunits (15). Therefore, the assembly of a full 26s proteasome requires the steps of 20s proteasome assembly, 19s RP assembly, and the docking of 19sRP to the 20s proteasome (16). The 26s proteasomes serve as the main complex for cellular protein degradation in an ATP- and ubiquitin-dependent manner (17), while the 20s are also capable of degrading a portion of cellular proteins independent of ATP and ubiquitin (18, 19).

Because of the essential role of ER balance in cell survival, disrupting ER balance has been proposed as a potential therapeutic approach in cancer treatment (20, 21). We have previously reported that a quinoline compound (namely, C150) enhanced the proteasome-mediated degradation of Snail protein in pancreatic cancer cells, causing EMT inhibition and reduced cancer cell invasion (22). In this study, we further revealed that C150 induced profound ER stress in pancreatic cancer cells and led to the increase of proteasome assembly, cellular autophagy, and attenuation of general mRNA translation. C150 treatment arrested pancreatic cancer cells in the G2/M phase, induced cellular senescence, and increased cellular sensitivity to gemcitabine treatment. C150 treatment significantly increased survival and reduced tumor growth in a syngeneic pancreatic cancer mouse model.



Materials and methods


Cell culture and reagents

Human pancreatic cancer cells PANC-1 and MIA PaCa2 were obtained from the American Type Culture Collection (ATCC). Murine pancreatic cancer Pan02 cells were generously donated by Dr. Shrikant Anant from the University of Kansas Medical Center. Cells were cultured in DMEM (10-013-CV, Corning Life Sciences) with 10% FBS (F0926, Sigma-Aldrich) and 100 units/ml penicillin/streptomycin (30-001-CI, Corning Life Sciences) in a 37°C cell incubator with humidified 5% CO2. All cells were cultured within 20 passages in our laboratory. Compound C150 was purchased from ChemBridge Chemical Library (ChemBridge, San Diego, CA) and stocked in dimethyl sulfoxide (DMSO). All C150 treatments were diluted in cell culture medium with a final DMSO concentration lower than 0.1% (v/v%). Control cells were treated with the same concentrations of DMSO with respect to drug-treated groups (<0.1% v/v%).



Proteasome activity assay

PANC-1 cells were seeded and grown in 100-mm petri dishes at 1 × 106 cells/dish. The next day, medium was replaced with fresh medium containing C150 or DMSO, and cells were treated for 24 h. After treatment, cells were lysed in proteasome activity lysis buffer (50 mM HEPES, 10 mM NaCl2, 1.5 mM MgCl2, 1 mM EDTA, 2 mM ATP, and 1% Triton X-100) on ice for 1 h. The supernatants of the cell lysates were collected by centrifugation at 16,000 × g for 15 min and kept on ice. The Pierce BCA protein assay (23225, Thermo Scientific) was performed to determine protein concentrations in the cell lysates. In a black-wall 96-well plate, 150 µl of fluorescent proteasome substrate solution Suc-LLVY-AMC (BML-P802-0005, Enzo Life Science, Farmingdale, NY) and 50 μl of cell lysates were added per well to a final substrate concentration of 100 μM. The proteasome inhibitor epoxomicin (4 μM) was added in the negative control group. The plate was then placed in a fluorescent plate reader with 37°C incubation and read under the kinetic mode at 360/460 nm every 20 min for 80 min. Fluorescent readings were then normalized to the protein amounts in the cell lysates of each sample.



Western blots

Cells were lysed in Pierce RIPA buffer (89901, Thermo Scientific) supplemented with protease and phosphatase inhibitor cocktails (P8340, P5726, and P0044, Sigma-Aldrich). Protein concentrations of the lysates were determined using the Pierce BCA protein assay (23225, Thermo Scientific). The cell lysates were then mixed with 2× Laemmli SDS loading buffer (161-0737, Bio-Rad), run in 8% or 10% SDS-PAGE gel, and transferred onto 0.2-μm PVDF membranes (ISEQ00010, MilliporeSigma). Membranes were blocked in 5% blocking grade milk in 0.1% TBST solution (0.1% Tween-20 in 1× TBS) for 2 h at room temperature, then incubated with primary antibody at 4°C overnight in 5% BSA/0.1% TBST solution. Mouse monoclonal antibodies against 20s subunits β-1 (sc-374405), β-2 (sc-58410), β-5 (sc-393931), α-5 (sc-137240), α-6 (sc-271187), and 19s subunits PSMC-2 (sc-166972), PSMC-3 (sc-100462), and PSMC-4 (sc-166115) were purchased from Santa Cruz Biotechnology (Dallas, TX). Rabbit monoclonal antibodies against Bip (3177T), ATF-4 (11815S), ATF-6 (65880T), XBP-1s (40435S), LC-3 (3868S), phospho-eIF2α (3398T), Vinculin (4650S), and GAPDH (2118S) were purchased from Cell Signaling Technology (Danvers, MA). Mouse monoclonal anti-puromycin (PMY-2A4) and anti-eIF2α (PCRP-EIF2S1-1E2) antibodies were purchased from Developmental Studies Hybridoma Banks (the University of Iowa, Iowa City, IA). Following primary antibody incubation, membranes were washed three times in 0.1% TBST solution and then incubated with HRP-linked anti-rabbit (7074S) or anti-mouse (7076S) secondary antibodies (Cell Signaling Technology, Danvers, MA) in 5% milk for 2 h at room temperature. Blotting bands were then detected by using Pierce ECL plus reagents (32132, Thermo Scientific).



Native gel analysis for assembled proteasome

PANC-1 cells were seeded and treated the same way as in the proteasome activity assay. After treatments, cells were lysed in proteasome activity assay lysis buffer on ice for 1 h. The supernatants of the cell lysates were collected by centrifugation at 16,000 × g for 15 min and kept on ice. After determining the protein concentrations in the lysates with Pierce BCA protein assay, the samples were then mixed with 2× non-denaturing loading buffer (161-0738, Bio-Rad). A total of 30 μg of protein from each sample was loaded and separated in 4% Tris-Borate native gel at 100 V for 3.5 h in running buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, 5 mM MgCl2, and 1 mM ATP). The 4% Tris-Borate native gels were made as follows (10 ml): 7.5 ml of H2O + 1.333 ml of 30% polyacrylamide (1610158, Bio-Rad) + 50 μl of MgCl2 (1 M) + 100 μl of ATP (0.1 M) + 1 ml of 10× Tris-Boric-EDTA buffer (161-0733, Bio-Rad) + 100 μl of 10% APS + 10 μl TEMED. After electrophoresis, gels were soaked in 1× Tris-Glycine buffer with 0.1% SDS for 30 min. Proteins in gels were then transferred onto 0.2 μm PVDF membranes at 100 V for 3.5 h at 4°C in transferring buffer (1× Tris-Glycine buffer with 20% methanol). Subsequently, membranes were stained with Ponceau S to reveal protein bands, then washed in 0.1% TBST solution and blocked in 5% blocking grade milk for 2 h at room temperature before incubating with anti-20s β-5 antibody and anti-19s PSMC-3 antibody for overnight at 4°C. The membrane was then washed in 0.1% TBST buffer and incubated with HDR-conjugated anti-mouse secondary antibody (7076S, Cell Signaling Technology, Danvers, MA). Protein bands were detected with Pierce ECL plus reagents (32132, Thermo Scientific).



RT-qPCR

Total RNA was extracted from cells using TRIZOL reagents (AM9738, Invitrogen) according to the manufacturer’s protocol. The synthesis of cDNA was carried out with 1 μg of total RNA using the OneScript cDNA Synthesis Kit (G234, Applied Biological Materials, Richmond, BC, Canada). cDNA was then diluted five times in nuclease-free H2O for RT-qPCR reaction. RT-qPCR was performed using the Bio-Rad iQ iCycler detection system with One-Step BrightGreen reagents (MasterMix-S, Applied Biological Materials, Richmond, BC, Canada) according to the manufacturer’s protocol. Each reaction was carried out in 10 μl volume with 5 μl of 2× BrightGreen qPCR MasterMix, 0.6 μl of forward and reverse primer mix (10 μM), 2 μl of diluted cDNA, and 2.4 μl of nuclease-free H2O. All qPCR reactions were run under the following cycling conditions according to the protocol from the kit: enzyme activation at 95°C for 10 min, followed by 40 cycles of denaturation (95°C for 15 s) and annealing/extension (60°C for 60 s). The melting curve was detected at 55°C–95°C with 0.5°C increments. Three independent experiments were carried out, and reactions were run in triplicate for each sample. Gene expression was quantified using the 2ΔΔ-Ct method with GAPDH as the internal control gene. Primers for detected genes are listed in Table 1.


Table 1 | Gene primer sequences for RT-qPCR.





Cell cycle analysis

PANC-1 cells were seeded and grown in 60-mm petri dishes at 5 × 105 cells/dish. The next day, the medium was changed into fresh medium with C150 or DMSO. At 24 h or 48 h, cells were collected by trypsinization, washed with 1× PBS twice, and fixed in 70% ethanol at −20°C overnight. Cells were then washed with 1× PBS and stained in PI staining solution (20 μg/ml propidium iodide in 1× PBS solution with 0.1 mg/ml RNase A and 0.1% Triton X-100) at 37°C for 15 min protected from light. Cells were kept in the staining solution overnight at 4°C protected from light before being analyzed for cell cycle distribution with flow cytometry (BD LSR II, BD Biosciences).



Cell growth curve by MTT assay

Cells were seeded in 96-well plates at 5,000 cells/well and incubated in the cell culture incubator overnight. The next day, the medium was changed into fresh medium containing C150 at the indicated concentrations. Cells were further incubated for 0, 24, 48, 72, and 96 h, then MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to each well to a final concentration of 0.5 mg/ml, and the plates were further incubated for 4 h. The medium was then removed and 150 μl of DMSO was added to each well. Absorbance was measured at 570 nm using a microplate reader (BioTek, Winooski, Vermont).



Gemcitabine combination treatment

PANC-1 cells were seeded in 96-well plates at 5,000 cells/well and incubated overnight, and then changed into fresh medium with treating drug combinations in a matrix design as shown in Figure 3D. Cells were treated for 72 h and viability was detected by MTT assay. The combination index was calculated according to Chou-Talalay’s method using CompuSyn software (23).



Immunofluorescent staining for LC-3 puncta

PANC-1 cells were seeded and grown in eight-chamber microscope cell culture slides (PEZGS0816, MilliporeSigma) at 6 × 104 cells per chamber. The next day, the medium was replaced with fresh medium containing C150 or DMSO, and the cells were treated for 24 h. After treatment, cells were washed twice with 1× PBS and fixed in ice-cold 100% methanol at −20°C for 15 min. Cells were then washed three times with 1× PBS and blocked in 5% normal goat serum (5425S, Cell Signaling Technology, Danvers, MA) in 1× PBS with 0.3% Triton X-100 for 1 h at room temperature. Cells were then incubated with anti-LC-3 antibody (3868S, Cell Signaling Technology, Danvers, MA) at 4°C overnight in antibody incubation buffer (1× PBS with 0.3% Triton X-100 and 1% BSA). After three washes with 1× PBS, cells were incubated with Alexa-488 conjugated secondary antibody (4412S, Cell Signaling Technology, Danvers, MA) for 2 h at room temperature and protected from light. After three washes with 1× PBS, the slide was then coverslipped with the anti-fade mounting solution with DAPI (8961S, Cell Signaling Technology, Danvers, MA) and cured in the dark overnight at room temperature to stain the nuclei before being imaged with fluorescence microscopy at 600× magnification.



β-galactosidase staining for cellular senescence

The senescence β-galactosidase staining kit (9860S, Cell Signaling Technology, Danvers, MA) was utilized according to the manufacturer’s protocol. Briefly, PANC-1 cells were seeded and grown in 24-well plates at 5 × 104 cells per well. The next day, the old medium in the plates was replaced with fresh medium containing C150 or DMSO, and cells were treated for 24 and 48 h. After treatment, cells in the plates were washed with 1× PBS twice and fixed in 0.5 ml fixative solution for 15 min at room temperature. Following cell fixation, 0.5 ml staining solution with X-gal (1 mg/ml) at pH 6.0 was added to each well. The plates were then sealed with parafilm, wrapped in aluminum foil, and incubated in a 37°C dry oven for 24 h. After removal of the staining solution, cells were washed three times with 1× PBS and covered in 0.5 ml 70% glycerol. At least five random fields per well were imaged using a light microscope under the bright field at 200× magnification. Positively stained cells and the total cells in each image were counted using the multi-point manual counting tool in ImageJ software.



Syngeneic mouse model of pancreatic cancer

All animal experiments followed an Animal Care and Use Protocol (2018-2443) approved by the Institutional Animal Care and Use Committee at the University of Kansas Medical Center. Female C57BL/6 mice (6–8 weeks old) were purchased from the Jackson Laboratory (Bar Harbor, ME). For tumor cell implantation, mice were put under anesthesia by isoflurane inhalation (5% isoflurane for induction of anesthesia and 2% for maintenance). A subcostal laparotomy was performed to expose the pancreas. A total of 4 × 105 Pan02 mouse pancreatic cancer cells suspended in 50 μl of 1× PBS were injected into the tail of the pancreas. The wound was then sealed with wound clips. Twenty-one days after tumor cell inoculation, two random mice were sacrificed to confirm tumor formation. Subsequently, mice were randomly grouped into two groups (vehicle: n = 9, treatment: n = 8). Treatments were then commenced with 150 mg/kg of C150 or vehicle (5% Tween-80 + 95% H2O) by oral gavage. Mice were treated three times a week for 2 weeks and monitored twice daily for signs of moribund state. The moribund state was determined using body score (<2), or any signs of extreme lethargy, lack of responsiveness to manual stimulus, immobility, or hypothermia. When these signs were observed, the mice were euthanized and counted as death events. Necropsy was then immediately performed, and tumors were weighed and collected. If ascites were present, ascites volume was measured. All survived mice at the endpoint (35 days after tumor inoculation) were euthanized and tumors and ascites were collected upon necropsy.



Statistics

All data were presented as mean ± SD unless otherwise stated. The Student’s t-test was performed for two-group comparisons. One-way ANOVA with the Tukey post-hoc test was performed for multi-group comparisons. A p-value < 0.05 is considered statistically significant.




Results


C150 increased proteasome activity in PANC-1 cells by increasing proteasome assembly

We have previously reported that C150 enhanced the proteasomal degradation of the pro-EMT transcription factor Snail in PANC-1 cells (22). In addition, we found that β-catenin, TP53, and Sox2 protein levels were also reduced by C150 treatment (Figure 1A). All of these transcription factors are proteasome substrates (24–26). Therefore, we postulated that C150 increased proteasome activity in the cell. To examine the cellular proteasome activity upon C150 treatment, PANC-1 cells were first treated with C150 (1 μM and 2 μM) for 24 h. The cell lysates were collected under non-denaturing conditions and incubated with a proteasome substrate, Suc-LLVY-AMC, which generates fluorescence upon proteasomal degradation. The results showed that lysates from C150-treated cells exhibited a significantly higher proteasome activity compared to the DMSO-treated group (Ctrl) in a concentration-dependent manner to C150 (Figure 1B). This increase was completely attenuated by a specific proteasome inhibitor epoxomicin (Figure 1C). To examine whether C150 directly increased the activity of proteasome, non-treated PANC-1 cell lysates were incubated with C150 and the proteasome substrate. The direct incubation of C150 in non-treated cell lysates did not affect proteasome activity (Figure 1D). These data suggested that C150-mediated increase in proteasome activity was dependent on a cellular process that requires the integrity of the cell but was not through direct interaction with proteasomes.




Figure 1 | C150 enhanced proteasome activity by increasing 20s proteasome and 26s proteasome assembly. (A) C150 decreased β-catenin, TP53, and Sox-2 protein level. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 μM and 2 μM) for 24 h. Total cell lysate was analyzed. β-Actin was blotted as loading control. (B, C) Proteasome activity in PANC-1 cells treated with C150. PANC-1 cells were treated with C150 (1 μM and 2 μM) or DMSO (Ctrl) for 24 h. Cell lysates were collected and incubated with proteasome substrate Suc-LLVY-AMC at 37°C, in the absence (B) and presence (C) of epoxomicin (4 μM), and the kinetics of fluorescence signal was detected every 20 min for 80 min at 360/460 nm. Fluorescence signal intensity was quantified to the protein amounts in each reaction. (D) Proteasome activity in PANC-1 cell lysate incubated with C150. DMSO (Ctrl) or C150 (1 μM and 2 μM) was directly added into lysates of non-treated PANC-1 cells and incubated at room temperature for 30 min before mixing with Suc-LLVY-AMC substrate. (E) Native gel blots for assembled 20s and 26s proteasome. Anti b-5 antibody was used to show the 20s and anti-PSMC-3 was used to show the 26s proteasomes. Lower panels show Ponceau S staining. (F) Western blots of proteasome subunits. PANC-1 cells were treated with C150 (1 μM and 2 μM) or DMSO (Ctrl) for 24 h. Total cell lysates were used. Vinculin was a loading control. (G) RT-qPCR for mRNA expressions of proteasome assembly chaperones. PANC-1 cells were treated with C150 (1 μM and 2 μM) or DMSO (Ctrl) for 24 h. Results were quantified and normalized to Ctrl group using the 2−ΔΔCt method with GAPDH as a housekeeping gene. (H) Western blots of PSMG-1 (PAC-1 gene product) and PSMD-10 proteins. The left panel is a representative image of the Western blots. The right panel shows fold changes of relative bands intensity normalized to Vinculin. All data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 , ***p < 0.001 (vs. Ctrl) by either Student’s t-tests between two groups, or one-way ANOVA with Tukey HSD tests among multiple groups.



We then investigated the total levels of the assembled 20s and 26s proteasome in the PANC-1 cells treated with C150. Anti-β-5 subunit antibody was used to show the 20s proteasomes. Because the 26s proteasome is composed of a 20s proteasome flanked by one or two 19s caps at its ends, an anti-PSMC-3 subunit for 19s RP was also used to show the 1-cap or 2-cap 26s proteasomes. Native gel protein electrophoresis and Western blots showed that the assembled 20s proteasomes and 2-cap 26s proteasomes were both elevated upon C150 treatment (Figure 1E). To determine if the increased 20s and 26s proteasome levels were the results of the increased expressions of their subunits, we detected a panel of 20s and 19s subunits by Western blot. All the examined subunits remained unchanged by C150 treatment (Figure 1F). Because the abundance of proteasomes in the cell is also regulated by their chaperone-dependent assembly (14, 27), we then examined the expressions of nine proteasome assembly chaperones by RT-qPCR. We found that 24-h C150 treatment (1 μM and 2 μM) significantly increased the expressions of the chaperones PAC-1, PAC-3, PSMD-5, PSMD-10, and PAAF-1, with the other four chaperones showing a trend of increase (Figure 1G). We then detected the protein expression of PSMG-1 (PAC-1 gene product) and PSMD-10 as representatives of the increased chaperones. The protein levels of PSMG-1 were increased upon 2 μM C150 treatment at 24 and 48 h (Figure 1H), and the protein levels of PSMD-10 were significantly increased at 48 h of treatment (Figure 1H). Taken together, the data suggested that C150 enhanced proteasome activity in PANC-1 cells by increasing proteasome assembly.



C150 induced ER stress, increased autophagy, and attenuated protein synthesis in PANC-1 cells

An increase in proteasome levels can be induced by ER stress (28, 29). We next investigated whether C150 treatment induced ER stress in PANC-1 cells. At 24-h treatment, C150 (1 μM and 2 μM) resulted in a profound upregulation of ER stress markers, Bip, ATF-4, and XBP-1s (Figure 2A). During ER stress response, autophagy is often initiated to further assist the removal of misfolded and damaged proteins (30). Our data showed that C150 treatment significantly increased LC-I and LC-3II, and the LC-3II level was further enhanced by the additional treatment of chloroquine at 20 μM for 4 h (Figure 2B), suggesting an increased autophagy flux by C150 treatment. The increased autophagy was further confirmed by immunostaining of LC-3 puncta in the cells (Figure 2C). There was a robust increase in the phosphorylation of the translation initiation factor eIF2α  upon C150 treatment (Figure 2D). The phosphorylation of eIF2α is known to downregulate global translation, but to stimulate translation of some mRNAs such as those involved in stress responses (31). Our data in the increased expression of chaperone proteins PSMG-1 and PSMD-10 (Figure 1H) were consistent with this. Expecting a possible reduction of global protein synthesis (32), we then performed a puromycin incorporation assay (33) to detect protein neosynthesis (33). Puromycin can effectively incorporate into newly synthesized peptides and later be detected using Western blotting (33, 34). PANC-1 cells were treated with C150 (1 μM and 2 μM) for 24 and 48 h, and then pulse-treated with 2 μM puromycin for 20 min. Newly synthesized proteins were detected by Western blots in survived cells using an anti-puromycin antibody. Significant decreases in the levels of incorporated puromycin were detected with the treatments at either 24 or 48 h (Figure 2E), consistent with the eIF2α phosphorylation.




Figure 2 | C150 induced ER stress, resulted in autophagy and attenuation of protein translation in PANC-1 cells. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 μM and 2 μM) for 24 h. (A) Western blots of ER stress makers. GAPDH was blotted as loading control. (B) Western blots of the autophagy marker LC-3. CQ, chloroquine (20 μM, 4 h treatment). (C) Immunofluorescence staining for LC-3 puncta. Cells were fixed and stained against LC-3 (green) and DAPI (blue). Scale bar, 10 μm. (D) Western blots of eIF2α and p-eIF2α. (E) Puromycin incorporation showing protein synthesis inhibition. PANC-1 cells were treated with 2 μM puromycin for 20 min after 24 or 48 h of treatment with C150. Total cell lysates were analyzed and blotted with anti-puromycin antibody. GAPDH was blotted as loading control. The left panel is a representative image of the Western blots. The right panel shows total band intensity normalized to GAPDH. Data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 (vs. Ctrl) by one-way ANOVA with Tukey HSD tests.





C150 caused G2/M cell cycle arrest, induced cell senescence, and synergized with gemcitabine in PANC-1 cells

It was reported that ER stress was able to induce cell cycle arrest (11, 35). Upon C150 treatment (1 μM and 2 μM) for 24 h and 48 h in PANC-1 cells, there was a robust increase in the cell population in the G2/M phase as demonstrated by PI cell cycle analysis (Figure 3A), suggesting a G2/M cell cycle arrest under C150 treatment. Cell growth curves showed a significantly reduced proliferation rate by C150 treatment (Figure 3B). Sustained cell cycle arrest commonly results in apoptosis and/or cell senescence (36). Our previous data have shown that C150 treatment did not induce apoptosis (22). Notably, data here showed that C150 treatments at 24 and 48 h effectively induced senescence in PANC-1 cells as indicated by the increased β-galactosidase (SA-β-galactosidase) staining at pH 6.0 (Figure 3C). Western blots showed that two of the known markers of cellular senescence PAI-1 and TNF-α were significantly upregulated in PANC-1 cells treated with C150 (Figure 3D) at 24 and 48 h, consistent with the observed senescent phenotype. Induction of senescence was reported to sensitize pancreatic cancer cells to chemotherapeutic agents (37). We found that the combination treatment of C150 with gemcitabine more effectively reduced PANC-1 cell viabilities compared to single-agent treatment (Figure 3E). Strong synergistic effects were shown when C150 was added to gemcitabine, with Chou-Talalay’s combination index (CI) (23) being far less than 1 (Figure 3E).




Figure 3 | C150 caused G2/M cell cycle arrest, cellular senescence, and synergized with gemcitabine in PANC-1 cells. (A) Cell cycle analysis. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 μM and 2 μM) for 24 and 48 h. Cells were stained with propidium iodide (PI) and analyzed for cell cycle distributions with flow cytometry. Bar graph shows the quantification of the percentage of cells in each cell cycle. Data presented as mean ± SD of three independent experiments. (B) Cell growth curve. PANC-1 cells were seed at 5,000 cells per well in 96-well plates in triplicates and treated for 0, 24, 48, 72, and 96 h. Viable cells were detected by MTT assay. Data presented as mean ± SD of three experiments. (C) SA-β-galactosidase staining at pH 6.0 for cell senescence. Senescent cells were identified by the green-blue staining under bright field light microscopy at 200× magnification. Scale bar, 100 μm. Bar graph shows the percentage of senescent cells per imaging field with five random fields in each sample. Data presented as mean ± SD of two independent experiments each done in triplicate. (D) Western blots of two cell senescence markers PAI-1 and TNF-α. Band intensities were normalized to Vinculin and then compared to the untreated control. Bar graphs show fold changes versus control. Data presented as mean ± SD of two independent experiments each done in duplicate. (E) Heatmap of cell viabilities and combination index of C150 and gemcitabine in PANC-1 cells. PANC-1 cells were treated with C150 and gemcitabine at the indicated concentrations for 72 h. Cell viability was detected using MTT assay. Data presented as mean viability from three independent experiments each done in duplicate. The drug combination index was calculated according to the Chou-Talalay’s method. Mean CI values from three experiments were presented. *p < 0.05, **p < 0.01 (vs. Ctrl) by one-way ANOVA with Tukey HSD test.





C150 reduced tumor growth and increased survival in a syngeneic pancreatic cancer mouse model

A syngeneic pancreatic cancer mouse model was used to evaluate the activities of C150 in vivo. Compared with xenografts in immune-compromised mice, the syngeneic model preserves the intact immune functions, which plays an important role in cancer progression and responses to treatment. Pan02 mouse pancreatic cancer cells were orthotopically injected into the pancreas of C57BL/6 mice. Three weeks (21 days) after cell implantation, mice were treated with C150 (150 mg/kg) or vehicle by oral gavage three times a week for 2 weeks. Data showed that C150 treatments significantly improved the survival rate of mice at 35 days after tumor inoculation (80% survival rate in C150-treated group versus 10% in the vehicle-treated group) (Figure 4A). The tumor weight at necropsy was significantly reduced by C150 treatment (n = 8) compared to vehicle-treated controls (n = 9) (Figure 4B). Moreover, 89% (8/9) of mice in the vehicle-treated group developed ascites, whereas only 50% (4/8) in the C150 group had ascites (Figure 4C). In the mice that had ascites, the average volume was lower in C150-treated mice (Figure 4D). The expression levels of ER markers were examined in tumor tissues. Consistent with our in vitro data, the ER stress markers Bip, cleaved-ATF-6, ATF-4, and XBP-1s were elevated in C150-treated tumors compared to vehicle-treated controls (Supplementary Figure 1). A panel of cellular senescence markers were detected for their expression in the tumor samples using RT-qPCR. Data showed a significant increase in the mRNA levels of PAI-1, MCP-1, IL6, CCL5, and TNF-α in tumors treated with C150 (Figure 4E). Lamin B1, whose level decreases during cellular senescence (38), was also found to be decreased in C150-treated tumors (Figure 4F).




Figure 4 | C150 treatment increased survival rate and reduced tumor growth in a syngeneic mouse model. (A) Kaplan–Meier survival curve of tumor-bearing mice. *p < 0.05 (vs. vehicle) by log-rank test. (B) Tumor weight at necropsy (n = 9 for vehicle, n = 8 for C150). p < 0.05 by Student’s t-test. (C) Ascites occurrence rate. (D) Average volume of ascites presented as mean ± SD (n = 9 for vehicle, n = 8 for C150). (E) RT-qPCR for mRNA expressions of senescence markers. Tumor samples from three mice in the control group and six mice in the treated group were evaluated. Results were quantified and normalized to the Ctrl group using 2−ΔΔCt method with GAPDH as a housekeeping gene. (F) Western blotting of Lamin B1 in mouse tumor tissues. Tumors from seven individual mice in each group were analyzed. GAPDH was blotted as loading control. Bar graph shows the quantification of band density relative to GAPDH. Data presented as mean ± SD. **p < 0.01 (vs. Vehicle) by Student’s t-test. (G) H&E staining of liver and kidney tissues. Five animals from each group were examined. Representative images were shown.



Because ascites developed in the tumor-bearing mice, we decided bodyweight was not a good indication of toxicity in this scenario. Instead, we examined the histology of liver and kidney at necropsy. There was no difference found in both organs between the control group and the C150-treated group (Figure 4G).




Discussion

Interrupting ER homeostasis has been shown as an effective way to inhibit tumor progress because of the vital role the ER plays in cellular protein homeostasis and cell survival (39, 40). Due to high proliferation demand and hypoxic microenvironment, cancer cells are under higher endogenous ER stress, resulting in a higher endogenous activation level of UPR signaling (41). As such, pancreatic tumor tissues have higher Bip and ATF-6 expression levels than the normal pancreatic tissues (42). The high basal activation of UPR renders pancreatic cancer cells more vulnerable to the disturbance in ER homeostasis. Disrupting UPR signaling by either inhibiting or further activating it would both impede the cellular capacity to rescue ER stress, leading to catastrophic effects in the cancer cells (39, 43, 44). In agreement with this notion, our study found that C150 induced profound ER stress and further aggravated UPR signals in pancreatic cancer cells, which subsequently impeded cell proliferation, triggered cell cycle arrest, and led to pancreatic cancer cell senescence.

Findings in our study showed that C150 treatment significantly increased proteasome activity by enhancing proteasome assembly. The increased proteasome activity under ER stress is a pro-survival response of pancreatic cancer cells to restore ER proteomic homeostasis (45). However, C150-mediated increase in proteasome activity accelerated the degradation of several critical transcription factors in EMT/CSC/cell death pathways, such as Snail (22), β-catenin, Sox2, and TP53, as detected in this study. It is possible that many other important proteins in cancer cell growth/proliferation, invasion, and stemness are also influenced. The degradation of Snail and the other regulatory proteins consequently led to the inhibition of EMT and cell invasion in pancreatic cancer cells, as we previously reported (22). These results indicated that the increased proteasome activity under C150-induced ER stress may have a broad effect on degrading proteins important to pancreatic oncogenesis, resulting in comprehensive inhibition of pancreatic cancer progression through multiple pathways.

Cellular senescence is effectively evaded in pancreatic cancer due to the highly frequent loss-of-function mutations of CDKN2A and p53 (46, 47). Re-introduction of senescence has been reported as an effective approach to inhibit pancreatic cancer growth (48, 49). In our study, C150 successfully induced senescence regardless of the mutations of CDKN2A and p53 in PANC-1 cells (50). Senescence was also detected in Pan02 orthotopic mouse xenografts treated with C150, as shown by the decreased level of Lamin B1 (Figure 4E). Tumor growth was significantly inhibited, and survival of mice was improved. Moreover, C150-induced senescence greatly sensitized PANC-1 cells to gemcitabine treatment (Figures 3D, E). Therefore, C150 holds great promises in combination treatment with gemcitabine in pancreatic cancer. This synergy may be extended to other drugs, too. Further investigations are worthwhile to validate the synergistic effects in animal studies.
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Introduction

The leukemia inhibitory factor (LIF), is a cytokine belonging to IL-6 family, whose overexpression correlate with poor prognosis in cancer patients, including pancreatic ductal adenocarcinoma (PDAC). LIF signaling is mediate by its binding to the heterodimeric LIF receptor (LIFR) complex formed by the LIFR receptor and Gp130, leading to JAK1/STAT3 activation. Bile acids are steroid that modulates the expression/activity of membrane and nuclear receptors, including the Farnesoid-X-Receptor (FXR) and G Protein Bile Acid Activated Receptor (GPBAR1).





Methods

Herein we have investigated whether ligands to FXR and GPBAR1 modulate LIF/LIFR pathway in PDAC cells and whether these receptors are expressed in human neoplastic tissues. 





Results

The transcriptome analysis of a cohort of PDCA patients revealed that expression of LIF and LIFR is increased in the neoplastic tissue in comparison to paired non-neoplastic tissues. By in vitro assay we found that both primary and secondary bile acids exert a weak antagonistic effect on LIF/LIFR signaling. In contrast, BAR502 a non-bile acid steroidal dual FXR and GPBAR1 ligand, potently inhibits binding of LIF to LIFR with an IC50 of 3.8 µM.





Discussion

BAR502 reverses the pattern LIF-induced in a FXR and GPBAR1 independent manner, suggesting a potential role for BAR502 in the treatment of LIFR overexpressing-PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) represents the ≈ 85% of pancreatic cancer (PC) but is projected to become the second leading cause of cancer death in industrialized countries by 2030 (1, 2). Due to a late diagnosis (3), ≈90% of PDAC are detected at an advanced stage beyond the criteria for curative surgery (4). PDAC risk factors include high alcohol consumption, smoking, a sedentary life style and chronic high caloric intake, obesity, diabetes, hypertriglyceridemia, biliary stones and acute recurrent and chronic pancreatitis (5). The PDAC has also a strong genetic background and associates with several somatic mutations in oncogenes and tumour suppressor genes, including: KRAS, TP53, CDKN2A/p16, and SMAD4 (6). Most commonly, PDAC patients develop resistance to chemotherapy, making the identification of mechanistic molecular pathways and putative biomarkers an urgent need (7).

Next generation sequencing studies of PDAC have identified several markers linked to patient’s survival. Transcriptome studies have identified the Leukaemia Inhibitory Factor (LIF) as a potential biomarker of poor prognosis in PDAC patients. LIF is a pleiotropic member of interleukin (IL)-6 cytokine family (8), that regulates cell differentiation, proliferation and survival in embryo and adult cells and is involved in cancer growth and progression (9). LIF signalling is mediated via binding to an heterodimeric LIF receptor (LIFR) complex, formed by LIFR and the glycoprotein (gp) 130. This complex is also targeted by other potential oncogenic factors including oncostatin M, cardiotropin 1 (CT1) and neutrophil ciliary factor (CNTF) and the cardiotropin-like cytokine factor (CLCF1) whose expression and activity has been detected in several tumors (10). Upon binding to its ligands, LIFR undergoes a series of conformational rearrangements that promote the phosphorylation of the Jak-Tyk, two proteins that are constitutively associated to cytoplasmic domain of the gp130/LIFR complex (11), activating the downstream signalling pathways which include JAK1/STAT3, MAPK and AKT. The LIF/LIFR axis and JAK/STAT3 signalling pathway is over-regulated in several type of solid tumours, including PDAC (12), gastric cancer (GC) (13), hepatocellular carcinoma (HCC) (14), colon-rectal cancer (CRC) (15) and breast cancer (16), and promotes cancer cell proliferation, epithelial-to-mesenchymal transition (EMT) (17) and regulates aberrantly the self-renewal of cancer cell-initiating tumors (18), as well as promoting radio (19) and chemo-resistance (15). Several studies support the suppression of LIFR signalling as potential target in inhibiting cell growth and tumour progression (9), and we have shown recently, that LIFR-mediated antagonism supports the anti-oncogenic effect of mifepristone in pancreatic cancer and chemoresistance (20). Furthermore, while LIFR antagonists are not approved for clinical use (21), several anti-LIFR molecules are investigated in phase II and III clinical trials in various oncologic settings (22).

Bile acids are steroid derivatives of cholesterol, synthetized in the liver and metabolized by microbiota hydrolase in the intestine (e.g from Bacteroidetes, Clostridium and Enterococcus) (23) and reabsorbed through the enterohepatic circulation (24). Despite, secondary bile acids (lithocholic and cholic acid, LCA and DCA) are traditionally considered as potential causative factors for development of gastrointestinal cancers (25), more recent studies have reported that bile acids exert robust anti-tumor effects (26). The effects that various bile acid species exert on cancer growth and progression are dependent on their concentrations and cellular environment as well as differential expression of their main receptors, the Farnesoid-X-Receptor (FXR) (27–29) and the bile acid activated G protein coupled receptor (GPBAR1) (30, 31). Generally, while high concentrations of bile acids promote cells injury and cell proliferation, lower concentrations, corresponding to their plasmatic or tissue concentrations, exert anticancer activity in a large subset of gastrointestinal malignancies (32). It has been previously reported that UDCA (0.25-1 mM) promotes apoptosis of gastric cancer cell lines such as SNU601 and SNU638 cells (33) and MKN45 cells, while DCA (200 μM) induces MUC2 expression and inhibits tumour invasion and migration in colon cancer cells (CRC) (34). In several in vitro models of CRC, UDCA (0.2 mM) (35) and DCA (36) induce apoptosis and inhibit cell proliferation. In the same manner, TUDCA (50 μg/ml) suppresses NF-kB signalling and ameliorates colitis-associated tumorigenesis (37) and LCA (150-400 μM) (38), DCA (500 μM) and CDCA (500 μM) inhibit cell growth and induce programmed cell death (39). It is worth noting that UDCA reduced intracellular ROS levels and Prx2 expression, as well as suppresses EMT process and interferes with “self-renewal” ability of cancer stem cells (CSC), in pancreatic cancer cell lines such as HPAC and Capan1 cells (40).

Building on the background that steroidal-like agents such as mifepristone and EC359 exert LIFR antagonist effects, we have evaluated the molecular docking of an in-house library based on both natural and synthetic bile acids on hLIFR, and found that LCA and CDCA act as weak LIFR antagonists. Additionally, we have shown BAR502 (41, 42), a semisynthetic bile alcohol steroidal agonist of FXR and GPBAR1, as a potential hLIFR antagonist acting as a tumour suppressor and reverting proliferation and EMT process in a LIFR-dependent manner.





Materials and methods




GSE196009 data sets

The GSE196009 repository (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196009) accessed on 1 August 2022 includes gene expression profiles (RNA-seq analysis, Illumina HiSeq 2000) of fresh or frozen PDAC tissues and adjacent normal pancreatic tissues from 12 Japanese patients.





Alpha screen

Recombinant human LIFR (His Tag) and biotinylated recombinant human LIF were purchased from Sino Biologicals (Sino Biological Europe GmbH, Dusseldorf, Germany) and R&D Systems (Abingdon, UK), respectively, and both were reconstituted as required by the manufacturer. Inhibition of LIFR/LIF binding by LCA, CDCA, PDL103 and BAR502 was measured by Alpha Screen (Amplified Luminescent Proximity Homogeneous Assay). The assay was carried out in white, low-volume, 384-well AlphaPlates (PerkinElmer, Waltham, MA, USA) using a final volume of 25 µL and an assay buffer containing 25 mM Hepes (pH 7.4), 100 mM NaCl, and 0.005% Kathon. The concentration of DMSO in each well was maintained at 5%. LIFR (His Tag, final concentration 4.5 nM) was incubated with LCA, CDCA, PDL103, a dual FXR/GPBAR1 antagonist, and BAR502 or a vehicle for 45 min under continuous shaking. Then, LIF was added (biotinylated, final concentration 9 nM), and the samples were incubated for 15 min prior to adding His-Tag acceptor beads (final concentration 20 ng/µL) for 30 min. Then, streptavidin donor beads were added (final concentration 20 ng/µL), and the plate was incubated in the dark for 2 h and then read in an EnSpire Alpha multimode plate reader (PerkinElmer, Waltham, MA, USA).





Transactivation assay

To perform STAT3 transactivation, HepG2 (HB, 8065 from ATCC), an immortalized human epatocarcinoma cell line was used, as described previously (20). On day 0, HepG2 were seeded at 7.5 × 104 cells/well in a 24-well plate and maintained at 37°C and 5% CO2 in E-MEM supplemented with 10% FBS, 1% glutamine, and 1% penicillin/streptomycin. On day 1, cells were transiently transfected with the reporter plasmid pGL4.47[luc2P/SIE/Hygro] (200 ng) (CAT#: E4041 Promega, Madison, WI, USA), a vector encoding the hLIFR (CAT# RC226327) (100 ng) and CD130 (IL6ST) (100 ng) (CAT#: RC215123, OriGene Technologies, Inc. Rockville, MD, USA), and finally a vector encoding the human RENILLA luciferase gene (pGL4.70) (100 ng) (Promega, Madison, WI, USA). On day 2, cells were exposed to the cytokine LIF (10 ng/mL) alone or in combination with BAR502 (from 0.1 to 20 μM). To investigate the GPBAR1 activation, HEK-293T cells were transiently transfected with 200 ng of human pGL4.29 (Promega), a reporter vector containing a cAMP response element (CRE) that drives the transcription of the luciferase reporter gene luc2P, with 100 ng of pCMVSPORT6-human GPBAR1 and with 100 ng of pGL4.70 as described previously (42, 43). For FXR mediated transactivation, HepG2 cells were plated at 7.5 × 104 cells/well in a 24 well plate. Cells were transfected with 200 ng of the reporter vector p(hsp27)-TK-LUC containing a FXR response element (IR1) cloned from the promoter of heat shock protein 27 (hsp27), 100 ng of pSG5-FXR, 100 ng of pSG5-RXR, and 100 ng of pGL4.70 (Promega), a vector encoding the human Renilla gene. To perform STAT3 transactivation, HepG2 were seeded at 7.5× 104 cells/well in a 24-well plate. On the day-1, cells were transiently transfected with 200 ng of the reporter plasmid pGL4.47[luc2P/SIE/Hygro] (CAT#: E4041 Promega, Madison, WI, USA), 100 ng of a vector encoding the hLIFR (CAT# RC226327) and 100 ng of CD130 (IL6ST) (CAT#: RC215123, OriGene Technologies, Inc. Rockville, MD USA), and finally with 100 ng of a vector encoding the human RENILLA luciferase gene (pGL4.70) (Promega, Madison, WI, USA). At 24 h post-transfection, HepG2 and HEK293T were stimulated 18 h with Taurolithocholic Acid (TLCA,10 μM) or Chenodeoxycholic acid (CDCA, 10 μM) or Leukemia Inhibitory factor (LIF, 10 ng/ml) as positive controls and compound PDL103 at increasing concentrations (from 0.1 μM to 100 μM) in combination with the relative positive controls. Then, after 24 h, the cells were lysed in 100 μL of lysis buffer (25 mM Tris-phosphate, pH 7.8; 2 mM dithiothreitol (DTT); 10% glycerol; 1% Triton X-100). Then, 10 μL cellular lysates were assayed for luciferase and RENILLA activities using the Dual-Luciferase Reporter assay system (Promega, Madison, WI, USA). Luminescence was measured using a Glomax 20/20 luminometer (Promega, Madison, WI, USA). LUCIFERASE activities (RLU) were normalized with RENILLA activities (RRU).





Computational studies




Protein and ligand preparations

The three-dimensional (3D) crystallographic structures of the human LIFR, hLIFR (Uniprot ID Code: P42702, PDB X-Ray 3E0G [REF DOI: 10.1186/1756-9966-28-83) was retrieved from the RCSB Protein Data Bank (www.rcsb.org). The downloaded structure was subjected to Maestro’s Protein Preparation Wizard (PPW) tool (Schrödinger Release 2021-1) to assign bond orders, add hydrogen atoms, adjust disulphide bonds, add caps to chains break, and assign residues protonation state at pH 7.4. The in-house library of natural and synthetic bile acids (Bile acids) was prepared using LigPrep (LigPrep. Schrödinger, release 2021–1, LigPrep; Schrödinger, LLC: New York, NY, USA, 2021) and Epik (Schrödinger; Release 2021-1: Epik, S., LLC, New York, NY, USA, 2021) modules to generate and optimize the 3D structures of the ligands at the protonation states of pH 7.4.





Docking procedures

The optimized structure of hLIFR was used for the accurate QM-Polarized Ligands Docking (QPLD) (Glide, S., LLC, New York, NY, USA, 2021; Jaguar, S., LLC, New York, NY, USA, 2021) and Induced Fit Docking (IFD) (Glide, S., LLC, New York, NY, USA, 2021; Prime, S., LLC, New York, NY, USA, 2021) docking protocols, following the same procedures described in our previous work (Di Giorgio et al.). Briefly, the centroid of the hLIFR binding site was used to generate the grid box coordinate in default size (10.0 Å). Ten docking poses were saved for each ligand of the in-house library after the QPLD process, and the most representatives were submitted to the IFD procedure using the extended sampling protocol. A maximum of 80 poses was generated, and the energy window for the ligand conformational sampling was 2.5 kcal/mol.






Molecular dynamics simulations

The best scored IFD docking pose of BAR502 was subjected to 100 ns of MDs. The CUDA version of the AMBER18 package (44) was used to MD simulation, using the Amber ff14SB force field (45, 46) to treat the protein. Ligand charges were, instead, calculated using the restrained electrostatic potential (RESP) fitting procedure (40). The Gaussian16 package (47): was used to calculate the ligand ESP using the 6-31G* bile acids is set at the Hartree-Fock level of theory. Antechamber (48): coupled with the general amber force field (GAFF2) parameters (49), allowed RESP charges and the ligand force field parameters. The system was solvated in a 10 Å layer of the octahedral box using TIP3P (50): water molecules parameters. The SHAKE algorithm was used to constraint bonds involving hydrogen atoms with two fs integration time steps. Next, the system was minimized and thermally equilibrated as described in our latest work (20). The MD trajectory was visualized by using Visual Molecular Dynamics (VMD) graphics ver. 1.9.3 (51), while clustering and analysis procedures were performed through the CPPTRAJ module (52). For the most representative cluster population, intermolecular interaction energy was analysed via the Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) equation (53). All images were rendered using Maestro GUI Suite 2021-1 (Schrödinger Release 2021-1) and Adobe Illustrator (Adobe Systems, San Jose, CA, USA).





Cell lines

Human pancreatic cell lines MIA-PaCa-2 and PANC-1 were from ATCC (Manassas, VA; USA). The cells were grown in DMEM (Sigma-Merk LIFe Science S.r.l. Milan, Italy) medium supplemented with 10% Fetal Bovine Serum (FBS), 1% L-Glutamine, 1% Penicillin/Streptomycin, in a humidified 5% CO2 atmosphere, 37°C. U-937 a cell line exhibiting monocyte morphology were purchased from Sigma Aldrich (Sigma-Merk LIFe Science S.r.l. Milan, Italy). U937 and MKN45 were grown in RPMI complete medium, supplemented with 10% FBS, 1% L-Glutamine, 1% Penicillin/Streptomycin. A human hepatocarcinoma cell line, HEPG2 (ATCC) was grown at 37°C in E-MEM complete medium containing 10% FBS, 1% L-glutamine and 1% penicillin/streptomycin. Cells are free from Mycoplasma contamination as confirmed by Mycoplasma PCR Detection test (Sigma-Merk LIFe Science S.r.l. Milan, Italy) and were regularly passaged to maintain exponential growth and used from early passages (<10 passages after thawing). In all experiments, cells were serum starved for 24 h before exposure to tested agent.





Real-time PCR

The RNA was extracted from cell lines using and Direct-zol™ RNA MiniPrep w/Zymo-Spin™ IIC Columns (Zymo Research, Irvine, CA, USA)., according to the manufacturer’s protocol as described previously (20). After purification from genomic DNA by DNase-I treatment (ThermoFisher Scientific, Waltham, MA USA), 2 µg of RNA from each sample was reverse-transcribed using Kit FastGene Scriptase Basic (Nippon Genetics, Mariaweilerstraße, Düren, Germania) in a 20 μL reaction volume. Finally, 50 ng cDNA were amp LIFied in a 20 μL solution containing 200 nM of each primer and 10 μL of SYBR Select Master Mix (ThermoFisher Scientific). All reactions were performed in triplicate, and the thermal cycling conditions were as follows: 3 min at 95°C, followed by 40 cycles of 95°C for 15 s, 56°C for 20 s and 72°C for 30 s, using a Step One Plus machine (Applied Biosystem). The relative mRNA expression was calculated accordingly to the 2-ΔCt method. Primers used in this study were designed using the PRIMER3 (http://frodo.wi.mit.edu/primer3/) software using the NCBI databile acids e. RT-PCR primers used in this study for human sample and human cell lines were as follow [forward (for) and reverse (rev)]:

LIFR (for GCTCGTAAAATTAGTGACCCACA; rev GCACATTCCAAGGGCATATC),

LIF (for CCCTGTCGCTCTCTAAGCAC; rev GGGATGGACAGATGGACAAC),

GPBAR1 (for ACTGCAGCTCCCAGGCTAT; rev GACAGAGAGGAAGGCAGCA),

FXR (for GCAGCCTGAAGAGTGGTACTCTC; rev CATTCAGCCAACATTCCCATCTC),

SNAIL1 (for ACCCACACTGGCGAGAAG; rev TGACATCTGAGTGGGTCTGG),

VIMENTIN (for TCAGAGAGAGGAAGCCGAAA; rev ATTCCACTTTGCGTTCAAGG),

CXCR4 (for AACGTCAGTGAGGCAGATGA; revTGGAGTGTGACAGCTTGGAG).





Immunofluorescence

Immunofluorescence (IF) staining was carried out using MIA PaCa-2 cells. Cells cytospins were fixed in methanol for 20 min and then washed 3 times with phosphate buffered saline (PBS 1X), permeabilized and then incubated with Blocking buffer (PBS 1X with 10% horse serum and 1% BSA) for 1h at room temperature. Primary antibodies, anti- GPBAR1 (NBP2-23669), (Novus Biologicals) and anti-FXR (ORB156973) (Biorbyt) were dissolved in Blocking Buffer and incubated overnight at 4°. On the following day cells were washed three times with PBS 1X containing 0,1% Tween 20 (PBST), and then incubated with the secondary antibody, Goat anti-rabbit IgG (H + L) Alexa Fluor 488 (ab150077) (Abcam) for GPBAR1 and Goat anti-rabbit IgG (H + L) Alexa Fluor 568 (A11011) for FXR (Invitrogen), diluted in Blocking Buffer for 1h at room temperature in the dark. After 3 washes with PBST, nucleus was counterstained with DAPI 1X for 1 min in the dark and the reaction was stopped by a final wash in PBS 1X for 5 min. Then, slides were mounted with ProLong Glass Antifade Mountant (P36980) (Invitrogen, Thermofisher scientific Waltham, Massachusetts, USA), sealed with nail polish and observed at fluorescence microscope (Olympus BX60, Rome, Italy).





Cell proliferation assay

The cell viability assay was done using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Milano, Italy), a colorimetric method for accessing the number of viable cells in proliferation as described previously (13). MIA-PaCa 2 cells were seeded in DMEM complete medium at 36 *103 cells/100 uL well into 96-well tissue culture plate. After 24 h, cells were serum starved for 24 h and then were primed with the LIFR major ligand, LIF (10 ng/ml) alone or in combination with BAR502 (5,10 and 20 μM) or only with vehicle. In another experimental setting, MIA-PaCa 2 cells were triggered with PDL103 (10 μM) alone, LIF (10 ng/ml) alone or plus PDL103 or BAR502 (10 μM) or both. In a different setting cell were exposed to an antagonist of the Farnesoid X receptor (FXR), 3-(naphthalen-2-yl)-5-(piperidin-4-yl)-1,2,4-oxadiazole (GP7) (10 µM) (54), LIF (10 ng/ml) alone or in combination with GP7 or BAR502 or both. Then cell proliferation assessed as mentioned above. Absorbance was measured using a 96 well reader spectrophotometer (490 nm). In these experiments each experimental setting was replicated ten folds. For analysis the background readings with the medium alone, were subtracted from the samples read-outs.





Flow cytometry

MIA-PaCa2 cells were seeded in 6-well tissue culture plate (cell density 700 × 103/well) and cultured as specified above. Cells were serum-starved for 8 h and then incubated with LIF (10 ng/mL) alone or plus BAR502 (10, 20 µM) or a vehicle for 24 h. The intracellular flow cytometry staining for Ki-67 was performed using the following reagents: Ki-67 Monoclonal Antibody (SolA15), Alexa Fluor™ 488, (eBioscience™, San Diego, California, USA) and 7-AAD to characterize the cell cycle phases G0-G1 and S-G2-M. Before intracellular IC-FACS, staining cells were fixed for 30 min in the dark using IC Fixation buffer (eBioscience™) and then permeabilized using Permeabilization buffer (10X) (eBioscience™). The staining for Annexin V was performed using the Annexin V Antibody (A13199, Thermofisher Scientific, Waltham, MA, USA) to evaluate the apoptosis rate. Briefly, 5 μL of Annexin V Antibody was added to each 100 μL of cell suspension, and cells were incubated the at room temperature for 15 min. Flow cytometry analyses were carried out using a 3-laser standard configuration ATTUNE NxT (LIFe Technologies, Carlsbad, CA, USA). Data were analyzed using FlowJo software (TreeStar) and the gates set using a fluorescence minus-one (FMO) control strategy. FMO controls are samples that include all conjugated Abs present in the test samples except for one. The channel in which the conjugated Ab is missing is the one for which the fluorescence minus one provides a gating control.





Western blot analysis

MIA-PaCa 2 cells were seeded in 6-well tissue culture plate (cell density 1.5 * 106/well) in DMEM complete medium. After serum starving, cells were incubated with LIF (10 ng/mL) alone or plus BAR502 (10 µM) for 10 min. Total lysates were prepared by homogenization of MIA-PaCa2 cells in RIPA buffer containing phosphatase and protease inhibitors. Protein extracts were electrophoresed on 12% acrylamide Tris-Glycine gel (Invitrogen), blotted to nitrocellulose membrane, and then incubated overnight with primary Abs against GAPDH (bs2188R 1:1000; Bioss antibodies), STAT3 (sc-8019 1:500; Santa Cruz Biotechnology), Vimentin (ab92547 1:1000;Abcam), phosho-Stat3 (GTX118000 1:1000; Genetex). Primary Abs were detected with the HRP-labeled secondary Abs. Proteins were visualized by Immobilon Western Chemiluminescent Reagent (MilliporeSigma) and iBright Imaging Systems (Invitrogen). Quantitative densitometry analysis was performed using ImageJ software. The degree of STAT3 phosphorylation was calculated as the ratio between the densitometry readings of Vimentin/GAPDH and p-STAT3/STAT3.





Wound healing assay

MIA PaCa-2 cells were seeded in DMEM complete medium at 800x103 cells/well into 24-well plate and used at 70-80% confluence rate. The assay was performed as previously described (20), particularly on the day 1, the cell monolayers were gently scraped vertically with a new 0.2 mL pipette tip across the centre of the well. After scratching, the well was gently washed twice with PBS (Euroclone, Milan, Italy) to remove the detached cells and cell debris and finally fresh medium containing LIF (10 ng/mL) alone or in combination with BAR502 (10 µM) or EC359 (25 nM) was added into each well. Immediately after scratch creation, the 24-plate was placed under a phase-contrast microscope and the first image of the scratch acquired (T0) with using a OPTIKAM Pro Cool 5 – 4083.CL5 camera. Cells were grown for additional 48 h and images taken at 24h (T1) and 48 h (T2). The gap distance between scarps borders was quantified by assessing that area between the two margins of the scratches. All experiments were performed in triplicate.





Chemistry

(E)-2,6-dichlorobenzaldehyde oxime (2). A solution of hydroxylamine hydrochloride (1.5 eq) and NaOH (1.5 eq) in water was added to a solution of 2,6-dichlorobenzaldehyde (1) in ethanol. The mixture was left to stir for 5h. After starting material consumption, ethanol was evaporated, and the residue was extracted with ethyl acetate (x 3). The reunited organics were washed with brine, dried over anhydrous Na2SO4, and concentrated to afford the oxime as a white solid (98%) which was used for the next step without further purification. 1H NMR (400 MHz, CDCl3) δ 8.37 (s, 1H), 7.45 (d, J = 0.6 Hz, 2H), 7.28 (dd, J = 8.8, 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 144.24, 132.82, 130.12, 129.99, 128.32; HRMS (ESI) m/z [M+H+] calcd for C7H5Cl2NO 189.9748, found 189.9744.

(Z)-2,6-dichloro-N-hydroxybenzimidoyl chloride (3). To a solution of compound 2 in dry DMF, N-chlorosuccinimide (1.2 eq) was slowly added at 0°C. The mixture was stirred overnight and partitioned with distilled water and diethyl ether. The organic phase was dried over anhydrous Na2SO4 and concentrated to afford the chloro oxime (95%) as a colourless oil, used for the next step without purification. 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.32 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 143.92, 132.02, 131.73, 130.49, 128.27; HRMS (ESI) m/z [M+H+] calcd for C7H4Cl3NO 223.9358, found 223.9352.

(3-(2,6-dichlorophenyl)isoxazol-5-yl)methanol (4). To a solution of compound 3 in t-BuOH/H2O 1:1 were added in sequence propargylic alcohol (3 eq), CuSO4·5H2O (0.02 eq), sodium ascorbate (0.1 eq) and NaHCO­­3 (4 eq). The mixture’s appearance rapidly shifted from clear to opaque yellow upon the addition of the bile acids e. After 3h, the reaction was quenched by adding sat. NH4Cl solution and then extracted with ethyl acetate (x3). The reunited organics were washed with brine, dried over anhydrous Na2SO4, and concentrated to afford the isoxazole as a colourless oil (quantitative yield) which was used for the next step without further purification. 1H NMR (400 MHz, CDCl3) δ 7.52 (dd, J = 8.0, 0.7 Hz, 2H), 7.41 (dd, J = 8.8, 7.3 Hz, 1H), 6.61 (s, 1H), 4.79 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 169.35, 158.33, 133.88, 130.31, 128.38, 128.07, 100.54, 57.56; HRMS (ESI) m/z [M+H+] calcd for C10H7Cl2NO2 243.9854, found 243.9850.

(3-(2,6-dichlorophenyl)isoxazol-5-yl)methyl methanesulfonate (5). To a solution of compound 4 in dry THF were added triethylamine (4 eq) and mesyl chloride (3 eq) at -20°C. The reaction was stirred for 2h and then quenched by adding 1M HCl solution. The mixture was extracted with ethyl acetate (x3). The reunited organics were washed with brine, dried over anhydrous Na2SO4, and concentrated to afford the mesylate as an off-white solid (92%). 1H NMR (400 MHz, CDCl3) δ 7.52 (dd, J = 8.1, 0.7 Hz, 2H), 7.41 (dd, J = 8.8, 7.3 Hz, 1H), 6.59 (s, 1H), 5.52 (s, 2H), 3.15 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 165.48, 158.18, 133.43, 130.31, 128.38, 127.81, 100.75, 61.12, 37.62; HRMS (ESI) m/z [M+Na+] calcd for C11H9Cl2NO4S 343.9527, found 343.9523.

Methyl 4’-((3-(2,6-dichlorophenyl)isoxazol-5-yl)methoxy)-[1,1’-biphenyl]-4-carboxylate (6). Compound 5 was dissolved in dry DMF and methyl 4’-hydroxy-4-biphenylcarboxylate (1.2 eq) and K2CO3 (2 eq) were added. The reaction was stirred at 100°C for 8h, then distilled water was added and the mixture was extracted with ethyl acetate (x3). The reunited organics were washed with brine, dried over anhydrous Na2SO4, and concentrated. The crude product was purified by flash column chromatography (silica gel, ethyl acetate/petroleum ether 15:85) to yield compound 1 (66%) as a white solid. An analytical sample was analysed by HPLC purification on a Nucleodur 100-5 column (5 μm; 10 mm i.d. x 250 mm) eluting with n-hexane/ethyl acetate 85:15 v/v (flow rate 3 mL/min, tR = 19.5 min). 1H NMR (400 MHz, CDCl3) δ 8.09 (m, 2H), 7.61 (m, 4H), 7.42 (dd, J = 8.0, 1.0 Hz, 2H), 7.34 (dd, J = 9.0, 7.1 Hz, 1H), 7.10 (m, 2H), 6.48 (s, 1H), 5.31 (s, 2H), 3.94 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 168.20, 167.16, 159.09, 158.13, 145.03, 135.69 (x2), 133.90, 131.32, 130.29 (x2), 128.72 (x2), 128.68, 128.41 (x2), 128.24, 126.75 (x2), 115.52 (x2), 105.18, 61.83, 52.26; HRMS (ESI) m/z [M+H+] calcd for C24H17Cl2NO4 454.0535, found 454.0531.

(4’-((3-(2,6-dichlorophenyl)isoxazol-5-yl)methoxy)-[1,1’-biphenyl]-4-yl)methanol (PDL103). To a solution of compound 6 in dry THF were added dry MeOH (3 eq) and 1M LiBH4 (3 eq) in THF at 0°C. The reaction was left stirring overnight. The mixture was quenched by adding 1M NaOH solution (3 eq) at 0°C and then was extracted with ethyl acetate (x 3). The reunited organics were washed with brine, dried over anhydrous Na2SO4, and concentrated to afford PDL103 (82%). An analytic sample was obtained by HPLC on a Phenomenex Luna C18 (5 μm; 250 mm x 4.6 mm) column in gradient (t0 min= 60% B – t3 min= 60% B – t25 min= 95% B – t30 min= 95% B, solvent B = MeOH + 0.1% TFA, flow rate 1 mL/min, tR = 22 min). 1H NMR (400 MHz, CDCl3) δ 7.56 (m, 4H), 7.43 (m, 4H), 7.33 (dd, J = 9.0, 7.1 Hz, 1H), 7.07 (d, J = 8.8 Hz, 2H), 6.47 (s, 1H), 5.30 (s, 2H), 4.74 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 168.38, 159.08, 157.54, 140.11, 139.66, 135.69 (x2), 134.83, 131.30, 128.45 (x2), 128.40 (x2), 128.27, 127.67 (x2), 127.13 (x2), 115.44 (x2), 105.12, 65.29, 61.89; HRMS (ESI) m/z [M+H+] calcd for C23H17Cl2NO3 426.0585, found 426.0580.





AmpliSeq transcriptome

MIA PaCa-2 cells were cultured in 6-well tissue culture plate (cell density 1.5 * 106/well) in DMEM complete medium. After serum starving, cells were exposed with LIF (10 ng/mL) alone or plus BAR502 (10 µM) or left untreated for 24h. High-quality RNA was extracted from MIA PaCa-2 cells using the PureLink™ RNA Mini Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. RNA quality and quantity were assessed with the Qubit® RNA HS Assay Kit and a Qubit 3.0 fluorometer followed by agarose gel electrophoresis. Libraries were generated using the Ion AmpliSeq™ Transcriptome Human Gene Expression Core Panel and Chef-Ready Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. Briefly, 10 ng of RNA was reverse transcribed with SuperScript™ Vilo™ cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA) before library preparation on the Ion Chef™ instrument (Thermo Fisher Scientific, Waltham, MA). The resulting cDNA was amplified to prepare barcoded libraries using the Ion Code™ PCR Plate, and the Ion AmpliSeq™ Transcriptome Human Gene Expression Core Panel (Thermo Fisher Scientific, Waltham, MA), Chef-Ready Kit, according to the manufacturer’s instructions. Barcoded libraries were combined to a final concentration of 100 pM, and used to prepare Template-Positive Ion Sphere™ (Thermo Fisher Scientific, Waltham, MA) Particles to load on Ion 540™ Chips, using the Ion 540™ Kit-Chef (Thermo Fisher Scientific, Waltham, MA). Sequencing was performed on an Ion S5™ Sequencer with Torrent Suite™ Software v6 (Thermo Fisher Scientific). The analyses were performed with a range of fold <−2 and >+2 and a p value < 0.05, using Transcriptome Analysis Console Software (version 4.0.2), certified for AmpliSeq analysis (Thermo-Fisher). The transcriptomic data have been deposited as dataset on Mendeley data repository (ab92547 1:1000;Abcam).





Statistical analysis

Statistical analysis was carried out using the one-tailed unpaired Student’s t test comparisons (* p < 0.05) using the Prism 8.0 software (GraphPad San Diego, CA, USA).






Results




LIF/LIFR and bile acid receptor expression in PDAC

We have first investigated the expression of LIF and LIFR and the expression of FXR (NR1H4) and GPBAR1 in human PDAC. For this purpose, we have used a human repository of PDAC tissues, that includes cancer tissues along with the adjacent normal tissue excided from 12 Japanese patients (Repository GSE196009 series) (Figure 1). As described previously (20), LIF and LIFR show an opposite modulation in the cancer tissues, thus while LIF expression is higher in PDAC in comparison with the adjacent normal tissue (Figure 1A), the expression of LIFR is subject to opposite modulation (Figure 1B). Similarly, the expression of FXR (NR1H4) was downregulated in cancer tissues compared to the non-neoplastic tissues (Figure 1C). Instead, GPBAR1 was not detectable in both cancer and adjacent normal tissues (Figure 1D).




Figure 1 | The bile acids receptors expression is downregulated in human PDAC. RNA-seq analysis of non-neoplastic and neoplastic mucosa of PDAC from GSE196009 repository. Each dot represents a patient. Data shown represent the gene profile expression of (A) LIF, (B) LIFR, Nuclear Receptor Subfamily 1 Group H Member 4 (C) NR1H4, The G protein-coupled bile acid receptor 1 (D) GPBAR1. Results are the mean ± SEM of 6 (Non-neoplastic) and 13 (Neoplastic) samples per group. *p < 0.05.



Since there are robust evidence that the LIF/LIFR pathway exerts a pro-oncogenic role in PDAC cell lines (13, 20, 55), and because FXR expression is increased in human PDAC tissues, we have focused our attention on the role that natural and synthetic steroids exert in modulating pancreatic cancer cell lines. For these purposes, we have first carried out a series of docking calculations on hLIFR using a small library of natural steroids (Figure 2), including LCA and CDCA (56), and the semisynthetic bile alcohol steroidal agonist BAR502 (57).




Figure 2 | Natural and synthetic bile acids antagonize LIFR. The figure shows two-dimensional structure of (A) LCA (B) CDCA (C) BAR502. Natural and synthetic bile acids inhibition activity of LIFR/LIF binding accessed by a cell-free AlphaScreen assay, particularly in (D) LCA (E) CDCA and (F) BAR502 IC50 are shown. (G) STAT3 transactivation on HepG2 cells. The table (H) summarizes EC50 on FXR and GPBAR1 and IC50 on LIFR of Natural and synthetic bile acids.



The efficacy of LCA, CDCA and BAR502 as LIFR antagonists in a cell-free system was then measured using a well-consolidated platform based on Alpha Screen assay. The results of these studies reported in Figure 2D demonstrated that LCA and CDCA elicited a slight, thought significant, inhibitory effect on LIF/LIFR complex formation. In contrast, BAR502 could be considered as a potent LIFR antagonist that inhibits LIF/LIFR interaction with IC50 of 3.59 μM (Figure 2F), this result was confirmed by STAT3 transactivation assay performed in HepG2 cells, with an IC50 of 2.73 μM (Figure 2G).

Because BAR502 was significantly more potent than natural bile acids and is currently advanced into clinical trials (58), we have used this agent in the following experiments.





BAR502 binds within loops 2 and 3 and disrupts LIF binding site

The binding between BAR502 and LIFR was investigated through a two-steps docking procedure followed by molecular dynamic (MD) simulation. Specifically, we have first used the QM-Polarized Ligand Docking (QPLD) protocol, whose best poses (-5.207 kcal/mol) were submitted to a second, more accurate Induced Fit Docking (IFD) analysis, that includes also the receptor flexibility. Given the high flexibility of the L1, L2 and L3 loops of the hLIFR binding site, the best pose obtained by IFD (-5.826 kcal/mol) was further refined using 100 ns of MD. From the analysis of the MD trajectory of BAR502, and of the ligand root means square deviation (L-RMSD) plot, it was found that after about 20 ns (Supplementary Figure Sx1, A), the ligand binding conformation was stabilized in a pocket defined by loops L2 and L3, with the 3-OH group anchored via H-bonding to the guanidine group of Arg333 (Figure 3A). The clustering analysis results showed that the MD trajectory of BAR502 produced two very similar binding conformations, accounting for 56% and 26% of the hypothetical binding poses, respectively (Supplementary Figure Sx1B, C). In both clusters, BAR502 bound to loops L2 and L3 (Supplementary Figure SX2), engaging hydrogen bond (H-bond) with the 3-OH to Arg333 and, discontinuously, to the backbone of Gly312. The 7-OH group established discontinuous H-bonds with the carbonyl backbone of Thr338. In the most populated cluster, the hydroxyl function at C23 H-bonds with Lys332, while in the second cluster, it was bound to the carbonyl group of the backbone of Tyr342. The B-C-D ring systems engaged hydrophobic interactions with residues from both L2 (Trp302, Val311 and Ala315), and L3 (Arg333 chain, Thr388 and Leu331) and the β-sheet (Tyr318). Moreover, the 6-ethyl group of BAR502 was firmly in contact with the Cβ of Asn339, helping to maintain the A and B rings in a “box” formed by Arg333, Asn339, Val311 and Ala315 (Supporting Figure Sx2). Overall, the MD of BAR502 highlights a significant alteration of the L2 and L3 loops conformation, thus causing the distortion of the LIF binding site (Figure 3B).




Figure 3 | (A) View of the hLIFR-BAR502 representative cluster obtained after 100 ns of MD and (B) superimposed respect to the LIF-LIFR complex (PDB: 2Q7N). The pocket is defined by three loops, namely L1 (255-VSASSG-260), L2 (303-NPGRVTALVGPRAT-316), and L3 (332-KRAEAPTNES-341) (rectangular), which was already characterized as binding sites for EC359 and Mifepristone. L1, L2 and L3 are highlighted in yellow, blue, and green, respectively. BAR502 (cyan) and the relevant residues are labelled and coloured.







LIFR antagonism exerts by BAR502 limits MIA PaCa-2 cells proliferation and migration

To functionally characterize the effect of BAR502 as LIFR antagonist, we have then performed in vitro assays using a human macrophage cell line, U937 cells, and liver, HEPG2, PDAC and gastric cancer, MKN45 cell lines (59). As shown in Figures 4A, B, PANC-1 exhibits highest levels of expression of LIF and LIFR compared to MKN45 cells. However, since our previous studies (20) have shown that MIA PaCA-2 cells are highly responsible to LIF, we have used this cell line for the following experiments.




Figure 4 | PDAC cells expressed low levels of bile acids receptors. Relative mRNA expression of (A) LIFR (B) LIF compared to MKN45 (C) GPBAR1 compared to U937 and (D) FXR compared to HEPG2. Each value is normalized to GAPDH and is expressed relative to those of positive controls, which are arbitrarily set to 1. Results are the mean ± SEM of three samples for group. Immunofluorescence analysis of (E) Gpbar1 and (F) Fxr in MIA PaCa-2 cells (Magnification 100x on left and 200x on right).



In contrast to LIF/LIFR, the expression (mRNA and Immunofluorescence analysis) of GPBAR1 was almost undetectable in PDCA cell lines, as compared to U937 cells (Figures 4C, E), while PDAC cell lines express the nuclear receptor FXR (Figures 4C, D, F), though the expression was significantly lower than that detected in HEPG2 cells.

We have then investigated whether LIF acts as an autocrine factor to perpetuate PDAC cells growth and proliferation (60) and these effects were modulated by BAR502. For this purpose, MIA PaCa-2 cells, grown in a serum free medium, were exposed to 10 ng/mL LIF alone or in combination with increasing concentrations of BAR502 (5, 10, 20 µM) for 24 h. As shown in Figure 5A, BAR502 reversed the LIF-proliferative effect in a concentration-dependent manner.




Figure 5 | LIFR inhibition reverses PDAC cell proliferation promoted by LIF. MIA PaCa-2 cells were serum-starved and primed with LIF (10 ng/mL) alone or in combination with increasing concentrations of BAR502 (5, 10,20 μM). Data shown are (A) MTS assay performed on MIA PaCa-2. Each value is expressed relative to the non-treated (NT) value, which is arbitrarily set to 1. Results are the mean ± SEM of 10 samples per group. Cell cycle phase analysis was performed by Ki-67/7-AAD staining through IC-FACS. (B) Representative IC-FACS shows Ki-67 positive MIA PaCa-2 cells and (C) frequencies of Ki-67 positive cells. (D) Representative IC-FACS shows cell cycle fraction in each experimental group. Data shown are frequencies of cells in the (E) G0-G1 phase and (F) S-G2-M phase. (G) Representative IC-FACS shows Annexin V+ cells. (H) Data shown are frequencies of Annexin V+ single cells. Results are the mean ± SEM of five samples for group (* represents statistical significance versus NT, and # versus LIF, p < 0.05).



The action of BAR502 on cell replication was also investigated by Ki-67/7-AAD IC-FACS staining (Figures 5B-F). More specifically, the analysis of Ki-67+ cells (Figures 5B, C) revealed that not only exposure to LIF increased the number of Ki-67 positive cells in a statistically-dependent manner, but shifted the fluorescence pick to the right, compared to cells left untreated (Figure 5B). This pattern was reversed by LIFR inhibition with BAR502 (Figure 5B). In addition, BAR502 (10-20 µM) modulates the cell cycle progression (Figures 5C-F) and the apoptosis cell rates, as assessed by Annexin V staining (Figures 5G, H). Together these results demonstrated that LIF increases the S-G2-M transition and that this effect was significantly reversed by BAR502 that also increased the percentage of Annexin V+ cells (p<0.05) (Figure 5H).

Since the LIF/LIFR axis promotes EMT in various cell systems (13), we have then investigated whether BAR502 also reverses EMT features in MIA PaCa-2 cells and found that BAR502 (10-20 μM) reversed the induction of vimentin expression, RNA (Figure 6A) and protein (Figures 6B, C) caused by LIF. Furthermore, BAR502 significantly attenuated STAT3 phosphorylation caused by LIF (Figures 6B-D). The inhibition of LIFR exerted by BAR502 also reversed the mRNA expression of the pro-inflammatory factor CXCR4, whose expression was increased by LIF (Figure 6E). Since CXCR4 overexpression is a strong prognostic marker of lymph node involvement and metastasis development in PDAC, this finding might have a translational readout (61).




Figure 6 | BAR502 inhibits in vitro migration in STAT3-dependent signalling. MIA PaCa-2 cells were serum-starved for 24 hours and exposed to LIF (10 ng/mL) alone or in combination with increasing concentrations of BAR502 (5, 10 μM) for 24 hours. Data displayed are: (A) Relative mRNA expression of the EMT markers, VIM. Each value is normalized to GAPDH and is expressed relative to those of positive controls, which are arbitrarily set to 1. (B) Representative Western blot analysis of Vimentin, phospho-STAT3 and STAT3 proteins in MIA-PaCa-2 cells exposed to LIF (10 ng/ml) alone or plus BAR502 (10 μM) for 20 minutes. (C) Densitometric analysis demonstrating Vimentin/GAPDH and (D) phospho-STAT3/STAT3 ratio. (E) Relative mRNA expression of the prognostic marker, CXCR4. Each value is normalized to GAPDH and is expressed relative to those of positive controls, which are arbitrarily set to 1. (F, G) Scratch wound healing assay. MIA PaCa-2 cell monolayers were scraped in a straight line using a p200 pipette tip; then, they were left untreated or primed with LIF 10 ng/mL alone or in combination with BAR502 10 µM. The wound generated was captured at 0, 24 and 48 h of incubation with the compounds above described. The images show cell migration at the three times point indicated. (G) Images of obtained points were analysed, measuring scraped area and its closure vs the first time point at 0 (h) Results are the mean ± SEM of five samples per group (* represents statistical significance versus NT, and # versus LIF, p < 0.05).



Since the above mentioned data demonstrated that BAR502 prevents the acquisition of a migratory phenotype, we have measured the motility of MIA PaCA-2 cells using a wound healing assay (Figure 6F). To this end, MIA PaCa-2 cells were growth in a complete serum starved DMEM medium and after the production of a scratch (Day 0), cells were exposed to 10 ng/mL LIF, alone or in combination with BAR502 (10 µM). The gain in the capacity of cells to differentiate into a migratory phenotype was calculated as the area between the two scratch edges at prespecified time points: 0 h, 24h and 48 h. As illustrated in Figures 6F, G, LIF induced cell migration and promoted the wound closure with a reduction of the scratch area by ≈ 16%. These findings were reversed by treatment with BAR502 that significantly decreased MIA PaCa-2 detachment and migration, with a reduction of ≈40% compared to LIF (p<0.05) (Figure 6G).

Altogether these findings suggest that LIFR antagonism in PDAC cell lines reduced cell proliferation and migration by reducing STAT3 phosphorylation.





BAR502 anti-cancer activity is due to LIFR inhibition

To tight the biological effect of BAR502 to the LIF/LIFR antagonism, we have synthesized a dual FXR and GPBAR1 antagonist (Figure 7A). To this end we have generated a small library of 3,5-disubstituted isoxazole derivatives as potential dual FXR and GPBAR1 antagonists and tested them in a transactivation assay on FXR and GPBAR1 (data not published). From this library, PDL103 was proven to be a relatively potent novel dual FXR/GPBAR1 antagonist (IC50 = 10 µM and 19 µM, respectively) (Figures 7B, C). PDL103 was also tested in Alpha screen on LIF/LIFR. However, the result shown in Figure 7D, demonstrated that this compound was inactive towards LIF/LIFR complex. Because PDL103 is a dual FXR and GPBAR1 antagonist but is neutral toward LIF/LIFR, this agent represents an useful tool to rule out the involvement of the two receptors in the observed antagonism exerted by BAR502 on the LIF pathway. Indeed, as shown in Figures 7E-G, co-treating MIA PaCa-2 cells with this agent failed to reverse the effect of BAR502 on LIF/LIFR induced proliferation (Panel E and F) and EMT (Panel G).




Figure 7 | The effect of BAR502 is mediated through selectively LIFR inhibition. (A) Scheme 1. Reagents and conditions: a) NH2OH·HCl, NaOH, EtOH, Δ, 98%; b) N-clorosuccinimide, dry DMF, 0°C, 95%; c) propargylic alcohol, NaHCO3, CuSO4·5H2O, sodium ascorbate, t-BuOH/H2O 1:1, quantitative yield; d) methanesulfonyl chloride, TEA, dry THF, 92%; e) methyl 4’-hydroxy-4-biphenylcarboxylate, K2CO3, dry DMF, 0°C, 66%; f) LiBH4, MeOH, dry THF, 0°C, 82%. The synthetic strategy was as following: the commercially available 2,6-dichlorobenzaldehyde (1) was treated with hydroxylamine hydrochloride to form the oxime (2) which was in turn chlorinated with NCS to afford the chloro oxime (3). The 3,5-disubstituted isoxazole 4 was easily obtained as only regioisomer via [3 + 2]-cycloaddition between the 2,6-dichloro-N-hydroxybenzimidoyl chloride (3) and propargyl alcohol in presence of NaHCO3, catalytic CuSO4·5H2O and sodium ascorbate with quantitative yield. The intermediate 4 was then reacted with mesyl chloride and triethylamine to afford the mesyl ester (5) which was in turn coupled to methyl 4’-hydroxy-4-biphenylcarboxylate to afford the methyl esters 6. Finally, reduction with LiBH4 gave PDL103. (B, C) Antagonistic effects of PDL103 on FXR and GPBAR1 transactivation induced by CDCA and LCA, respectively, in HepG2 cells. (D) PDL103 inhibition activity of LIFR/LIF binding accessed by a cell-free AlphaScreen assay. (E) MTS assay performed on MIA PaCa-2. Each value is expressed relative to the non-treated (NT) value, which is arbitrarily set to 1. Results are the mean ± SEM of 10 samples per group. Relative mRNA expression of the proliferative marker  (* represents statistical significance versus NT; # versus LIF; + versus PDL103) (F) KI-67 and (G) the EMT marker SNAIL1. Each value is normalized to GAPDH and is expressed relative to those of positive controls, which are arbitrarily set to 1. Results are the mean ± SEM of 5 samples per group.







RNAseq analysis of the effects of BAR502 on MIA PaCa-2 cells

To further characterize the transcriptional profile modulated by exposure to LIF and BAR502, a AmpliSeq Transcriptome analysis (RNAseq) was conducted on MIA PaCa-2 cells left untreated or challenged with LIF alone or in combination with BAR502 (10 µM). The Principal Component Analysis (PCA) of the resulting transcriptome (Figure 8A) highlighted major dissimilarities between MIA PaCa-2 left untreated or treated with LIF and LIF/BAR502. Figure 8B displayed the Venn Diagram analysis of differentially expressed transcripts. As shown in Figure 8B, the analysis identified 2.043 transcripts differentially regulated across the three experimental groups: 168 transcripts were differentially modulated by LIF versus control cells (Subset A); 1.906 transcripts were differentially modulated by exposure to LIF/BAR502 in comparison to LIF alone (Subset B), while the AB subset includes only 31 transcripts that were modulated by LIF and LIF/BAR502 in comparison to control (NT) cells. The Scatter Plot (Figure 8C) of the 1.906 transcripts demonstrated that 884 transcripts were up-regulated and 1022 were down-regulated (Figure 8C). Then, the per pathways analysis of these differentially expressed transcript sets was performed using the TAC software (Affymetrix) to inspect the molecular pathways modulated by the exposure of MA PaCa-2 cells to LIF and BAR502. As illustrated in Figure 8D, the higher number of downregulated genes belong to the cell cycle (35 genes), G1 to S cell cycle control (21 genes), mitotic G1 phase and G1/S transition (19 genes), mitotic S-G2/M phases (15), DNA replication (17 genes), PI3K-Akt signalling pathway (19 genes). In contrast, the highest up-regulated genes fell in to the p53 transcriptional gene network (18 genes) and Apoptosis (11 genes) (Figure 8D). Within the genes that belonged to these pathways, the most downregulated gene by BAR502 was the Kinesin Family Member 20A (KIF20A) with a Fold Change (FC) of -17,49. KIF20A is a motor kinesin protein involved in mitosis process (62). The overexpression of KIF20A occurs in several tumours, including gastric cancer (GC) (63), lung cancer (64), cervical cancer (65), glioma (66) and also PDAC (67). In addition to KIF20A, BAR502 potently downregulated the expression of the Ribonucleotide reductase subunit M2 (RRM2), (FC: -14,34) (68) and TNF Receptor Superfamily Member 1B (TNFRSF1B or TNFR2) (FC: -11,72) (69) and DNA topoisomerase II alpha (TOP2A) (FC: -9,61), an important regulator of DNA replication and cell cycle progression and up-regulated in PDAC (70). On the other hand, exposure to BAR502 increased the expression of a number of genes, including the Solute carrier family 7 member 11 (SLC7A11) (FC: 35,54), a cysteine transporter involved in the inhibition of the ferroptosis programmed cell death (71), that was the most upregulated gene, and the Cyclin D2 (CCND2) (FC: 16,13) (72) and Sestrin 2 (SESN2) (FC: 15,84) (73),, whose expression are robustly reduced in PDAC cells (74).




Figure 8 | RNA-seq analysis of BAR502 effects on MIA PaCa-2 cells exposed to LIF alone or in combination with BAR502. MIA PaCa-2 cells were serum-starved for 24 hours and exposed to LIF (10 ng/mL) alone or in combination with increasing concentrations of BAR502 (10 μM) for 24 hours. (A) Heterogeneity characterization of the three experimental groups as shown by principal component analysis (PCA) plot. (B) Venn diagram of differentially expressed genes showing the overlapping region between the three experimental groups. (C) Scatter plots of transcripts differentially expressed between different experimental groups (fold change <−2 or >+2, p value < 0.05). Red dots represent significantly upregulated genes, and green dots represent significantly downregulated genes. (D) Table showing pathway modulated by LIF plus BAR502 versus LIF.








Discussion

LIF is the most pleiotropic member of the IL-6 family of cytokines and controls multiple biological functions, including the stem cell ability to “self-renew”, the embryonic implantation and placental formation and cell proliferation and differentiation (10). LIF exploits its function by binding to an heterodimeric membrane receptor complex assembled by the LIFR and glycoprotein 130 (gp130) (12). LIFR lacks an intrinsic tyrosine kinase activity, but either LIFR and gp130 are constitutively associated with of cytoplasmic tyrosine kinases belonging to the Jak family (55). Consequently, binding of LIF to LIFR induces the assembly of the heterodimeric complex LIFR:gp130 and promotes a Jak-Tyk phosphorylation and propagation of downstream signalling (75).

The LIF/LIFR axis plays a central role in tumour growth and progression, regulating key aspects of cancer biology including cancer cell growth, proliferation, migration and chemotherapy resistance (76). Consistent with this view, an aberrant production of LIF and/or an increase in the circulating levels of LIF correlate with tumour chemoresistance in several solid cancers (60).

LIF acts as a growth factor in PDAC cells (12) and high levels of LIF expression occur in human PDAC and correlate with a shorter overall survival (12). LIF/LIFR signalling promotes tumorigenesis and metastasis by the upregulation of LIF/LIFR-JAK-STAT3 signalling via autocrine and paracrine mechanisms (77). We have previously demonstrated that inhibition of the LIF/LIFR axis reversed the increased proliferation rate and propensity to develop a EMT phenotype in MIA PaCa-2 and PANC-1 cells. More specifically we have reported that the small steroidal molecule LIFR inhibitor, EC359, reduced the mRNA expression of VIM and Snail1, validating the potential role of LIFR as therapeutic target in PDAC (20).

Prompted by these findings and by the fact that steroids such as mifepristone, an antiprogesterone agent, effectively counteracted the effects of LIF on PDAC cells, we have embarked in a screening project of an in-house library of natural and synthetic bile acids. This screening allowed us to show that LCA, CDCA and BAR502 exert LIFR antagonism. By Alpha screen assay, we have then confirmed that BAR502 is a potent LIFR inhibitor with an IC50 of 3.59 µM. Traditionally, bile acids have been linked to development of gastrointestinal and liver cancers, but the putative mechanisms have remained elusive. In contrast, a number of recent investigations, as detailed in the introduction, have shown the opposite, suggesting that bile acids might exert anti-tumour effects in solid cancers (26), but these effects are strictly dependent on their concentrations, cellular microenvironment and expression of key receptors such as FXR and GPBAR1 (30). In general, it appears that low concentrations of bile acids exert anti-cancer effects, while in super-physiological concentrations, bile acids promote cell proliferation, migration and invasion. This phenomenon is due to their amphipathic structure and the activation of off-target mechanisms not observed at physiological concentrations.

By computational analysis we have clarifies the structural requirement for the binding to LIFR. Our results indicated that natural bile acids and BAR502 bind to the same pocket within loops L2 and L3 of LIFR. Because these two loops are involved in LIF binding to hLIFR, we speculated that antagonism of BAR502 against LIFR is due to the ability of this agent to prevent LIF/LIFR binding. Moreover, molecular dynamic analysis of the BAR502 in conjunction with LIFR showed a stable binding mode of BAR502 over the time of the simulation. The binding was stabilized by H-bonds of the ligand 3-, 7- and 23-OH, and by hydrophobic contacts with both L2, L3 and β-sheet residues with the steroidal agent. Importantly we found that the 6-ethyl group contributed to further stabilize the binding mode through the contact with the Cβ of Asn339, entrapping the A and B rings in a box formed by Arg333, Asn339, Val311 and Ala315 (Figure 3A). The computational results highlighted that the binding of BAR502 within loops L2 and L3 might impact with the position of L2 and L3 widening the distance between the two loops (Figure 3B), likely affecting the 3D structure of the whole LIF binding site.

To further characterize functionally the relevance of LIFR inhibition caused by BAR502, we have assessed whether BAR502 counteracts the effects exerted by LIF in MIA PaCa-2 cells. The results of these experiments were consistent with the cell-free assay and demonstrated that BAR502 effectively counteracted the pro-oncogenic effects caused by LIF in a concentration-dependent manner and in a FXR/GPBAR1 independent manner, reducing cell vitality, the number ki-67+ cells and increasing the frequencies of cells in the resting G0-G1 cell cycle phase, blocking S-G2-M transition and increasing the frequencies of AnnexinV+ apoptotic cells. Similarly, BAR502 reversed EMT features, diminished the regulation of Vimentin, CXCR4 and the gain of the migratory phenotype, and STAT3 phosphorylation induced by LIF, further suggesting a potential utility in counteracting the pro-oncogenic activity of LIF/LIFR pathway.

In order to better dissect the molecular mechanisms that mediates anti LIF/LIFR effects of BAR502, we have carried out a RNAseq analysis on MIA PaCa-2 cells exposed to LIF. The results of these studies demonstrated that antagonism of LIF/LIFR exerted by BAR502 was supported by regulation of the expression of large group of genes, including 35 genes involved in the Cell cycle modulation, 21 genes involved in G1 to S cell cycle control, 19 genes in G1-S phase transition, 17 genes involved in DNA replication, 15 genes involved in the G2/M shift, 18 in p53 transcriptional gene network and 11 in apoptosis. The most downregulated of these genes was KIF20A, a motor kinesin protein involved in mitosis process and in the trafficking of organelles and vesicles. Positive expression of KIF20A correlates with a poor prognosis and tumour growth and progression in early-stage of several types of cancer including breast (78), colorectal (79) and cervical cancers (65) but also PDAC (67) and glioma (80). Overexpression of KIF20A enhances resistance to chemotherapy (79) while KIF20A inhibition reduces cell proliferation, migration and invasion of pancreatic cancer cells in PDAC (67). In addition to KIF20A, BAR502 reduced the expression of LIF-induced RRM2 in MIA PaCA-2 cells. Expression RRM2 correlates with a poor prognosis in several tumours including lung cancer (81) and PDAC (82). Also, RRM2 is a validated biomarker of sensitivity of PDAC to chemotherapy, and it is demonstrated that the high levels of RRM2 predict poor prognosis and resistance to gemcitabine in PDAC patients (66, 83).

Another gene that was downregulated by BAR502 in LIF-challenged MIA PaCa-2 cells was TNFR2, one of two membrane receptors that binds tumour necrosis factor-alpha (TNFα) (84). TNFR2 is expressed by immunomodulatory cells such as myeloid-derived suppressor cells (MDSCs) (85) and regulatory T cells (Tregs) (86), and plays a central role in their homeostasis by regulating their expansion, enhancing their phenotypic stability and immune-suppressive abilities (87). High expression of TNFR2 is a characteristic of tumour-associated Treg that promotes cancer growth by hindering the anti-tumour immune responses (85, 88, 89). TNFR2 regulates the transcription of PDL1 via the p65 NF-κB pathway, suggesting that BAR502 by downregulating the expression of TNFR2, might restore immune surveillance of pancreatic cancer cells in PDAC (69).

BAR502 also modulated the expression of a groups of genes whose expression is usually suppressed in neoplastic tissues in comparison to non-neoplastic counterparts (Figure 9). Exposure to BAR502 robustly increased the expression of SSN2, a highly conserved stress-induced protein. SSN2 is secreted by macrophages, T lymphocytes and epithelial cells, in a wide variety of stress conditions such as oxidative stress, hypoxia or DNA damage, and inhibits the accumulation of reactive oxygen species (ROS) through the activation of the nuclear factor-erythrocyte 2-related factor (Nrf2) signalling. SSN2 plays a tumour suppressive role by the inhibition of tumour growth and the activation of autophagy process, regulating the mTOR/AMPK signalling pathway (90).




Figure 9 | BAR502 modulated genes generally regulated aberrantly in PDAC. RNA-seq analysis of non-neoplastic and neoplastic mucosa of PDAC from GSE196009 repository. Each dot represents a patient. Data shown represent the gene profile expression of (A) genes upregulated in human PDAC, which are downregulated by BAR502 exposure in MIA PaCa-2 cells. (B) genes down-regulated in human PDAC, which are upregulated by BAR502 exposure in MIA PaCa-2 cells.



In summary, by molecular modelling and pharmacological experiments, we have shown that BAR502 binds LIFR and acts as LIF/LIFR inhibitor. BAR502, a semisynthetic bile alcohol steroidal agonist (42), functions as a potent LIFR antagonist, directly binding within the loops L2 and L3 of the Ig-like domain of LIFR, and preventing its activation and signalling. BAR502 decreases PDAC cell proliferation and slows down cell cycle progression, arresting PDAC cells in the G0–G1 phases and retarding the transition toward S-G2-M phase. BAR502 promotes the apoptosis of PDCA cells and reverses the migratory phenotype induced by LIF.

The present study has several limitations. The most relevant of which is that the role of LIF/LIFR system has been tested in in vitro models and therefore the real anti-cancer potential of BAR502 in PDAC should be further investigated in clinically relevant settings.

In conclusion, in the present study we have described a dual GPBAR1/FXR agonist as a potential antagonist of LIFR and suggested that BAR502 could be used to regulate the LIF/LIFR pathway in relevant clinical settings such as LIF overexpressing-PDAC.
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Malignant ascites is the accumulation of fluid in the peritoneum as a result of advanced cancer and often signifies the terminal phase of the disease. Management of malignant ascites remains a clinical challenge as symptom palliation is the current standard of cure. Previously, studies examining malignant ascites largely focused on ovarian and gastric cancer. In recent years, there has been a significant increase in research on malignant ascites in pancreatic cancer. Malignant ascites is usually diagnosed based on positive cytology, but cytology is not always diagnostic, indicating the need for novel diagnostic tools and biomarkers. This review aims to summarize the current understanding of malignant ascites in pancreatic cancer and the recent advances in the molecular characterization of malignant ascites fluid from patients with pancreatic cancer including analysis of soluble molecules and extracellular vesicles. Current standard of care treatment options such as paracenteses and diuretics are outlined along with new emerging treatment strategies such as immunotherapy and small-molecule based therapies. New potential investigative directions resulting from these studies are also highlighted.
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Introduction

Pancreatic cancer is a highly lethal disease with a 5-year survival rate of <11% (1). It is currently the third leading cause of cancer death in the United States and is projected to be the second by 2026 after lung cancer (2, 3). Pancreatic ductal adenocarcinoma (PDAC) which accounts for 90% of all pancreatic cancer cases is among the most lethal of all cancers (4). Surgical resection offers the only hope for cure for patients with PDAC but, unfortunately, is only applicable in 10-15% of patients. Prognosis remains very poor with a 5-year survival of < 1% for patients with advanced metastatic disease (5). One main factor that contributes to the poor prognosis for patients with late stage PDAC is its resistance to chemotherapy and targeted therapies including immunotherapies. The current standard of care therapies such as FOLFIRNOX and gemcitabine plus nab-paclitaxel only extend patient survival by 2-6 months (6–8). One important factor that affects the quality of life and significantly reduces the survival of patients with PDAC is the development of malignant ascites (MA).

Malignant ascites (MA) is defined as the accumulation of fluid in the peritoneal cavity due to cancer that causes troublesome symptoms such as pain, loss of appetite, dyspnea, nausea, and reduced mobility (9). It accounts for approximately 10% of all ascites cases and is prevalent in ovarian, colorectal, pancreatic, gastric, and primary peritoneal cancers (10). Since MA is predominantly associated with ovarian cancer and breast cancer, there is a higher occurrence of MA in women compared to men (11). Around 20% of MA cases have an unknown primary tumor, and 50% of cases present with ascites at initial diagnosis (12). A retrospective study of 209 patients of 17 different cancer types finds that MA is associated with advanced stage or metastatic disease and is a poor prognostic sign with a reported patient survival of less than 6 months upon presentation (11).

While the onset of MA is associated with reduced quality of life and a poor prognosis, there remains no generally accepted evidence-based guidelines for treatment (13). Additionally, there are no preventive measures for MA development due to a lack of clinical predictors. With a wide range of symptoms including abdominal distension, impaired mobility and respiration, and swelling of limbs, MA requires prompt management focusing not only on symptomatic relief but reduction of disease and recurrence. As Saif et al. suggest, individualized treatment is the logical approach to treating patients with MA (13). However, the majority of MA treatments aim towards the palliation of symptoms as there are few effective therapeutic treatments. Thus, new biomarkers and therapeutic targets for more effectively treating patients with MA are urgently needed. This review describes the current state of the characterization and treatment of malignant ascites in PDAC patients while highlighting the recent advances in molecular profiling and novel therapeutics development to guide more effective and individualized treatment of MA beyond simple palliation of symptoms.





Pathophysiology and clinical manifestation of malignant ascites in PDAC

The pathophysiology of malignant ascites in PDAC and other cancers is complex and multifactorial and is yet to be completely understood. Our current understanding of the mechanism of MA formation mainly comes from studies in ovarian and other non-PDAC tumor types. The main physiological factor of MA development is the increased permeability of tumor vessels causing forced production and release of peritoneal fluid (14). Ascites fluid from patients with peritoneal carcinomatosis (PC) has a positive cytology with elevated protein concentration and low (<1.1 g/dL) serum-ascites albumin gradient (SAAG) (15). The elevated protein concentration indicates an alteration in vascular permeability allowing large molecules (i.e., proteins) to accumulate in the intraperitoneal space. This increased permeability has been shown to be caused by marked neovascularization of the parietal peritoneum and glycoprotein production (16). In a study by Garrison and colleagues using a rat breast cancer MA model, infusion of cell-free malignant ascites into the intraperitoneal space resulted in an increase in edema formation in omental vessels, indicating there exists a tumor-induced factor(s) in the fluid that alters vessel permeability and promotes the formation of MA (17). Furthermore, the levels of vascular endothelial growth factor (VEGF) which allows movement of molecules across the vascular endothelium in both normal physiological and pathological disease states were found to be elevated in MA compared to benign ascites and is believed to play an important role in altering vascular permeability and tumor growth (18). One other factor that contributes to the formation of MA is lymphatic obstruction (16). In healthy individuals, lymphatic drainage and differences in oncotic pressure allow for fluid reabsorption. In a mouse MA model for ovarian cancer, obstruction of lymphatic drainage was found to prevent peritoneal fluid absorption and lead to the formation of MA (19). In pancreatic cancer, portal hypertension (PH) induced by portal vein obstruction due to direct tumor invasion and extraluminal compression can also lead to the formation of ascites (20). Although ascites caused by PH can be cytology negative, in many cases they have a positive cytology with evidence of peritoneal carcinomatosis (21). Approximately 23% of ascites cases are associated with PH in pancreatic cancer, which is one of the highest cancer types studied (21). Overall, up to 30% of patients with PDAC develop MA (22).

The clinical manifestation of MA in patients with PDAC is similar to that of patients with other cancer types such as ovarian and gastric cancer. Despite this similarity, overall survival (OS) differs with MA of ovarian origin having better median survival than that of gastrointestinal (GI) origin including pancreatic cancer (11). One reason for this difference is because patients with GI cancers are more likely to have liver metastases which have been associated with significantly poor survival. Frequently reported symptoms in PDAC patients include abdominal distention/discomfort, shortness of breath, weight gain, nausea, and vomiting (23). In a study with 180 PDAC patients who presented/developed ascites, Hicks et al. reported a median overall survival of 1.8 months after ascites development (23). These results are supported by several studies with smaller cohort sizes. For instance, both Zervos et al. (24) and DeWitt et al. (25) reported a median OS of ~ 2 months after ascites development whereas Takahara et al. (22) reported an OS of 47 days regardless of the time of onset. In a case-control study, Baretti et al. confirmed that PDAC patients with ascites had a higher risk of death compared to patients without ascites (OS = 10.2 vs. 15.2 months, P < 0.001) (26). Alshuwaykh et al. found that patients with pancreatic cancer with evidence of PC had higher 1 and 5-year mortality rates compared to those without PC (68% vs. 33%, p = 0.04 and 57% vs. 17%, p = 0.02, respectively) (21).





Diagnosis of MA

In addition to malignancy, a number of other conditions can also cause the formation of ascites including cirrhosis, kidney failure, congestive heart failure, nephrosis, and pancreatitis. To differentiate benign ascites from malignant ascites, cellular and/or molecular analyses of the fluid are necessary as physical exams or radiographic techniques alone are not able to distinguish between the two. As noted above, malignant ascites fluid usually has a positive cytology with elevated protein concentrations and low SAAG (27). However, cytology is not diagnostic in some cases and SAAG can be insensitive and non-specific, which requires additional analyses to accurately diagnose MA in patients with PDAC. In a retrospective analysis of 62 patients with PDAC who presented or developed ascites during the course of their disease and had their ascites fluid analyzed only 36 (58%) had positive cytology and the majority (82%) of the patients had a SAAG ≥ 1 (23). This highlights one of the challenges in managing PDAC patients with ascites as multiple paracentesis may be necessary to confirm the presence of malignancy. To this end, Han et al. reported that mutations identified in tumor DNA isolated from ascites fluid from patients with ovarian cancer agree with those identified in the corresponding primary tumor tissues, which provides a potentially new tool for diagnosing malignant ascites (28). In addition, Li et al. report that combining cytological tests with telomerase activity assay significantly enhances the differential diagnosis between malignant and non-malignant ascites (29). Cytokines such as Interleukin 6 in ascites have also been found to have higher sensitivity and specificity as a diagnostic marker for ovarian cancer (30). These potential biomarkers have yet to be studied in PDAC and their utility in diagnosing MA in patients with PDAC needs future exploration.





Molecular characterization of malignant ascites in PDAC

To improve the outcome of PDAC patients with MA, new biomarkers and therapeutic targets are urgently needed for better diagnosis/monitoring of MA and development of more efficacious therapies. Recently, a number of molecular profiling studies aimed at examining the different contents of MA such as soluble molecules (proteins, DNA, and RNA), extracellular vesicles (EVs), and cells have provided new insights into the MA biology and present new opportunities for the development of new biomarkers and therapies (Figure 1).




Figure 1 | Molecular characterization of malignant ascites in PDAC.



Proteomic analysis of ascites from patients with advanced PDAC or patients with liver cirrhosis by Kitamura et al. revealed 18 malignant ascites-specific proteins. The most frequent were CD13, lymphatic vessel endothelial hyaluronan receptor 1, ficolin-3, and V-set and immunoglobulin domain containing 4 (31). Using high-resolution mass spectrometry Kosanam et al. also identified 816 proteins from MA samples of PDAC patients, 20 of which (membrane or extracellular proteins) were further selected as candidate biomarkers that warrant further validation (32). Detecting gene mutations that are commonly found in PDAC tumors in DNA or cells derived from ascites of PDAC patients has also been explored as a method for diagnosing MA. Using targeted next generation sequencing, Bae et al. found KRAS mutations in cells derived from 5 out of 6 pancreatic cancer MA samples, but none was detected in the 3 ascites samples with suspected malignancy by cytology analysis (tumor cells ≤ 2%) (33). Unfortunately, the KRAS mutational status in the primary tumors for those cases were not reported, hence the accuracy or sensitivity of the detection cannot be established. In an extensive KRAS mutation analysis using PCR amplification of DNA samples isolated from supernatant (cell-free) and cells from ascites fluid as well as primary tumor tissues, Yamashita and colleagues detected KRAS point mutations in 8 out of 9 ascites supernatant samples from patients with pancreatic cancer including 2 cases of negative cytologic diagnosis (34). Direct sequencing also confirmed that the KRAS point mutations detected in the ascites supernatant were identical to those found in ascites cell pellets, microdissected malignant cells from cytologic smears, and primary tumor tissues (34). The proteins and mutations identified in these studies warrant investigation as biomarkers and therapeutic targets in PDAC.

One of the areas that attracted significant attention in the past few years is the characterization of EVs in MA to identify new therapeutic targets and biomarkers. EVs are membrane bound vesicles released into the extracellular space from the cell that contain bioactive molecules such as lipids, proteins, DNA, and RNA. They play important roles in tumor invasion, tumor progression regulation, and neovascularization. Recent studies have shown that EV cargos such as proteins, DNA, and miRNAs can be used as specific markers of PDAC by comparing expression between healthy controls and PDAC patients. For example, higher levels of serum exosomal c-Met and PD-L1 have been correlated with shorter postoperative survival time and thus are possible prognostic factors (35). There have been few studies concerning EVs from ascites fluid of patients with PDAC. Sakaue et al. reported that a higher glycosylation level of CD133 in EVs from ascites could indicate better prognosis for patients with advanced PDAC (36). Proteomic analysis reveals that membrane proteins, glycoproteins, and small GTP binding proteins are enriched in EVs released from PDAC cells and some of them (e.g., CD73) can be detected in EVs derived from MA of PDAC patients (37). Further characterization of EVs in PDAC MA is necessary to explore biomarker and treatment possibilities as done in other cancer types. For example, a phase 1 clinical trial found combining autologous EVs from ascites with granulocyte-macrophage colony stimulating factor to be a possible colorectal cancer treatment (38).





Current treatment options of malignant ascites in PDAC

Current standard of care for malignant ascites in patients with PDAC focuses solely on the palliation of symptoms (Table 1). Common therapies for managing MA include paracenteses and diuretics. While paracentesis is effective in relieving symptoms, it requires repeated treatment which depletes the patients of protein and electrolytes (9). Permanent drains such as the Pluerx and dialysis catheters have been developed to overcome the need of repeated paracentesis. While the permanent drains are an effective alternative to large volume paracentesis, they come with the risk of developing peritonitis, inflammation of the peritoneum due to infection (40). For patients with PDAC, paracentesis provided relief of symptoms in 93% of patients, but only with a mean effect duration of about 10 days (39). Peritoneovenous shunts have also been used to drain MA fluid, but is associated with complications such as shunt occlusion, ascitic leak, and pulmonary edema (57). While not as effective as paracentesis, diuretics such as spironolactone and furosemide have also benefited patients. However, when used in high doses, diuretics can cause systemic blood volume depletion and renal dysfunction (9).


Table 1 | Treatment options and their outcomes for MA in patients with PDAC.



For patients with PC more aggressive therapeutic approaches such as debulking surgery combined with chemotherapy administered at the end of surgery, known as hypothermic intraperitoneal chemotherapy (HIPEC), and pressurized intraperitoneal aerosol chemotherapy (PIPAC) in which diagnostic and staging laparoscopy is combined with an aerosolized drug administered using a high-pressure micro-injection pump have been used in treating MA (Table 1). A study employing laparoscopic HIPEC reported complete resolution of ascites in 94% of the 52 patients with PC (42). A Phase I trial of patients with peritoneal metastases of breast, ovarian, and gastrointestinal cancers including pancreatic cancer given PIPAC using nanoparticle albumin bound paclitaxel (NAB-PTX) demonstrated positive responses in 35% of patients with an overall one-year survival rate of 57% (43). Additionally, Frassini and colleagues compared the benefits of cytoreductive surgery combined with HIPEC, PIPAC, or normothermic intraperitoneal chemotherapy (NIPEC) in a meta-analysis of 212 PDAC patients with or without PC. The authors found that patients treated with HIPEC had a favorable 3-year survival rate of 24% compared to 5.3% and 7.9% for those treated with PIPAC and NIPEC, respectively (44).

There have been a handful of reports on small-molecule-based therapies for malignant ascites in patients with PDAC (Table 1). Shukuya et al. reported a decrease in ascites volume by 30% and an ascites control rate of 60% when patients were given paclitaxel weekly (Direct intravenous infusion for 1 hour) after failure of gemcitabine (45). Fan et al. reported in a retrospective study that treatment with intraperitoneal cisplatin and intravenous gemcitabine combined with regional hypothermia treatment was well tolerated by pancreatic cancer patients with MA with 13 out of 29 patients demonstrating a partial response and an overall survival of 195 days (46). In a Phase I/II clinical trial, Yamada et al. found that adding intraperitoneal paclitaxel to the standard of care intravenous nab-paclitaxel + gemcitabine led to the disappearance of ascites in 12 out of 30 PDAC patients with PC and a median overall survival of 14.5 months (47). Furthermore, patients who underwent conversion surgery did not reach median survival after 30 months follow-up. Adverse side effects observed include grade 3-4 neutropenia in 70% of the patients (47).

Therapeutic antibodies and proteins have also been explored as treatment options for MA. One example is the trifunctional monoclonal antibody catumaxomab administered by intraperitoneal infusions. Catumaxomab binds to epithelial tumor cells via the epithelial cell-adhesion molecule (EpCAM) and T-cells via CD3. It also activates Fcγ-receptor I-, IIa- and III-positive accessory cells through its functional Fc domain (58). In a randomized Phase II/III study in patients with epithelial cancers including pancreatic cancer, catumaxomab combined with paracentesis was found to lengthen puncture-free survival by 35 days compared to paracentesis alone (46 vs. 11 days, P < 0.0001) (48). Patients treated with the antibody also had fewer ascites signs and associated symptoms. Inhibiting the VEGF pathway may be beneficial in treating MA. In a case report of a 64-year-old PDAC patient given oral apatinib, which targets VEGF receptor 2, combined with intravenous gemcitabine, Liang et al. described that after 1 month of treatment, the patient no longer needed paracenteses and after 10.5 months of treatment, the patient achieved a progression-free survival for 11 months (49). The antiangiogenic antibody, bevacizumab, which targets the angiogenesis factor VEGF, has also been tested for treating MA in patients with pancreatic cancer. In a Phase II study of intraperitoneal bevacizumab for control of MA in gastrointestinal cancers of which the majority (56%) were patients with pancreatic cancer, Jordan et al. found that the treatment was well tolerated but did not result in statistically significant improvement in paracentesis-free survival compared to the placebo control (14.0 vs. 10.5 days, P = 0.16) (50).

In addition, immunotherapies have been investigated as potential treatment options. Wang et al. recently described a case in which a PDAC patient with MA responded to intraperitoneal nivolumab treatment after failed to respond to intraperitoneal paclitaxel. The amount of MA decreased significantly, and paracenteses was no longer needed after 7 doses (20 mg/dose) of intraperitoneal nivolumab with cancer cells barely detectable in the ascites fluid (52). Other immunotherapies such as cell-free and concentrated ascites reinfusion therapy (CART) have also shown promising results as therapy. Shirakawa et al. reported a positive response to CART in a patient with unresectable pancreatic cancer allowing her to have oral intake of chemotherapy (53). Additionally, cytokine expression profiling indicates that interferon-gamma (IFN-γ) and interleukin 12 levels increased in ascites after CART treatment, which may contribute to the growth inhibition of pancreatic cancer cells (54). This points to their potential as biomarkers for assessing clinical efficacy of CART procedures. Other novel immunotherapy regimens have also been investigated. Chen et al. report a case of combined autologous ex vivo expanded natural killer (NK) cells and programmed cell death 1 (PD-1) inhibitor therapy in a pancreatic cancer patient with peritoneal metastasis (55). Promising activity was observed with activation of multiple immune cell types and elimination of cancer cells in the ascites after treatment.

Several other novel approaches have also been explored for treating MA in patients with PDAC. Zhang and colleagues tested an oncolytic virotherapy H101 engineered to specifically target cancer cells with aberrant p53 function in patients with GI cancers (56). Intraperitoneal treatment with H101 was found to induce intraperitoneal immune activation with an increase in both the number of CD8+ cells and PD-1 expression in regulatory T cells in the ascites (56). Of the 13 pancreatic cancer patients who received H101, ascites response (>10% reduction in ascites volume) was observed in 5 patients (38.5%) and ascites control (<10% increase in ascites volume) in 8 patients (61.5%). In addition, NK4, an antagonistic peptide against the hepatocyte growth factor receptor, was found to suppress peritoneal dissemination and ascites accumulation in an orthotopic mouse model for PDAC (51). Given that the therapies described above were all only tested in a small number of patients, further studies are needed to validate their clinical efficacy.





Discussion

MA is an indicator of poor prognosis for patients with PDAC. Positive cytology with low SAAG and increased total protein concentration can be used to diagnose MA, but these methods are not always accurate or sufficiently sensitive. Cell-free ascites DNA analysis has been demonstrated to aid the diagnosis of malignant ascites (34). Current treatments for PDAC patients with ascites focus on palliation with the most common being paracenteses and diuretics. New therapies combining debulking surgery with intraperitoneal chemotherapy such as HIPEC, PIPAC, and NIPEC have shown promising activity in PDAC patients with MA (42, 43).

Biologics including catumaxomab and bevacizumab have demonstrated palliation in gastric and ovarian cancer patients with MA but data on their activity in PDAC patients are sparse. Some successes have also been reported for other therapeutic regimens such as apatinib combined with gemcitabine, intraperitoneal nivolumab, and intraperitoneal oncolytic virotherapy in small studies. Further validation of their clinical utility is needed.

Due to the very limited therapeutic options for treating MA in patients with PDAC, it is imperative to identify new therapeutic targets and biomarkers. Thus, specific analysis of ascites fluid is needed. Some molecular characteristics of ascites recently studied in PDAC including EV cargos are showing some promises. Additional studies focusing on EVs as a potential diagnostic tool and therapeutic target could be very fruitful in bringing about novel approaches for managing MA in patients with PDAC.

In recent years, single cell based genomic tools such as single cell RNA sequencing (scRNA-seq) have been widely used to characterize individual cells in tissues and body fluids such as blood, ascites, and spinal fluids. Several scRNA-seq studies have characterized the cells derived from MA of patients with ovarian, gastric, or colon cancers and revealed a plethora of information on their cellular composition and cell state which could help devise new approaches for the diagnosis and treatment of MA for these cancer types (59–62). For example, scRNA-seq of ascites fluid from gastric cancer revealed dynamic changes of the ascites ecosystem during gastric cancer peritoneal metastasis caused by chemotherapy and immunotherapy providing insight on possible differential treatment strategies (63). Systematic and well-designed single cell-based studies for MA from patients with PDAC are lacking at this point. Similarly, DNA sequencing of MA fluid in PDAC could also reveal differences in mutations between ascites and the primary tumor. Finally, molecular characterization of ascites fluid could also lead to discovery of predictive markers for MA in PDAC and consideration of possible preventive therapies. We believe that such studies could not only significantly help advance our understanding of the biology of MA in PDAC but also lead to new diagnostic markers and therapeutic strategies, potentially making a meaningful impact on the outcome of PDAC patients with MA.
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Background

There are currently no standard therapy regimens for the third-line treatment of metastatic pancreatic cancer (mPC) patients. The aim of the present study was to compare the efficacy and safety of different third-line therapy regimens for mPC in the real-world.





Methods

This study retrospectively analyzed mPC patients admitted to Zhejiang Provincial People’s Hospital between June 2013 and January 2023. All patients’ diagnoses were pathologically confirmed and their treatment was continued after the second-line therapy failed. The primary study endpoints included median overall survival (mOS), median progression-free survival (mPFS), and disease control rate (DCR).





Results

A total of 72 patients were enrolled in the study. Of these, 36 patients received chemotherapy alone, 16 received chemotherapy combined with targeted therapy or immunotherapy, 14 received chemotherapy-free antitumor therapy, and six received palliative care. The mPFS value for these groups was 4.40 months, 5.20 months, 2.33 months, and 0.80 months, respectively. The mOS value was 6.90 months, 5.90 months, 3.33 months, and 0.80 months, respectively. The DCR was 33.4%, 31.3%, 21.4%, and 0.0%, respectively. Overall, there were significant differences in prognosis between the palliative care group and the other treatment groups (mOS, P < 0.001; mPFS P < 0.001; DCR, P < 0.001). The differences among the mPFS, mOS, and DCR for different antitumor therapy regimens were not statistically significant. Compared to the chemotherapy alone group, the chemotherapy combined with targeted therapy or immunotherapy group experienced more adverse events (100% vs. 75.0%; P = 0.002). Chemotherapy combined with targeted therapy or immunotherapy was associated with a higher risk of grade 3/4 hyperaminotransferemia compared to chemotherapy alone (31.3% vs. 0.0%; P = 0.020) and chemotherapy-free antitumor therapy (31.3% vs. 0.0%; P = 0.020).





Conclusions

Third-line antitumor therapy can prolong the survival time of patients with mPC. Targeted therapy or immunotherapy failed to further improve survival benefits based on chemotherapy results. Patients who underwent the third-line treatment with good physical status and family history of cancer were independent prognostic factors for longer mOS. The sequencing of fluorouracil and gemcitabine in the front-line therapy did not affect third-line mOS.





Keywords: chemotherapy, immunotherapy, pancreatic cancer, targeted therapy, third-line treatment




1 Introduction

Pancreatic cancer (PC) is a highly aggressive tumor. Its five-year survival rate is 5%–10%, and life expectancy at diagnosis is less than 5 months (1). PC is the fourth leading cause of cancer death in the United States and the sixth in China (2, 3). Since PC occurs deep in the abdomen behind the stomach and in front of the spine, it does not cause obvious symptoms in its early stages. About 50% of patients develop metastases at initial diagnosis, which is a major factor in poor outcomes (4). Among all patients receiving first-line chemotherapy for PC, 57% went on to receive second-line therapy and 22% received third-line therapy (5).

Systemic therapy for locally advanced or metastatic disease has been documented in the National Comprehensive Cancer Network guidelines (6). FOLFIRINOX (category 1) and AG (category 1) are listed as the preferred recommended first-line chemotherapy treatments for patients in good physical condition, while gemcitabine monotherapy is recommended for patients in poor physical condition with metastatic PC (mPC) (7, 8). Almost all PC patients progress within a few months during or after first-line chemotherapy (9). Fluoropyrimidine-based regimen is the recommended subsequent treatment option for patients with a good performance status and those previously treated with gemcitabine-based therapy. Gemcitabine-based regimen is advised for patients with a good performance status and those previously treated with fluoropyrimidine-based therapy. Gemcitabine (category 1), capecitabine, and 5-fluoropyrimidine are suggested for patients with a poor performance status (10, 11). Pembrolizumab is used in an advanced disease setting as the first-line and subsequent treatment for PC patients with high microsatellite instability and mismatch repair-deficiency (12). Larotrectinib or entrectinib can be considered for NTRK gene fusion-positive diseases (13, 14).

Unfortunately, most patients face the challenges of tumor progression, chemotherapy resistance, and toxic effects after receiving second-line chemotherapy. Chemotherapy remains the standard of care for advanced disease. Research into novel therapies is ongoing and includes immunotherapy, targeted therapy, vaccines, and oncolytic viruses. Although most PC patients have gene mutations, there are few approved targeted therapies. New antitumor drugs for various targets are currently being developed and tested (15). PC is considered to be a ‘cold tumor’ in immunotherapy due to its typical bone marrow cell infiltration, lack of CD8+ T cells, and low activation markers. Except for 1% of patients with high microsatellite instability, PC is almost completely unsuitable for immunotherapy (16). According to the national guidelines for diagnosis and treatment of PC in China in 2022, continuing chemotherapy for PC patients who failed to respond to second-line chemotherapy is controversial, and there are no clear chemotherapy regimens to recommend (17). However, chemotherapy is still the most common choice for the third-line treatment in PC patients. There are only a handful of third-line chemotherapy drugs available, and many doctors choose to implement chemotherapy re-challenge programs for these patients (18). The efficacy and safety of various third-line treatments in PC patients are still awaiting confirmation, and clinical predictors for third-line treatment option selection are still lacking.

A considerable number of patients still have sufficient physical strength to receive antitumor therapy when the disease progresses to the third-line stage. The present study aimed to compare the efficacy and safety of different third-line therapies for mPC. The efficacy, safety, and relevance of various combinations of third-line antitumor therapies, including chemotherapy, targeted therapy, and immunotherapy, were explored in order to investigate the status of third-line therapy in mPC.




2 Patients and methods



2.1 Patients

We analyzed 72 patients with mPC who received third-line therapy and were admitted to Zhejiang Provincial People’s Hospital between June 2013 and January 2023. Clinical patient staging was performed according to the American Joint Committee on Cancer guidelines. All procedures were carried out in accordance with the ethical standards of the Committee on Human Experimentation (institutional and national) and the Declaration of Helsinki. The study was approved by the Ethics Committee of Zhejiang Provincial People’s Hospital.




2.2 Therapy schedule

The common chemotherapy regimens for third-line treatment are FOLFIRINOX (oxaliplatin 85 mg/m2, irinotecan 150 mg/m2, leucovorin 400 mg/m2, and 5-fluorouracil 2400 mg/m2 administered every two weeks), FOLFIRI (irinotecan 180 mg/m2, leucovorin 400 mg/m2, and 5-fluorouracil 2400 mg/m2 administered every two weeks), AG (albumin-bound paclitaxel 125 mg/m2 on days 1 and 8 and gemcitabine 1,000 mg/m2 on days 1 and 8 administered every three weeks), GS (gemcitabine 1,000 mg/m2 on days 1 and 8 and S-1 60 mg twice daily on days 1–14 administered every three weeks), CapeOX (oxaliplatin 135 mg/m2 and capecitabine 1000 mg twice daily on days 1–14 administered every three weeks), GX (gemcitabine 1,000 mg/m2 on days 1 and 8 and capecitabine 830 mg twice daily on days 1–14 administered every three weeks), AS (albumin-bound paclitaxel 125 mg/m2 on days 1 and 8 and S-1 60 mg twice daily on days 1–14 administered every three weeks), gemcitabine (gemcitabine 1,000 mg/m2 on days 1 and 8 administered every three weeks), and S-1 (S-1 60 mg twice daily on days 1–14 administered every three weeks). Pembrolizumab (200 mg administered every three weeks) is a common programmed cell death protein 1 for third-line treatment. Apatinib (500 mg administered every day) is a common targeted drug. Clinicians adjusted the drug dose according to the patient’s adverse events (AEs) experienced during therapy.




2.3 Assessment

The tumor response was evaluated based on the revised Response Evaluation Criteria in Solid Tumors (version 1.1) using computed tomography and magnetic resonance imaging every 2–3 treatment cycles. The AEs were evaluated according to the Common Terminology Criteria for Adverse Events (version 5.0).




2.4 Statistical analyses

The median overall survival (mOS) and median progression-free survival (mPFS) rates were the primary endpoints. The disease control rate (DCR) and AEs were the secondary endpoints. All of the statistical analyses were performed using IBM SPSS Statistics software version 26.0 (IBM Corp., Grouponk, NY, NY, USA). Kaplan–Meier method was used to analyze the OS and PFS. Cox proportional regression model was used to analyze the survival and prognosis. Significant factors (P < 0.1) identified using univariate Cox regression analysis were included in multivariate Cox regression analysis. T-test was used for AE comparison between groups.





3 Results



3.1 Efficacy and survival analysis of third-line treatment



3.1.1 Clinical factors for patients

Baseline characteristics of mPC patients who received the third-line treatment are shown in Table 1. A total of 72 patients were enrolled in the study, of which 36 received chemotherapy alone, 16 received chemotherapy combined with targeted therapy or immunotherapy, 14 received chemotherapy-free antitumor therapy, and six received palliative treatment. Patient characteristics were not balanced between each group, including the baseline of Eastern Cooperative Oncology Group Performance status (ECOG PS), first-line treatment, and second-line treatment.


Table 1 | Patient baseline characteristics of third-line treatment.






3.1.2 Efficacy

The mOS values for the chemotherapy alone, chemotherapy combined with targeted therapy or immunotherapy, chemotherapy-free antitumor therapy, and palliative treatment groups were 6.9 months (95% confidence interval (CI), 0.5–13.9 months), 5.9 months (95% CI, 1.6–10.2 months), 3.3 months (95% CI, 0.2–5.0 months), and 0.8 months (95% CI, 0.1–1.5 months), respectively. The mPFS values were 4.4 months (95% CI, 1.8–7.0 months), 5.2 months (95% CI, 2.7–7.7 months), 2.3 months (95% CI, 0.3–4.6 months), and 0.8 months (95% CI, 0.1–1.5 months), respectively. Kaplan–Meier analysis showed that the mOS and mPFS values in mPC patients who received chemotherapy alone (P < 0.001; P < 0.001), chemotherapy combined with targeted therapy or immunotherapy (P < 0.001; P < 0.001), and chemotherapy-free antitumor therapy (P < 0.001; P < 0.001) were greater than those in patients who received palliative treatment. There was no statistical difference in mOS and mPFS between groups of mPC patients who received antitumor therapy, chemotherapy alone, and chemotherapy combined with targeted therapy or immunotherapy (P = 0.588; P = 0.783), chemotherapy alone and chemotherapy-free antitumor therapy (P = 0.061; P = 0.189), chemotherapy combined with targeted therapy or immunotherapy and chemotherapy-free antitumor therapy (P = 0.265; P = 0.154; Figure 1).




Figure 1 | Kaplan-Meier curve in patients treated with third-line treatment. (A) OS in patients treated with chemotherapy alone, chemotherapy combined with targeted or immunotherapy, chemotherapy-free antitumor therapy, and palliative care. (B) PFS in patients treated with chemotherapy alone, chemotherapy combined with targeted or immunotherapy, chemotherapy-free antitumor therapy, and palliative care. OS, Overall survival; PFS, Progression-free survival.



The DCRs for the chemotherapy alone, chemotherapy combined with targeted therapy or immunotherapy, chemotherapy-free antitumor therapy, and palliative treatment groups were 33.4%, 31.3%, 21.4%, and 0.0%, respectively. The DCRs for mPC patients who received chemotherapy alone (P < 0.001), chemotherapy combined with targeted therapy or immunotherapy (P < 0.001), and chemotherapy-free antitumor therapy (P < 0.001) were higher than those for patients who received palliative treatment. There was no statistical difference in DCRs between mPC patients who received antitumor therapy, chemotherapy alone, and chemotherapy combined with targeted therapy or immunotherapy (P = 0.565), chemotherapy alone and chemotherapy-free antitumor therapy (P > 0.999), chemotherapy combined with targeted therapy or immunotherapy and chemotherapy-free antitumor therapy (P > 0.999; Table 2).


Table 2 | Rates of response in patients of third-line treatment.






3.1.3 Cox proportional hazards regression analysis

Cox proportional hazards models and Kaplan–Meier analysis used for patients undergoing the third-line treatment showed that female patients (Figure 2A), patients with ECOG PS 0–1 (Figure 2B), and those with family history of cancer (Figure 2C) were more likely to respond to the third-line treatment (Supplementary Table 1). Patients with family history of cancer were particularly suitable for the chemotherapy alone regimen (Supplementary Table 2; Figure 2D). There was no independent factor in multivariate Cox proportional hazards models of patients treated with chemotherapy combined with targeted therapy or immunotherapy (Supplementary Table 3) or with chemotherapy-free antitumor therapy (Supplementary Table 4).




Figure 2 | Independent significant factors of long-term survival in third-line treatment and chemotherapy alone treatment. (A) Women treated with third-line treatment have longer OS than man (P = 0.006). (B) Patients treated with third-line treatment, with ECOG PS 0-1 have longer OS than patients with ECOG PS ≥2 (P < 0.001). (C) Patients treated with third-line treatment, with family history of cancer have longer OS than patients without family history of cancer (P = 0.035). (D) Patients treated with chemotherapy alone, with family history of cancer have longer OS than patients without family history of cancer (P = 0.021). OS, Overall survival; ECOG PS, Eastern Cooperative Oncology Group Performance status.






3.1.4 Safety

The AE data for 72 patients are listed in Table 3. Most patients (63, 87.5%) experienced different degrees of AEs, and more than half of patients experienced grade 3/4 AEs (39, 54.2%). Compared to the chemotherapy alone group, chemotherapy combined with targeted therapy or immunotherapy group experienced more AEs (100.0% vs. 75.0%; P = 0.002). However, there was no statistical difference between the two groups in grade ¾ AEs (75.0% vs. 47.2%; P = 0.056). Compared to the chemotherapy alone (0.0% vs. 31.3%; P = 0.020) and chemotherapy-free antitumor therapy (0.0% vs. 31.3%; P = 0.020) groups, the chemotherapy combined with targeted therapy or immunotherapy group experienced more grade 3/4 leukopenia.


Table 3 | Rates of AEs in patients of third-line treatment.






3.1.5 Dosage and survival

In our study, patients were treated with a complex chemotherapy regimen. Due to adverse reactions and physical conditions, some patients could not undergo adequate chemotherapy during the third-line treatment. Therefore, in order to further analyze the relationship between dosage and survival, we selected the most common chemotherapy regimen, the AG regimen (including combination targeting or immunotherapy regimens), as the study subjects. Among the 72 patients, 12 patients received the AG regimen as third-line treatment. Among them, 5 patients received full-dose chemotherapy, while 7 patients received reduced-dose chemotherapy. The dosage cannot be considered an independent prognostic factor for the survival of AG-treated patients (HR, 0.173; 95% CI,0.016 – 1.903; P = 0.151).





3.2 Subgroup analysis of efficacy and survival analysis in patients who received chemotherapy-based treatment

In the present study, most patients (52, 72.2%) received chemotherapy-based regimens as the third-line treatment. There was no difference in survival time between the chemotherapy alone and chemotherapy combined with targeted therapy or immunotherapy groups. However, the latter had a higher adverse reaction risk. Based on this, the study patients were further stratified according to the chemotherapy regimen to determine the most appropriate treatment intensity for patients receiving third-line therapy.



3.2.1 Clinical factors of patients receiving chemotherapy-based treatment

Baseline characteristics of mPC patients receiving third-line chemotherapy-based treatment are shown in Table 4. Of the 52 patients, 12 received single-agent chemotherapy, 24 received multi-agent chemotherapy, six received single-agent chemotherapy combined with targeted therapy or immunotherapy, and 10 received multi-agent chemotherapy combined with targeted therapy or immunotherapy. The baseline characteristics, including ECOG PS, tumor site, tumor markers, and other factors, were balanced.


Table 4 | Patient baseline characteristics of chemotherapy-based treatment.






3.2.2 Efficacy

The mOS values for the single-agent chemotherapy, multi-agent chemotherapy, single-agent chemotherapy combined with targeted therapy or immunotherapy, and multi-agent chemotherapy combined with targeted therapy or immunotherapy groups were 5.1 months (95% CI, 1.3–10.7 months), 7.9 months (95% CI, 1.3–8.9 months), 7.0 months (95% CI, 0.7–7.5 months), and 6.9 months (95% CI, 2.6–10.2 months), respectively. The mPFS values were 3.1 months (95% CI, 1.0–7.3 months), 6.9 months (95% CI, 1.8–9.2 months), 4.4 months (95% CI, 1.9–6.9 months), and 4.0 months (95% CI, 1.7–5.1 months), respectively. Kaplan–Meier analysis showed that there was no statistical difference in mOS and mPFS between mPC patients who received chemotherapy-based regimens, single-agent chemotherapy, and multi-agent chemotherapy (P = 0.967; P = 0.991), single-agent chemotherapy and single-agent chemotherapy combined with targeted therapy or immunotherapy (P = 0.951; P = 0.955), multi-agent chemotherapy and multi-agent chemotherapy combined with targeted therapy or immunotherapy (P = 0.809; P = 0.589), single-agent chemotherapy combined with targeted therapy or immunotherapy and multi-agent chemotherapy combined with targeted therapy or immunotherapy (P = 0.583; P = 0.416; Figure 3).




Figure 3 | Kaplan-Meier curve in patients received chemotherapy-based treatment. (A) OS in patients treated with single-agent chemotherapy, multi-agent chemotherapy, single-agent chemotherapy combined with targeted or immunotherapy, and multi-agent chemotherapy combined with targeted or immunotherapy. (B) PFS in in patients treated with single-agent chemotherapy, multi-agent chemotherapy, single-agent chemotherapy combined with targeted or immunotherapy, and multi-agent chemotherapy combined with targeted or immunotherapy. OS, Overall survival; PFS, Progression-free survival.



DCRs for the single-agent chemotherapy, multi-agent chemotherapy, single-agent chemotherapy combined with targeted therapy or immunotherapy, and multi-agent chemotherapy combined with targeted therapy or immunotherapy were 50.0%, 25.0%, 33.3%, and 40.0%, respectively. There was no statistical difference in DCRs between the mPC patients who received chemotherapy-based regimens, single-agent chemotherapy, and multi-agent chemotherapy (P = 0.182), single-agent chemotherapy and single-agent chemotherapy combined with targeted therapy or immunotherapy group (P > 0.999), multi-agent chemotherapy and multi-agent chemotherapy combined with targeted therapy or immunotherapy (P = 0.400), single-agent chemotherapy combined with targeted therapy or immunotherapy and multi-agent chemotherapy combined with targeted therapy or immunotherapy (P = 0.400; Table 5).


Table 5 | Rates of response in patients of chemotherapy-based treatment.






3.2.3 Cox proportional hazards regression analysis

Cox proportional hazards models and Kaplan–Meier analysis used for patients undergoing chemotherapy-based regimens showed that patients with a normal body mass index (Figure 4A) and family history of cancer (Figure 4B) were more likely to respond to chemotherapy-based regimens (Supplementary Table 5). There was no independent factor in multivariate Cox proportional hazards models of patients treated with multi-agent chemotherapy (Supplementary Table 6). Due to the small sample size, Cox analysis was not applicable to the other three subgroups.




Figure 4 | Independent significant factors of long-term survival in chemotherapy-based treatment. (A) Patients treated with chemotherapy-based treatment, with normal BMI have longer OS than patients with abnormal BMI (P = 0.021). (B) Patients treated with chemotherapy-based treatment, with family history of cancer have longer OS than patients without family history of cancer (P = 0.019). BMI, Body Mass Index; OS, Overall survival.






3.2.4 Safety

AEs were assessed in 52 patients (Table 6). Most patients (42, 80.8%) experienced different degrees of AEs, and some patients experienced grade 3/4 AEs (20, 38.5%). Compared to the single-agent chemotherapy group, single-agent chemotherapy combined with targeted therapy or immunotherapy group experienced more AEs (100.0% vs. 66.7%; P = 0.039). However, there was no significant difference between the two groups in grade 3/4 AEs (50.0% vs. 16.7%; P = 0.153). Compared to the multi-agent chemotherapy group, multi-agent chemotherapy combined with targeted therapy or immunotherapy group experienced more AEs (100.0% vs. 75.0%; P = 0.011) and more grade 3/4 leukopenia (30.0% vs. 0.0%; P = 0.037). However, there was no significant difference between the two groups in the total incidence of grade 3/4 AEs (70.0% vs. 33.3%; P = 0.517).


Table 6 | Rates of AEs in patients of chemotherapy-based treatment.








4 Discussion

In this study, the third-line antitumor treatment was demonstrated to benefit patients and prolong their survival time compared to palliative care. Baseline characteristics were analyzed in all patients to identify efficacy predictors. Results showed that female patients, those with ECOG PS 0–1, and patients with family history of cancer were independent prognostic factors for longer OS in a group of mPC patients who received the third-line treatment. In particular, patients with a normal body mass index and family history of cancer were independent prognostic factors for longer OS in a group of mPC patients who received chemotherapy-based treatment. This indicates that not all patients are suitable for third-line antitumor therapy and some screening is still needed. Many retrospective studies have concluded that ECOG PS is an independent prognostic factor associated with treatment efficacy. Most notably, a family history of cancer was an independent factor for longer survival time among different treatment regimes in our study. Existing research studies have reported that family history of BRCA-related tumors may correlate with the response to chemotherapy and OS in PC, which is similar to the results of our study (19). This may be related to genetic differences and lifestyle changes. Patients with a family history of tumor disease may have some genetic mutations and are more likely to have malignant changes when affected by the external environment compared to those without a family history (20). In addition, it has been suggested that young patients who are aware of their family history may adopt healthy behaviors, such as opportunistic screening, and/or make healthy lifestyle changes, thereby improving their prognosis (21). Surprisingly, female patients were more likely to benefit from third-line treatments for mPC. Patient characteristics were not balanced between each group, including ECOG PS, first-line treatment, and second-line treatment. In order to determine the cause of this imbalance at baseline, a review of the case data revealed that patients with ECOG PS of ≥ 2 had a poor physical performance and were more inclined to choose chemotherapy-free regimens before the third-line treatment, while patients with a better physical performance were more suitable for chemotherapy. Patients receiving palliative treatment with ECOG PS of ≥ 2 at the beginning of the second-line treatment only received fluorouracil single-agent in the second-line treatment. A significant proportion of patients (24, 33.3%) received gemcitabine-based regimen as the first-line treatment and fluorouracil-based regimen as the second-line treatment.

Since our research data and previous studies have shown that third-line antitumor therapy can bring survival benefits to patients, it was necessary to determine whether chemotherapy combined with other treatments can further improve treatment efficacy. With the recent development of novel therapies, such as immunotherapy and targeted therapy, some clinicians have chosen to combine these therapies with chemotherapy or to directly use chemotherapy-free therapies when selecting third-line treatments. This is the first real-world study to compare the efficacy and safety of various third-line treatments for advanced PC. Although there was no statistical difference in P value, Kaplan-Meier analysis showed that the chemotherapy alone (mOS, 6.9 months; 95% CI, 0.5–13.9 months) and chemotherapy combined with targeted therapy or immunotherapy (mOS, 5.9 months; 95% CI, 1.6–10.2 months) groups had a better OS compared to the chemotherapy-free group (mOS, 3.3 months; 95% CI, 0.2–5.0 months). This may be due to the insufficient sample size in the study. This investigation demonstrated for the first time that the combined targeting/immunotherapy based on chemotherapy cannot improve third-line mOS (6.9 months vs. 5.9 months, P = 0.588) compared to chemotherapy alone. This notion has previously been introduced in other studies investigating the first-line treatment. Previous research has revealed that PC promotes an immunosuppressive microenvironment through formation of dense stromal desmoplasia, and concurrent administration of gemcitabine plus nab-paclitaxel was poised to improve immunotherapy drug access to tumor cells via structural disruption/remodeling of the PC tumor microenvironment (22). Negative results in the CCTG PA.7 trial indicated that it was not sufficient to increase immunotherapy efficacy in the overall patient population. The CCTG PA.7 trial demonstrated no survival benefits from adding durvalumab and tremelimumab to gemcitabine and nab-paclitaxel as the first-line therapy in an unselected population of patients with PC (mOS, 9.8 months vs. 8.8 months, P = 0.72). Moreover, the combination of epidermal growth factor receptor inhibitors and chemotherapy failed to achieve the preclinical model estimates. In preclinical models of PC, ibrutinib combined with gemcitabine increased the levels of effector CD8+ T cells and mast cell inhibition, decreased angiogenesis, and reduced desmoplasia in multiple mouse models, resulting in reduced tumor size and increased survival rate (10, 23). In the phase III RESOLVE study, the combination of ibrutinib plus nab-paclitaxel and gemcitabine did not improve survival in patients without any previous cytotoxic chemotherapy for primary PC compared to chemotherapy alone (mOS, 10.8 months vs. 9.7 months, P = 0.323) (24). The phase II ACCEPT study demonstrated an mOS of 7.3 months in the afatinib combined with gemcitabine group compared to 7.4 months in the gemcitabine group (P = 0.80) (25). This was likely because the addition of targeted therapy to chemotherapy may have mitigated the ability to deliver the complete chemotherapy regimen and the tumor received a lower cumulative dose of all agents compared to patients in the chemotherapy alone group. In the phase II ACCEPT study, AEs were more frequent in the combination therapy group, which was consistent with the present study results showing a significantly higher toxicity burden in the combination group. In our study, we found that chemotherapy combined with targeted therapy was more prone to result in grade 3/4 leukopenia compared to chemotherapy alone. Family history of cancer was an independent mOS predictor for PC patients who received the chemotherapy alone treatment. In addition, the present research also showed that there was no statistical difference in mOS between single- and multi-agent chemotherapy (5.1 months vs. 7.9 months, P = 0.967) groups, which was consistent with the randomized phase III NAPOLI-1 trial results (26). The response in the NAPOLI-1 trial was less prominent in patients treated with nanoliposomal irinotecan with fluorouracil/leucovorin compared to fluorouracil/leucovorin as the third-line treatment (mOS, 5.4 months vs. 4.3 months, P = 0.178). Therefore, the appropriate use of low-intensity regimen in third-line antitumor therapy can also prolong survival. To our knowledge, no clinical studies have been carried out on third-line antitumor therapy to support this conclusion, which still needs to be confirmed by studies with a larger sample size.

The optimal therapy sequencing remains unknown and is largely defined by physician preference in practice. In our results, the order of gemcitabine- and fluorouracil-based regimens as the first- and second-line treatment pairs was not an independent predictor of third-line treatment OS, which is consistent with what has been reported so far. In the study by Jung et al., first-line palliative chemotherapy regimens and the order of subsequent chemotherapy regimens were not associated with survival outcomes in third-line treatment patients (27). Advances in systemic chemotherapy over the past decade have been limited, and the mechanism of chemotherapy resistance is still unclear. More trials will be carried out to explore the mechanism of chemotherapy resistance and provide credible data to identify the prognostic factors for chemotherapy rechallenge. According to our results, the order of chemotherapy drug treatment in the process of PC management can be selected according to the patient’s physical condition in the first- and second-line treatments. Patients can also receive personalized treatment.

The current study had limitations, as the research was performed at a single institution using retrospective analysis, and the number of patients included in each group was not balanced. First, the retrospective nature of the analysis may result in a potential selection bias such as the increase of survival would be due to the ECOG, and lack of medical records including molecular pathological information and immunohistochemistry may affect independent prognostic factor results. Second, therapeutic drug subgroups could not be analyzed further due to insufficient sample size. Third, the impact of different treatments after disease progression was not estimated in the study, which may affect the OS analysis. Nevertheless, our results are encouraging and support continued use and study of chemotherapy rechallenge to treat patients who fail to respond to the second-line treatment, as well as further optimization of selection of patients who are most likely to benefit.




5 Conclusion

Treatment with chemotherapy-based therapy as the third-line treatment combined with targeted therapy or immunotherapy failed to improve survival benefits and demonstrated higher safety risks. In particular, blood test results should be monitored more closely in patients undergoing multi-agent chemotherapy combined with targeted therapy or immunotherapy to prevent the occurrence of grade 3/4 leukopenia. The treatment order of gemcitabine- and fluorouracil-based regimens in the first- and second-line therapy does not affect third-line OS. Thus, in the first- and second-line therapy, the treatment order of chemotherapy drugs can be selected according to the patient’s physical condition. Therefore, patients who tolerate it should be treated mainly with chemotherapy. For patients who cannot tolerate chemotherapy, the use of targeted therapy or immunotherapy represents a survival benefit over supportive therapy. The targeted and immunotherapy drugs included in the present study were mixed, and more clinical trials are needed to explore the feasibility of chemotherapy-free treatment in advanced PC.
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Background

Pancreatic cancer (PC) is widely recognized as one of the most malignant forms of cancer worldwide. Monotherapy with immune checkpoint inhibitors (ICI) has shown limited efficacy in treating this disease. There was controversy surrounding whether combining ICI with chemotherapy provided superior outcomes compared to chemotherapy alone.





Methods

In this study, patients diagnosed with unresectable stage III/IV pancreatic cancer (PC) were classified as receiving programmed cell death protein 1 (PD-1) blockade plus gemcitabine and nab-paclitaxel (AG regimen) (PD-1/chemo, n=27, 50.9%) or chemotherapy alone (chemo, n=26, 49.1%) arm. The primary study endpoints included progression-free survival (PFS) and overall survival (OS), with an additional assessment of treatment-related adverse events graded as three or higher. Chi-square (χ2) statistics were employed to analyze the clinical differences between the two groups, while Kaplan-Meier curves were used to assess the difference in PFS and OS. Statistical significance was defined as P-values less than 0.05 (P < 0.05).





Results

The median follow-up duration was 22 months (range 1-28 months). In the PD-1/chemo arm, the median PFS was eight months, whereas it was 3.5 months in the chemo arm (HR=0.459, 95% CI: 0.252-0.846, P=0.002). Furthermore, the median OS was 15 months in the PD-1/chemo arm and eight months in the chemo arm (HR=0.345, 95% CI: 0.183-0.653, P<0.001). Within the PD-1/chemo arm, 15 (55.6%) patients experienced grade 3 treatment-related adverse events, compared to 13 (50.0%) patients in the chemo arm.





Conclusions

PD-1 blockade combined with nab-paclitaxel plus gemcitabine demonstrated superior efficacy to chemotherapy alone for unresectable stage III/IV PC patients. Future studies were warranted to identify immunosensitive patient subgroups within the PC population, ultimately leading to the development of more efficacious therapeutic strategies.
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1 Introduction

Pancreatic cancer (PC) had the lowest 5-year relative survival rate (OS) among all malignant cancers, with only 11% (1). Pancreatic ductal adenocarcinoma (PDAC), accounting for about 90%, was the leading pathological type (2). Established treatments for unresectable locally advanced or advanced PC include the AG regimen (nab-paclitaxel in combination with gemcitabine) or the FOLFIRINOX regimen (oxaliplatin, irinotecan, fluorouracil, and leucovorin) (3). However, the survival outcomes of patients with PC treated solely with chemotherapy remained suboptimal (4). There was a pressing need for novel treatment modalities to manage locally advanced or metastatic PC that was not amenable to surgical resection.

The emergence of immune checkpoint inhibitors (ICI) therapy has significantly altered the treatment model for several cancers, including lung cancer and malignant melanoma (5). However, except for a small subset of patients (less than 1%) who exhibited microsatellite instability (MSI), ICI monotherapy has shown limited efficacy in PC (6–9). This was attributed to the immunosuppressive tumor microenvironment (TME), little immunogenicity, and low tumor mutation burden (TMB) of PC (2, 10).

Further investigation was needed to apply ICI therapy in PC, and combination therapy represented a promising avenue for exploration. Notably, there were divergent opinions regarding the superiority of ICI plus chemotherapy over standard chemotherapy in PC. Wainberg et al. (11) showed that nivolumab (PD-1 antibody) combined with nab-paclitaxel plus gemcitabine for PC was not superior to nab-paclitaxel plus gemcitabine alone in a phase I trial. Kamath et al. (12) failed to demonstrate superior efficacy of the combination of ipilimumab (CTLA-4 antibody) and gemcitabine for treating advanced PC compared to gemcitabine alone. Similarly, Fu et al. (13) also demonstrated disappointing results in the phase II clinical study, reporting no significant difference in survival benefit between sintilimab (PD-1 antibody) plus the modified FOLFIRINOX arm and modified FOLFIRINOX arm alone among 55 patients with advanced PC. However, Padrón et al. (3) demonstrated that the combination of nivolumab and gemcitabine plus nab-paclitaxel for PC resulted in a higher 1-year OS rate than gemcitabine plus nab-paclitaxel alone (57.7% vs. 35%) in a phase II trial. Gong et al. found that patients with advanced PC who received first-line ICI had longer survival (14). It was necessary to determine whether the addition of ICI to standard chemotherapy conferred superior outcomes compared to chemotherapy alone in PC.

Recently, our center has observed promising responses in patients with PC when combining PD-1 blockade with nab-paclitaxel plus gemcitabine. Therefore, we conducted a retrospective study to investigate whether PD-1 blockade combined with chemotherapy surpasses chemotherapy alone in PC. Within this retrospective study, 53 patients diagnosed with PC were enrolled to receive either PD-1 blockade combined with nab-paclitaxel plus gemcitabine or nab-paclitaxel plus gemcitabine alone. The study assesses whether PD-1 blockade combined with chemotherapy conferred superior efficacy to chemotherapy alone in unresectable stage III/IV PC patients.




2 Methods



2.1 Patients

From January 2020 to January 2023, 53 patients diagnosed with stage III/IV PC were enrolled at the First People’s Hospital of Changzhou. The inclusion and exclusion criteria are shown in Figure 1. All patients were diagnosed with primary pancreatic  tumors based on histological examinations and immunohistochemical staining of fine needle aspiration biopsy specimens without undergoing surgical resection. Prior to treatment, patients underwent computed tomography (CT), magnetic resonance (MR), or positron emission tomography-CT (PET-CT) imaging, and staging was determined according to the AJCC 8th edition staging system (15). This study was approved by the Ethics Committee of the First People’s Hospital of Changzhou. Due to the retrospective nature of the study, informed consent was waived by the Ethics Committee.




Figure 1 | Patient flow chart. PD-1: Programmed cell death protein 1; PFS: Progression-free-survival.






2.2 Treatment

All PC patients received first-line PD-1 blockade with or without chemotherapy. Eight patients (29.6%) received sintilimab (200mg, day one every 21 days) in combination with gemcitabine (1000mg/m2, days 1 and 8 every 21 days) plus nab-paclitaxel (125mg/m2, days 1 and 8 every 21 days). Two patients (7.4%) received camrelizumab (200mg, day one every 21 days) combined with gemcitabine plus nab-paclitaxel. Sixteen patients (59.3%) received tislelizumab (200mg, day one every 21 days) combined with gemcitabine plus nab-paclitaxel. One patient (3.7%) received pembrolizumab (200mg, day one every 21 days) combined with gemcitabine plus nab-paclitaxel. Twenty-six patients received gemcitabine (1000mg/m2, days 1 and 8 every 21 days) plus nab-paclitaxel (125mg/m2, days 1 and 8 every 21 days).




2.3 Data collection and assessment

The patients with PC were classified as receiving PD-1 blockade plus chemotherapy (PD-1/chemo) or chemotherapy alone (chemo) arm. The primary endpoints of the study were progression-free survival (PFS) and overall survival (OS). The PFS was defined as the duration from treatment initiation to either disease progression or death, while OS was defined as the period from treatment initiation to death. The Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 was employed to assess disease progression (16). The Eastern Cooperative Oncology Group (ECOG) score was evaluated prior to the initiation of treatment in patients. Treatment-related adverse events of grade 3 or higher were also recorded.




2.4 Statistical analysis

Chi-square (χ2) statistics were utilized to evaluate the characteristic clinical differences between the two groups, while Kaplan-Meier curves were employed to assess the difference in PFS and OS. Median follow-up time was calculated using the reverse Kaplan-Meier method. Statistical significance was defined as P-values less than 0.05 (P < 0.05). The statistical software SPSS 25.0 and GraphPad were used for data processing.





3 Results



3.1 Baseline characteristics

Fifty-three patients were enrolled in this study, including 30 males (56.6%) and 23 females (43.4%). The median age of the study patients was 67 years, ranging from 45 to 79 years. All 53 patients (100%) were diagnosed with primary pancreas tumors. TNM stages III and IV distribution among patients with PC before treatment was 45.3% and 54.7%, respectively. The characteristics of the patients were summarized and presented in Table 1.


Table 1 | Clinical characteristics.






3.2 PFS and OS

The median follow-up duration was 22 months (range 1-28 months). In the PD-1/chemo arm, the median PFS was eight months, whereas it was 3.5 months in the chemo arm (HR=0.459, 95% CI: 0.252-0.846, P=0.002). Furthermore, the median OS was 15 months in the PD-1/chemo arm and 8 months in the chemo arm (HR=0.345, 95% CI: 0.183-0.653, P<0.001) (Figure 2). Additionally, Figure 3 showed the CT follow-up outcomes of an individual patient in the PD-1/chemo arm.




Figure 2 | The Kaplan-Meier curves demonstrated a significant difference in PFS and OS between the PD-1/chemo arm and the chemo arm. (A) PFS of the PD-1/chemo arm was significantly superior to that of the chemo arm. (B) OS was significantly better in the PD-1/chemo arm compared to the chemo arm. PFS, Progression-free-survival; OS, overall survival; PD-1/chemo, PD-1 blockade plus chemotherapy; Chemo, Chemotherapy.






Figure 3 | Abdomen CT of the pancreatic cancer patient treated with PD-1/chemo showed a lesion in the pancreatic. The table below shows the response evaluation results according to RECIST 1.1 criteria. PR, Partial response; PD, Progressive disease.






3.3 Safety

Within the PD-1/chemo group, 15 patients (55.6%) experienced grade 3 treatment-related adverse events including leukopenia (n=6, 22.2%), neutropenia (n=5, 18.5%), anemia (n=3, 11.1%), thrombocytopenia (n=3, 11.1%), liver dysfunction (n=2, 7.4%), immune-related pneumonia (n=2, 7.4%), and immune-related enteritis (n=1, 3.7%). In the chemo group, 13 patients (50.0%) encountering grade 3 treatment-related adverse events, encompassing leukopenia (n=5, 19.2%), neutropenia (n=6, 23.1%), anemia (n=3, 11.5%), thrombocytopenia (n=5, 19.2%), and liver dysfunction (n=1, 3.8%). Treatment-related adverse events are detailed in Table 2.


Table 2 | Treatment-related adverse events.







4 Discussion

In this retrospective study, the PD-1/chemotherapy arm demonstrated a notable extension in median progression-free survival (PFS) by 4.5 months when compared to the chemotherapy-only arm. Additionally, both arms exhibited similar safety profiles. Notably, the PD-1/chemotherapy combination exhibited a substantial overall survival (OS) benefit, with a 7-month improvement over the chemotherapy-only arm. This suggested that the combination of ICI and chemotherapy might offer superior outcomes compared to the current standard treatment approach of chemotherapy alone for patients with unresectable locally advanced or advanced PC.

The efficacy of ICI monotherapy in PC patients has shown limitations (17, 18), and combination treatment options are being explored. ICI in tandem with chemotherapy has exhibited reliable efficacy in various solid tumors, including lung and breast cancer (19, 20). The superiority of ICI plus chemotherapy over standard chemotherapy for PC remained uncertain. A previous study showed that the median PFS and OS of PC patients treated with gemcitabine plus nab-paclitaxel were 5.5 months and 8.5 months, respectively (21). In a phase I study by Wainberg et al. involving 50 advanced PC patients, the combination of nivolumab with nab-paclitaxel and gemcitabine yielded median PFS and OS were 5.5 and 9.9 months, respectively (11). Therefore, Wainberg et al. (11) concluded that the PD-1 blockade plus chemotherapy was not superior to chemotherapy alone for treating PC. This disparity with our research findings could be attributed to distinct usage of antineoplastic drugs, including dosage and timing. Furthermore, patient heterogeneity may also account for the conflicting results. Importantly, consistent with this study, Padron et al. (3) demonstrated that combining PD-1 blockade with chemotherapy had higher 1-year OS than chemotherapy alone (57.7% vs 35%). And in a phase Ib/II trial of pembrolizumab plus chemotherapy, 12 patients with advanced PC had a median PFS of 9.1 months and OS of 15 months (22). These findings lend further support to the credibility of our research. Based on the available evidence, future studies are needed to identify PC populations susceptible to PD-1 blockade.

Multiple mechanisms contribute to immune resistance in PC (23, 24), and this study provides evidence that nab-paclitaxel and gemcitabine can enhance the immune response in patients with PC. The underlying mechanisms warrant further discussion. The resistance of PC to ICI therapy is mainly attributed to its special TME. ICI therapy relies on immune cells, and the low mutation burden of PC leads to the lack of infiltration of active immune cells in the TME (25). On the other hand, the components of the TME in PC, including tumor-associated macrophages, myeloid-derived suppressor cells, regulatory T cells, and tumor-associated fibroblasts, collectively contribute to immunosuppression (26). Finally, the TME of PC possesses a dense connective tissue stroma (27), which results in low T cell infiltration in the TME (28–30). Nab-paclitaxel or gemcitabine may improve the response of PC to ICI therapy by acting on these resistance pathways. Von Hoff et al. (31) showed that nab-paclitaxel alone or combined with gemcitabine reduced the proliferation of connective tissue stroma in PC. This may increase the infiltration of active immune cells in the TME of PC. However, Wainberg et al. (11) did not observe an increase in the infiltration of CD8+ T cells and CD4+ T cells in the TME of PC treated with nivolumab combined with nab-paclitaxel plus gemcitabine. Given the limited number of samples (11), further investigations are warranted to determine whether paclitaxel or gemcitabine can augment immune cell activation within the TME of PC. On the other hand, the low immunogenicity of PC contributed to the resistance of ICI (17), while chemotherapy had the potential to enhance its immunogenicity (32–34). Chemotherapy could enhance ICI efficacy through its ability to increase the release of tumor antigens (35). Further research was necessary to elucidate the mechanism underlying our findings.




5 Limitations and prospects

The limitations inherent in this retrospective study must be acknowledged. Immune biomarkers, such as PD-L1, TMB, and MSI, were not assessed in participants prior to treatment. This limitation impeded our ability to identify a subset of patients with PC who may respond well to PD-1 blockade. The participants in this study were exclusively Chinese, potentially limiting generalizability to other populations.

Immunotherapy for PC remains a critical area of ongoing research with substantial challenges. According to the findings of our study, the combination therapy of PD-1 blockade with nab-paclitaxel and gemcitabine demonstrates the potential for enhancing clinical efficacy in a specific subgroup of patients diagnosed with PC. Future research direction lies in developing novel drug combinations aimed at enhancing the immune response against PC. For example, Rojas et al. (36) have successfully developed a personalized RNA neoantigen vaccine demonstrating the capacity to activate T cells in individuals with PC. Burrack et al. (37) demonstrated that the combination of PD-1 and PD-L1 blockade effectively reinvigorated T cells, resulting in a significant extension of survival in a murine model of PC. This drug combination presents a promising avenue for potential clinical trials. Furthermore, ongoing clinical trials exploring the combination of TIGIT/PD-1 co-blockade and CD40 agonism have exhibited substantial antitumor response in a murine PC model (38).




6 Conclusions

PD-1 blockade combined with nab-paclitaxel plus gemcitabine demonstrated superior efficacy to chemotherapy alone for unresectable stage III/IV PC patients. Subsequent studies should target identification of immunosensitive PC patient subgroups, paving the way for the development of more effective therapeutic strategies.
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Objective

This study aimed to investigate the relationship between the incidence of VTE and the prognosis of patients with advanced pancreatic cancer, as there is currently a lack of systematic research on this topic, despite the prevalence of venous thromboembolism (VTE) in patients with pancreatic cancer.





Methods

Databases including PubMed, Embase, Web of Science, and Cochrane Library were searched until April 9, 2023, to identify studies that explored the relationship between VTE and the prognosis of advanced pancreatic cancer. Duplicate publications, studies without full text or sufficient information for data extraction, animal experiments, reviews, and systematic reviews were excluded. The extracted data were analyzed using STATA 15.1.





Results

The pooled results indicated a significant association between the incidence of VTE and poorer overall survival (HR=1.38, 95% CI: 1.24 - 1.53, p < 0.001) and disease-free survival (HR=2.42, 95% CI: 1.94 - 3.04, p < 0.001) among patients with advanced pancreatic cancer. Additionally, early VTE showed a significant impact on overall survival (HR=2.03, 95% CI: 1.33 - 3.12, p = 0.001), whereas late VTE did not demonstrate a significant association with poor overall survival (HR=1.22, 95% CI: 0.96 - 1.54, p = 0.099).





Conclusions

This study found that advanced pancreatic cancer patients with VTE had poorer overall and disease-free survival than those without. Meanwhile, the patients with early VTE had a significantly poorer prognosis, whereas late VTE did not. The findings highlight the importance of timely detection of VTE for patients with advanced pancreatic cancer patients and offer a partial theoretical basis for future clinical endeavors.





Systematic review registration

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023427043, identifier CRD42023427043.
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Introduction

Pancreatic cancer is a deadly disease with dismal prognoses and a rising incidence (1). It has surpassed breast cancer to become the third leading cause of cancer-related death in the United States. Worryingly, it is expected to surpass colorectal cancer and become the primary cause of cancer-related mortality by, 2040, trailing only lung cancer (2). Unfortunately, patients with pancreatic cancer still face bleak prognoses, with an overall survival rate of only 5% across all stages of this disease. Those with localized disease have a slightly higher survival rate of 20%, while patients with distant metastasis experience a survival rate of just 1% to 2% (3). Therefore, identifying prognostic risk factors in advance can enable physicians to implement timely treatment and preventive measures more effectively.

Venous thromboembolism (VTE) is a common complication among cancer patients, It occurs at a four to six-fold higher rate among cancer patients compared to those without cancer, which causes increased morbidity, mortality, and healthcare costs (4, 5). Cancer type and systemic chemotherapy are key risk factors for VTE development in cancer patients and pancreatic cancer is strongly associated with thrombotic problems (6). Multiple studies have demonstrated that advanced tumor stages pose a greater risk for VTE compared to early tumor stages (7–9). In pancreatic cancer patients receiving chemotherapy for advanced disease, the incidence of VTE can reach 40% (10). Notably, Blom et al. (11) recently reported a high incidence of VTE in patients with locally advanced or metastatic pancreatic cancer patients, with a 60-fold increased risk of venous thrombosis compared to the general population and a cumulative risk of nearly 10%. Previous epidemiological investigations have estimated the incidence of VTE in patients with metastatic pancreatic cancer to be as high as 41% (12). As the majority of patients with pancreatic cancer are diagnosed with advanced or metastatic disease, rendering surgery as an impractical curative option (13). Therefore, exploring the relationship between VTE and the prognosis in patients with advanced pancreatic cancer is of paramount importance. However, However, no consensus has been reached on whether VTE influences the prognosis of advanced pancreatic cancer. Some studies have indicated that the incidence of VTE is associated with poor prognosis in patients with pancreatic cancer (14–19), while others have reported no apparent impact caused by VTE on overall survival among patients with advanced pancreatic cancer (20–23).

Given these divergent results, we conducted a systematic literature review and meta-analysis to evaluate the relationship between VTE incidence and survival in patients with advanced pancreatic cancer. We aimed to provide a theoretical foundation for ascertaining and preventing VTE in these patients during their hospitalization.





Methods and materials

This study protocol is registered on PROSPERO (CRD42023427043). We followed the Systematic Reviews and Meta-analyses guidelines.




Literature search and inclusion criteria

We screened studies in PubMed, Embase, Web of Science, and Cochrane Library up to April 9, 2023. The following terms were used for the literature search: (“Pancreatic Neoplasms” [Mesh] OR “Pancreatic Cancer” [Mesh] OR “Pancreatic adenocarcinoma” [Mesh] OR “Pancreatic ductal adenocarcinoma” [Mesh] et al.) AND (“Venous Thrombosis” [Mesh] OR “Venous Thromboembolism” [Mesh] OR “Deep-Vein Thrombosis” [Mesh] et al.). Details of the literature search are presented in Supplementary Table 1.

Inclusion criteria are as follows: I) The studies included in the analysis consisted of both retrospective and prospective cohort studies and case-control studies. II) Participants enrolled in the studies were diagnosed with advanced pancreatic cancer, which included stage III/IV, locally advanced, metastasis, and unresectable cases. III) The exposure cohort consisted of individuals who experienced any type of VTE after the diagnosis of advanced pancreatic cancer, while the compare cohort included participants without VTE after the diagnosis of advanced pancreatic cancer (early VTE was classified as the occurrence before therapy, and late VTE was classified as the occurrence of it after treatment). IV) The primary outcome was overall and disease-free survival among participants.

Exclusion criteria are as follows: I) animal experiments, II) meta-analyses, reviews, conference abstracts and letters, III) randomized controlled studies (it aimed to assess the efficacy of the intervention, hence the lack of data on the prognosis of VTE in pancreatic cancer), IV) cross-sectional studies (its purpose was to evaluate epidemiologic investigations of a specific period. There is no match with our study which requires long term follow up).





Data extraction

Two researchers independently performed the literature search, filtering, and information extraction. In case of uncertainties or disagreements, a third party was consulted before the final decision. The data extraction involved gathering information on authors, publication year, study region, study type, sample size, age, gender, tumor stage, therapy, and outcome measures such as overall survival (OS) and disease-free survival (DFS). For studies providing data on OS and DFS, these two outcomes were expressed as hazard ratio (HR) with 95% confidence interval (CI). For articles presenting survival curves without explicit hazard ratios (HR) and 95% confidence intervals (CI), the Engauge Digitizer software (24) was utilized to extract the HR with 95% CI.





Literature quality assessment

Two researchers independently evaluated the quality of included studies using the Newcastle-Ottawa Scale (NOS) for cohort studies (25). Cohort studies were assessed using the NOS from three perspectives: the selection of study groups, the comparability of the groups, and the ascertainment of either the outcome of interest. A study was awarded up to nine scores, where a score of no less than seven indicated high quality and a score of less than seven suggested low quality. Any disagreements over the decision on study quality were resolved by discussion with a third reviewer until a consensus was reached.





Statistical analysis

The data extracted from included studies were analyzed using the software STATA version 15.1 (Stata Corporation, College Station, TX, USA). OS and DFS were expressed as HR (95% CI). Heterogeneity across studies was assessed using Cochrane’s Q test and the I2 statistic. P ≥ 0.1 and I2 ≤ 50% indicated no significant heterogeneity, and then a fixed-effects model would be utilized for data analysis; otherwise, a random-effects model would be employed. Additionally, sensitivity analysis was performed to test the stability of the results, and the publication bias was investigated using Begg’s and Egger’s tests. A p-value < 0.05 suggested statistical significance.






Results




Literature search

The initial literature search of databases produced 5,889 studies in total. The screening of titles and abstracts excluded 1,366 duplicates and another 4,460 articles. The review of the remaining 63 studies resulted in the removal of 53 studies failing to satisfy the eligibility criteria. Finally, ten studies were determined to be eligible for meta-analysis. The literature screening process is summarized in Figure 1.




Figure 1 | Flow diagram for selection of studies.







Baseline characteristics and quality of the included studies

This meta-analysis targeted ten cohort studies comprising 3,145 patients in total (14–23). The sample sizes in these studies ranged from 170 to 838. Among the ten studies, 1,903 Asian patients (17, 18, 20, 22, 23) and 1,242 European and American patients (14–16, 19, 21) were enrolled. The majority of the patients were middle-aged and elderly individuals diagnosed with advanced pancreatic cancer. Treatment modalities included chemotherapy (14–16, 18–20, 22, 23) or chemoradiotherapy (17, 21). Our research aimed to assess the predictive value of VTE in patients with advanced pancreatic cancer by combining OS and DFS data. Six studies provided the HR with 95% CI directly (14–18, 22), and the rest four only presented survival curves that required independent extraction (19–21, 23). NOS scores for studies were above seven, indicating their quality satisfying the eligibility criteria. Study characteristics are summarized in Table 1.


Table 1 | Baseline Characteristics and Quality Assessment of the Included Studies.







Overall survival

Ten studies investigated the relationship between VTE and OS, involving 3,145 patients (605 patients with VTE and 2,540 patients without VTE). Since there was no significant heterogeneity across the ten studies (I2 = 25.4%, p = 0.21), a fixed-effects model was employed to conduct the meta-analysis whose results showed that patients with VTE were significantly associated with poor OS (HR=1.38, 95% CI: 1.24 - 1.53, p < 0.001) (Table 2; Figure 2).


Table 2 | The details of results after analysis.






Figure 2 | Forest plots of 10 studies examining the association between VTE and the overall survival of patients with advanced pancreatic cancer.







Subgroup analysis

Due to the heterogeneity of the research results, we performed a subgroup analysis based on the timing of the onset of VTE, extraction method, different regions, and types of therapy.

The OS among participants with early or late VTE was compared with that among those without VTE. The analysis results demonstrated that patients with early VTE were significantly associated with poor OS (HR=2.03, 95% CI: 1.33–3.12, p=0.001) (Table 2; Supplementary Figure S1). However, patients with late VTE were not significantly associated with poor OS (HR=1.22, 95% CI: 0.96–1.54, p=0.099) (Table 2; Supplementary Figure S2). The analysis of the HR (95% CI) that studies directly reported showed that patients with VTE were significantly associated with poor OS (HR=1.51, 95% CI: 1.29–1.76, p<0.001). Moreover, the same trend was noted in the analysis of the HR (95% CI) extracted by the software based on survival curves in studies of interest (HR=1.28, 95% CI: 1.10 - 1.48, p=0.001) (Table 2; Supplementary Figures S3, S4). Furthermore, the subgroup analysis based on the study population demonstrated s significant association between VTE and poor OS in both Europe and America (HR=1.55, 95% CI: 1.33–1.81, p < 0.001), as well as in the Asian region (HR=1.24, 95% CI: 1.07–1.43, p=0.005) (Table 2; Supplementary Figures S5, S6). Additionally, the analysis results revealed that VTE was significantly associated with poor OS in patients who underwent chemotherapy (HR=1.37, 95% CI: 1.22–1.53, p < 0.001) or chemoradiotherapy (HR=1.54, 95% CI: 1.05–2.25, p=0.026) (Table 2; Supplementary Figures S7, S8).





Disease-free survival

Among the ten studies, three studies involving 575 patients (122 patients with VTE and 453 patients without VTE) indicated a correlation between VTE and DFS. The meta-analysis of these three studies was performed using a fixed-effects model due to a lower degree of heterogeneous (I2 = 2.1%, p=0.36). The analysis results showed that patients with VTE were significantly associated with poor DFS (HR=2.42, 95% CI: 1.94 - 3.04, p < 0.001) (Table 2; Figure 3).




Figure 3 | Forest plots of 3 studies examining the association between VTE and disease-free survival of patients with advanced pancreatic cancer.







Sensitivity analysis

We performed a sensitivity analysis to observe whether a particular article influenced the overall analysis results. Consequently, the results of this meta-analysis turned out to be stable and reliable for the investigation into the relationship between OS and DFS (Figures 4, 5).




Figure 4 | Sensitivity on the incidence of VTE and OS of patients.






Figure 5 | Sensitivity on the incidence of VTE and DFS of patients.







Publication bias

Egger’s and Begg’s tests were performed to assess the presence of publication bias across included studies (Figures 6, 7). Begg’s test yielded a p-value of 0.107, while the r’s test yielded a p-value of 0.041. These results suggested the possibility of publication bias. Therefore, the trim and fill method to was utilized assess the stability of the results. As a result, three articles were filled, and no changes were found in the results (P < 0.001) (Figure 8). In this regard, it can be concluded that publication bias did not significantly impact the final analysis results.




Figure 6 | Egger test for evaluating the publication bias of this meta-analysis.






Figure 7 | Begg test for evaluating the publication bias of this meta-analysis.






Figure 8 | Funnel plot after Trim and Fill analysis.



A comprehensive summary of the analyses and results can be found in Table 2.






Discussion

In the present systematic review and meta-analysis, we identified a poorer prognosis in patients with advanced pancreatic cancer patients who experienced VTE than those without VTE. Several factors may contribute to this observation.

Biological experiments have demonstrated that pancreatic cancer cells can induce a prothrombotic state by expressing tissue factor or procoagulant extracellular vesicles to hinder physiological inhibitors of coagulation and directly activate platelets to prompt the formation of neutrophil extracellular traps (26–29). In contrast, it has been demonstrated that activation of the hemostatic system promotes the development and progression of pancreatic cancer by enhancing cancer cell proliferation, invasion, metastasis, immune evasion, and chemoresistance (30–32). Therefore, the activation of the hemostatic system may benefit the progression of pancreatic cancer. Moreover, it was reported that a high incidence of VTE was specifically correlated with early metastatic development and the malignant grade of tumors (33). These findings suggest a close relationship between VTE occurrence and the aggressiveness of pancreatic cancer.

Aside from the liver and lung, bone tissue is the most frequent site of hematogenous metastasis (34). The prognosis of patients can be significantly impacted by bone metastases, which can result in bone pain, pathological fractures, spinal cord compression, hypercalcemia, and other unpleasant symptoms (35). Some studies reported the occurrence of bone metastasis in pancreatic cancer and characterized by unfavorable outcomes. Skeletal metastases represent an underappreciated site of metastasis in patients with pancreatic cancer; however, the incidence of bone metastasis has increased in pancreatic cancer in recent years (36–39). Some patients with cancers were characterized by hypercoagulability and prone to thrombosis, which is the prerequisite for blood metastasis of tumor cells (40). Li et al. (41) studied that bone metastasis is more likely to occur when thrombosis occurs. Patients with bone metastasis were usually accompanied by impaired mobility, raising the incidence of VTE (42). Bone tumors could compress blood arteries, reducing venous blood flow, which increases the risk of vein thrombosis. Therefore, there may be a positive circuit between VTE and bone metastasis, both of which affect the prognosis of patients with pancreatic cancer. The particular mechanism needs to be researched in the future.

In subsequent subgroup analysis, patients were categorized into early and late VTE subgroups based on the timing of the onset of VTE. Interestingly, our findings revealed that only early VTE was associated with reduced patient survival, whereas late VTE did not exhibit the same impact. Generally, cancer cells generate procoagulant activators, such as tissue factor (TF), which trigger the coagulation cascade and contribute to an intrinsic and extrinsic hypercoagulable status, ultimately leading to the development of VTE (43). Studies have demonstrated that TF expression occurs early in the neoplastic transformation of pancreatic cancer. This expression is linked to vascular endothelial growth factor (VEGF) expression, enhanced vascular permeability, and increased micro-vessel density, contributing to heightened mitogenic activity (44). In this regard, we propose that early VTE during cancer diagnosis might indicate an enhanced angiogenic status of the tumor, suggesting biologically aggressive characteristics responsible for a short prognosis. Moreover, it has been found that a hypercoagulable state in the body is correlated with a poor response to chemotherapy (45). Additionally, early VTE detection poses challenges as it often occurs without noticeable symptoms, with two-thirds of patients with early VTE exhibiting asymptomatic VTE, leading to missed therapeutic opportunities (23). Hence, we recommend that VTE screening be conducted even in patients without VTE-related symptoms at the initiation of palliative chemotherapy. Furthermore, the increased mortality observed in patients with early VTE may also be attributed to additional morbidity resulting from VTE itself, interruptions or delays in chemotherapy due to VTE management, or the administration of anticoagulant therapy.

Our data analysis showed that VTE had a significant impact on the OS of patients, whether the data was directly extracted from papers or extracted from the survival curves in articles. This indicates that our results exhibited a reliable and acceptable level of heterogeneity. Furthermore, it was observed that VTE had a detrimental effect on the OS of patients in both Europe and America, as well as in Asia. Despite the common understanding that Asian patients have a lower incidence of VTE compared to Western patients due to genetic, environmental, and lifestyle factors (46, 47), our results highlight the importance of not neglecting the role of VTE in Asian patients, as the effects of VTE did not exhibit significant difference based on region or race.

All patients included in our research received palliative chemotherapy or chemo/radiotherapy. In both of these treatment subgroups, it was observed that VTE had similar effects on patient survival. Chemotherapy exposure is known to independently increase the risk of VTE in patients with pancreatic cancer, and cytotoxic drugs may damage endothelial cells, promote thrombus formation, and alter the expression of coagulation factors, thereby exacerbating the hypercoagulable state associated with tumors (48). Additionally, emerging evidence suggests that radiation could enhance a pro-coagulant response and induce primary hemostasis, potentially leading to thrombosis (33). This raises the question of whether anticoagulant treatment should be considered for patients with advanced pancreatic cancer undergoing palliative therapy. Some researchers propose a preventative strategy to mitigate thrombosis in patients with pancreatic cancer, recommending the use of low molecular weight heparin (LMWH) as a first-line option for primary VTE prevention over several weeks, and several clinical trials have shown that this approach is beneficial for patient survival (44, 49). In fact, some Japanese experts have even suggested that patients with pancreatic cancer should receive long-term anticoagulant therapy until the tumor is healed to minimize the risk of VTE recurrence (50). Therefore, further investigation is warranted to determine the optimal details of the future anticoagulant strategy for these patients.

This study has several strengths. Firstly, this is the first study conducted on the effect of VTE on the prognosis of advanced pancreatic cancer. Secondly, all of our included articles were studied over a more extended period, which adds strength of evidence for survival studies. Thirdly, we had all survival analyses, including the survival curves and HR (hazard ratio), and we also conducted subgroup analyses exploring the prognostic impact of VTE under different conditions.

Despite the valuable findings obtained in this research, several limitations should be acknowledged. First, the majority of our data stemmed from retrospective analyses, which inherently introduce the potential for selection bias. Additionally, due to the lack of individual survival data associated with types of VTE and drugs in the original articles, we were unable to specifically classify the types of VTE or the specific palliative treatment drugs. Third, the absence of unified criteria or guidelines to define the timing of early VTE occurrence may have introduced calculation errors, resulting in deviations in the outcomes.





Conclusion

Our analysis collectively demonstrated that VTE predicted a poor prognosis in advanced pancreatic cancer when patients had it. Notably, patients who had early VTE experienced a considerably worse prognosis, but those with late VTE did not in the subgroup analysis. These findings hold partial value for informing further clinical work and reminding clinicians about the crucial role of early VTE detection prior to treatment initiation. it is essential to emphasize the necessity for future multicenter, large-scale, and prospective studies to elucidate the true significance and implications of these findings.
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Pancreatic cancer, an exceptionally malignant tumor of the digestive system, presents a challenge due to its lack of typical early symptoms and highly invasive nature. The majority of pancreatic cancer patients are diagnosed when curative surgical resection is no longer possible, resulting in a poor overall prognosis. In recent years, the rapid progress of Artificial intelligence (AI) in the medical field has led to the extensive utilization of machine learning and deep learning as the prevailing approaches. Various models based on AI technology have been employed in the early screening, diagnosis, treatment, and prognostic prediction of pancreatic cancer patients. Furthermore, the development and application of three-dimensional visualization and augmented reality navigation techniques have also found their way into pancreatic cancer surgery. This article provides a concise summary of the current state of AI technology in pancreatic cancer and offers a promising outlook for its future applications.
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1 Introduction

Pancreatic carcinoma represents a prevalent malignancy of the digestive system, characterized by elusive prodromal symptoms, heightened invasiveness, and an elevated propensity for postoperative metastasis and relapse. As delineated by the International Agency for Research on Cancer, pancreatic cancer assumes the fourteenth position amidst the 36 most prevalent malignant neoplasms in terms of incidence, and ranks seventh in mortality rates (1). An additional epidemiological analysis revealed a staggering 60,430 newly diagnosed cases of pancreatic cancer, resulting in 48,220 fatalities within the United States during the year 2021 (2). Projections suggest that by 2030, pancreatic cancer could ascend to become the second leading cause of cancer-related mortality in the United States (3). The sentence is clear and properly structured. The current diagnostic paradigm for pancreatic cancer primarily hinges upon imaging modalities such as CT and MRI, supplemented by the judicious use of PET-CT for comprehensive assessment when warranted. Notably, endoscopic ultrasonography (EUS) and EUS-guided fine needle biopsy assume pivotal roles in the diagnosis and staging of pancreatic cancer, albeit their diagnostic precision is subject to multifarious technical considerations. While radical surgery remains the cornerstone of pancreatic carcinoma management (4), neoadjuvant therapy has emerged as a burgeoning area of investigation (5). However, the absence of a standardized framework for assessing its efficacy poses a significant challenge. Furthermore, the prognosis following pancreatic cancer resection remains fraught with a substantial risk of tumor recurrence, thereby necessitating vigilant surveillance through regular follow-up regimens.

The term “Artificial intelligence (AI)” was first coined in 1956, with a focus on using machines to imitate human learning and cognitive abilities. Machine learning, a practical application of AI, employs diverse algorithms such as decision trees, random forests, artificial neural networks, support vector machines, logistic regression, Bayesian methods, K-nearest neighbors, among others. One such method, deep learning, is classified under the category of artificial neural networks (6) and has exhibited exceptional performance in image processing, notably through convolutional neural networks. By accurately and objectively identifying characteristic values of images based on standardized decision-making protocols, deep learning can comprehensively analyze statistical relationships between these values and associated outcomes. AI-based radiomics can thus achieve precise diagnosis of pancreatic cancer, while deep learning can establish early high-risk prediction models for pancreatic cancer and postoperative recurrence risk prediction models, facilitating early screening and assisting in the management of complications after pancreatic cancer surgery.




2 AI-assisted early screening and risk prediction of pancreatic cancer

By harnessing foundational data encompassing precancerous lesions, population-level health parameters, and a spectrum of biological markers pertinent to pancreatic cancer, AI holds promise in constructing predictive models to gauge the propensity for pancreatic cancer incidence, thereby enabling early detection and intervention. Intraductal papillary mucinous neoplasm (IPMN) serves as a precursor lesion in the development of pancreatic cancer (7). To explore IPMN, a study (8) curated an extensive compendium of 3,970 endoscopic ultrasound (EUS) images sourced from histopathologically validated IPMN patients, serving as inputs for sophisticated deep learning algorithms. Introducing the concept of the AI value, a continuous variable spanning 0 to 1, as well as the AI malignancy probability, denoting the mean AI value per patient, the researchers discerned markedly elevated average AI values in malignant IPMN vis-à-vis benign instances (0.808 vs. 0.104, P<0.01). Importantly, the model showcased commendable predictive prowess, exemplified by an impressive area under the curve (AUC) of 0.98 for the receiver operating characteristic curve of AI malignancy probability, thus validating its potential in prognosticating the transformation of IPMN into malignant tumors. Notably, the AI-based diagnosis exhibited superior sensitivity, specificity, and accuracy (95.7%, 92.6%, and 94.0% respectively) compared to physicians’ diagnostic accuracy (56.0%).

Constituting a reservoir of cumulative healthcare data, longitudinal electronic health records have emerged as a pivotal asset for researchers endeavoring to construct predictive models targeting medical prognostication. Recent investigations spearheaded (9–11) have honed in on the development of predictive frameworks tailored to unearthing high-risk subcohorts vulnerable to pancreatic cancer within the diabetic patient cohort. Particularly salient is the work (9), that derived a prognostic schema from a cohort of newly diagnosed diabetes patients, synthesizing key determinants encompassing age at diabetes onset, body mass index, and glycemic fluctuations. This intricately woven algorithm furnished predictive scores adept at forecasting the incipient trajectory toward pancreatic neoplasms within a triennial window. Notably, patients scoring 3 or above evinced a diagnostic sensitivity and specificity of 80% for pancreatic carcinoma (AUC=0.87), marking a 4.4-fold escalation in pancreatic cancer incidence vis-à-vis their diabetic counterparts. Meanwhile, another study (10) leveraged both logistic regression and artificial neural network methodologies to craft predictive architectures pertinent to type 2 diabetes patients in Taiwan, marshaling parameters inclusive of age, antidiabetic pharmaceutical usage, and comorbid ailments as prospective risk determinants for pancreatic cancer. Intriguingly, the logistic regression model emerged as the more discerning performer, boasting an AUC of 0.727. In a similar vein, Blyuss et al. (12) developed a novel pancreatic cancer patient risk scoring system (PancRisk) predicated on urinary biomarkers. The team measured three urine biomarkers (LYVE1, REC1B, TFF1) in 199 pancreatic ductal adenocarcinoma patients and 180 healthy individuals and applied machine learning algorithms to analyze and compare the datasets. The resulting logistic regression model demonstrated remarkable diagnostic power with an AUC of 0.94. When combined with the established tumor marker CA19-9, the model achieved a diagnostic specificity and sensitivity of 96%.




3 AI-assisted diagnosis of pancreatic cancer

Diagnosing pancreatic cancer is a multifaceted process that typically involves clinical manifestations, high-risk factors, serum tumor markers, and imaging techniques such as endoscopic ultrasound (EUS). However, imaging examination remains the most crucial approach for clinical diagnosis of pancreatic cancer, with contrast-enhanced CT and MRI being the standard options (13). In recent years, deep learning models have emerged as a promising tool to aid pancreatic cancer diagnosis. Zhejiang University, for example, developed a deep learning model trained on 319 patients’ abdominal contrast-enhanced CT images that could provide pancreatic tumor diagnosis suggestions based on original abdominal CT images without preprocessing. Impressively, this model achieved an AUC of 0.871 and an F1 score of 88.5%, with an average diagnostic accuracy of 82.7% for all tumor types. Moreover, the model demonstrated exceptional accuracy in distinguishing IPMN and pancreatic ductal adenocarcinoma, reaching 100% and 87.6%, respectively (14). Additionally, a study from China (15) developed a convolutional neural network model trained on 7245 CT images from 222 pathologically confirmed pancreatic cancer patients and 190 normal pancreatic patients. The model was trained to differentiate between two categories (with or without pancreatic cancer) and three categories (no cancer, tumor in the body/tail of the pancreas, tumor in the head/neck of the pancreas), demonstrating remarkable accuracy in diagnosing plain scan images (95.47%) with high sensitivity (91.58%) and specificity (98.27%). Notably, the three-category model proved particularly adept at diagnosing tumors in the head/neck of the pancreas using arterial phase images.

Endoscopic ultrasound (EUS) is an indispensable tool for diagnosing pancreatic tumors and chronic pancreatitis (13). With the advent of AI, EUS images’ diagnostic efficiency has been remarkably improved. To address the challenge of distinguishing autoimmune pancreatitis (AIP) from pancreatic ductal adenocarcinoma, chronic pancreatitis, and normal pancreas, Marya et al. (16) developed a convolutional neural network model based on EUS images. The model was trained using static images and videos from EUS examinations of patients. Impressively, the model achieved high sensitivity and specificity rates for differentiating AIP from pancreatic ductal adenocarcinoma (90% and 93%, respectively), normal pancreas (99% and 98%, respectively), and chronic pancreatitis (94% and 71%, respectively). Moreover, another research (17) implemented age grouping into the AI model trained on EUS images and conducted stratified analysis by dividing patients into three age groups (<40 years old, 40-60 years old, and >60 years old). The results showed that the grouped model outperformed the ungrouped one in terms of classification accuracy, sensitivity, and specificity, with rates ranging from 88.5% to 94.1%. Notably, the study highlights the importance of age grouping in enhancing the diagnostic efficiency of AI models for EUS images.

Additionally, substantial strides have been made in AI-driven research concerning tissue pathology slices and tumor biology markers. Notably, unsupervised learning methodologies have demonstrated efficacy in the identification of specific tumor markers linked to pancreatic cancer (18), offering a novel approach to screening potential markers with clinical relevance. Furthermore, the pursuit of developing a sophisticated model capable of precisely identifying and autonomously segmenting pancreatic tumors stands as a critical frontier in medical research, holding great promise for advancing diagnostic capabilities and refining treatment modalities for pancreatic malignancies. These developments underscore the transformative potential of AI in reshaping the landscape of pancreatic cancer research and clinical practice.




4 Application of AI in the surgical treatment of pancreatic cancer

At present, radical resection surgery represents the cornerstone of curative strategies for pancreatic cancer. A seminal report published in 2006 chronicled a remarkable series of 1,000 consecutive pancreatico-duodenectomies performed by an esteemed surgeon at Johns Hopkins Hospital between 1969 and 2003 (19). Over this period, the frequency of these surgeries exhibited a steady rise, with only three cases documented prior to 1980. Remarkably, the median operating time decreased from 8.8 hours in the 1970s to 5.5 hours in the 2000s, yielding a strikingly low mortality rate of merely 1% within 30 days or during hospitalization. Akin to these findings, an extensive analysis encompassing 2,050 operations conducted at Massachusetts General Hospital between 1941 and 2011 further underscored the progressive improvements achieved in surgical management (20). Nevertheless, the advent and application of neoadjuvant therapy hold immense promise in broadening the population eligible for radical resection surgery and fostering improved prognoses. Notably, AI has emerged as a potent tool in the realm of neoadjuvant therapy for pancreatic cancer. A study from Netherlands conducted an insightful investigation to assess the efficacy of neoadjuvant therapy, employing histological examinations of surgical specimens following neoadjuvant chemotherapy (21). By employing digital processing techniques on HE-stained sections from 64 pancreatic cancer patients, they meticulously delineated three distinct categories (tumor, normal duct, and residual epithelium), effectively training a tumor segmentation model with an average F1 score of 0.86. Similarly, another study from USA utilized machine learning approaches to compare enhanced CT images before and after neoadjuvant therapy, successfully identifying and extracting treatment-related image features, culminating in the establishment of a prediction model boasting an impressive AUC of 0.94 (22). These seminal studies unequivocally affirm the feasibility of harnessing AI to evaluate the outcomes of neoadjuvant therapy in pancreatic cancer. By objectively assessing the response to neoadjuvant therapy, AI holds immense potential in guiding the selection of optimal neoadjuvant therapy regimens, thereby optimizing surgical interventions. Furthermore, researchers have made noteworthy strides in leveraging deep neural networks to precisely locate and even track pancreatic tumors without relying on internal markers (23). Additionally, they have pioneered automated segmentation methods for accurately delineating organ-threatening contours, providing invaluable guidance for radiotherapy planning (24). Deep learning techniques have also emerged as a valuable asset in the treatment planning of stereotactic radiotherapy for pancreatic cancer, enabling accurate predictions of radiation dose distribution (25).

AI has emerged as a potent tool in the field of surgery, particularly in the domain of three-dimensional reconstruction and visualization. A study form China published a seminal study demonstrating the high accuracy, sensitivity, and specificity of three-dimensional reconstruction in assessing pancreatic cancer (26). Collaborating with this team in 2019, we harnessed three-dimensional visualization technology to observe the location, size, and adjacency to surrounding organs of pancreatic head tumors prior to pancreaticoduodenectomy, optimizing surgical plans and effectively reducing surgical time, intraoperative blood loss, and postoperative recovery time for patients (27). In a similar vein, a study from Japan used three-dimensional reconstruction before surgery to precisely determine the size and position of the main pancreatic duct and select the best anastomosis technique (28). Augmented reality navigation technology represents a promising surgical navigation technique that merges three-dimensional virtual images with real-time intraoperative conditions. Okamoto et al. conducted a rigorous evaluation of five patients who underwent augmented reality navigation-assisted pancreatic resection surgery, revealing strong agreement between the positions of various organs in surface-stained images and their actual positions (29). Additionally, Volonte et al. applied augmented reality navigation technology to laparoscopic distal pancreatectomy, projecting nodules in the tail of the pancreas onto the patient’s body, enhancing anatomical understanding and localization for physicians (30). Moreover, Tang et al. even employed augmented reality software on smartphones to overlay reconstructed three-dimensional images onto the surgical area displayed on the phone screen, providing intermittent navigation assistance that helped identify the boundaries of pancreatic head cancer invasion and facilitate the removal of relevant blood vessels, ultimately achieving R0 resection for all surgical patients (31). The integration of AI into surgical practice holds great promise in improving patient outcomes through precise and personalized surgical interventions.




5 AI-assisted prediction and management of postoperative complications in pancreatic cancer patients

Pancreatic cancer surgery is often burdened by postoperative complications, including postoperative pancreatic fistula, bile fistula, postoperative bleeding, abdominal infection, and delayed gastric emptying (32, 33). The most common complication is pancreatic fistula, which can lead to serious complications such as abdominal infection and life-threatening bleeding. However, the current risk scoring system for pancreatic fistula only considers four factors, which has significant limitations (34). To address this issue, scholars in Korea developed an AI-driven postoperative pancreatic fistula risk prediction platform using random forest and neural network algorithms to analyze 38 variables from 1,769 patients who underwent pancreaticoduodenectomy (PD) from 2007 to 2016 (35). By combining neural networks with recursive feature elimination, the platform achieved a maximum AUC of 0.74, ultimately identifying 16 risk factors for postoperative pancreatic fistula, including pancreatic duct diameter, body mass index, preoperative serum albumin, lipase level, and age, among others. In addition, Skawran et al. used a gradient boosting tree model based on MRI radiomics to predict postoperative pancreatic fistula after PD, achieving a high AUC of 0.90 (36). Furthermore, Zhang et al. developed a predictive model for postoperative ICU admission with an AUC of 0.8 by employing a support vector machine model to analyze clinical features of patients with pancreatic ductal adenocarcinoma, revealing bilirubin, CA19-9, and preoperative albumin as associated factors for postoperative bleeding in patients (37). The use of AI in predicting postoperative complications in pancreatic cancer surgery holds great potential in improving patient outcomes and facilitating targeted treatment strategies.




6 AI prediction of prognosis in pancreatic cancer patients

The relationship between patient survival and recurrence in pancreatic cancer is of utmost importance, necessitating the identification of relevant factors contributing to recurrence. Lee et al. conducted a meticulous analysis using multicenter registry data to evaluate the probability of postoperative recurrence and ascertain its major prognostic factors in pancreatic cancer (38). By employing random forest and Cox proportional hazards models, disease-free survival was predicted in a large cohort of 4,846 patients. Remarkably, tumor size, tumor grade, TNM stage, T stage, and lymphovascular invasion emerged as key prognostic factors for postoperative disease-free survival based on their variable importance. The Cox model exhibited a higher mean C-index (0.7738) compared to the random forest model (0.6805), indicating its superior predictive ability. Additionally, Tong et al. (39) conducted a study involving 221 patients with unresectable pancreatic cancer, collecting data on 32 clinical parameters. They developed three artificial neural network models based on different sets of basic features (3, 7, and 32) to predict the 8-month survival rate of patients. Impressively, all three artificial neural network models exhibited favorable performance, surpassing the corresponding logistic regression models in terms of AUC values (0.811 vs. 0.680, 0.844 vs. 0.722, 0.921 vs. 0.849, all P < 0.05). These findings emphasize the potential of artificial neural networks in accurately predicting the survival rate of patients with unresectable pancreatic cancer.




7 Summary and outlook

In recent years, the rapid evolution of deep learning and AI has engendered burgeoning interest in their potential implications in the realm of pancreatic cancer. The application of AI technology has exhibited substantial promise in the realms of early screening, diagnosis, surgical interventions, and prognostic evaluations for pancreatic cancer, equipping clinicians with more precise and expeditious decision-making tools, consequently ameliorating treatment outcomes and enhancing patients’ survival rates (40). Nevertheless, notwithstanding the manifold affirmative prospects for the integration of AI in the domain of pancreatic cancer, certain constraints are inevitably encountered. Firstly, the interpretability conundrum of deep learning models utilized in pancreatic cancer screening, diagnosis, surgery, and prognostication frequently lacks transparency, impeding comprehension and engendering skepticism. Consequently, dedicated research endeavors are imperative to heighten interpretability and foster a more transparent decision-making process. Secondly, the generalization capacity of models across heterogeneous datasets is a significant concern. While deep learning models for pancreatic cancer developed on single-center datasets may demonstrate disparate accuracies when transposed to alternative medical facilities, enhancing generalization capacity assumes paramount importance in ensuring consistent performance across diverse clinical settings (41). Moreover, the limited sample size inherent in rare disease models such as pancreatic cancer poses a formidable obstacle to effective training and validation, culminating in erratic performance. Innovative methodologies including cross-center collaboration and synthetic sample generation warrant exploration to surmount this challenge and bolster reliability (42). Finally, the normative intricacies surrounding the utilization of AI in pancreatic cancer diagnosis and treatment necessitate the establishment of ethical benchmarks and standards to safeguard patient confidentiality and data integrity. Research initiatives should be concentrated on formulating pertinent protocols and mechanisms for data dissemination, while upholding the sanctity of patient rights and privacy (43). In conclusion, despite the hurdles associated with interpretability, generalization, sample size, and ethical considerations, the potential dividends of deep learning and AI in pancreatic cancer research are profound. Future pursuits should revolve around the amalgamation of multi-omics data analysis to devise personalized treatment regimens tailored to individual patients, ultimately augmenting therapeutic efficacy and survival rates (44, 45). Synergistic collaborations between clinicians and researchers are indispensable in effectuating the seamless integration of these technologies into clinical practice.
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The transforming growth factor (TGF)-β superfamily has important physiologic roles and is dysregulated in many pathologic processes, including pancreatic cancer. Pancreatic cancer is one of the most lethal cancer diagnoses, and current therapies are largely ineffective due to tumor resistance and late-stage diagnosis with poor prognosis. Recent efforts are focused on the potential of immunotherapies in improving therapeutic results for patients with pancreatic cancer, among which TGF-β has been identified as a promising target. This review focuses on the role of TGF-β in the diseased pancreas and pancreatic cancer. It also aims to summarize the current status of therapies targeting the TGF-β superfamily and postulate potential future directions in targeting the TGF-β signaling pathways.
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1 Introduction

Cytokines mediate the body’s natural response to injury at a systemic level (1). These cytokines can be subcategorized into the transforming growth factor (TGF)-β superfamily, interleukins, interferons, chemokines, and the tumor necrosis factor (TNF) superfamily (2–5). The TGF-β superfamily, one of the major groups, was first described as a family of growth factors released by fibroblasts that stimulated cell growth (6). In 1981, further investigation into these growth factors led to the purification of TGF-β, the first named member of the TGF-β superfamily (7, 8). While studying the purification techniques of this protein, isoforms of TGF-β were discovered, which were called TGF-β1, TGF-β2, and TGF-β3 (9–11). The role of these proteins was further elucidated with the discovery of other members, including the bone morphogenic proteins (BMP)s (12). Currently, 33 proteins are recognized in this superfamily, with subtypes including TGF-βs, BMPs, growth differentiation factors (GDF)s, inhibins, and activins (Table 1) (13–16). This mini-review focuses on the role of the TGF-β superfamily in pancreatic diseases, including pancreatic ductal adenocarcinoma (PDAC), and the current therapeutics targeting these pathways.


Table 1 | Members of the TGF-β superfamily.





1.1 Physiologic role of TGF-β superfamily

TGF-β is produced in a latent form. Activation of the latent form is initiated by regulatory T cells with a transmembrane protein, glycoprotein A repetitions predominant (GARP), which binds and cleaves pro-TGF-β to produce latent TGF-β. The latent form is activated by integrins (Figure 1A) (17, 18). BMPs, GDFs, and Lefty A and B are produced and processed similarly, with inactive precursors being cleaved and activated by proteases (Table 1) (19–21). The activins and inhibins are composed of common subunits and are formed by cleavage of dimerized subunits; inhibins are αβ heterodimers, and activins are ββ homodimers (Table 1) (16). The TGF-β superfamily is essential in physiologic functions, including tissue development and differentiation, regulation of immunologic responses, and tissue healing (13). These members activate physiologic activities through canonical and non-canonical signaling (22). Canonical signaling occurs through the SMAD pathway, where receptor-activated (R) SMAD1/5/8 and SMAD2/3 are phosphorylated by receptors following ligand binding (Figure 1B). These phosphorylated SMADs then complex with SMAD4 and translocate to the nucleus to regulate the expression of the target genes (Figure 1C) (13). Non-canonical pathways can be activated upon the ligand binding to the receptors, such as Erk, involved in epithelial-mesenchymal transition (EMT), and JNK/p38, involved in EMT and apoptosis (23).




Figure 1 | The TGF-β superfamily signaling pathway and the potential therapeutic targets in pancreatic cancer. (A) The TGF-β superfamily members. (B) TGF-β receptors and the phosphorylation/activation of the intracellular mediators of SMAD2/3 and SMAD1/5/8. (C) Downstream of the phosphorylated SMAD2/3 and SMAD1/5/8. Therapeutics (indicated in green boxes) targeting specific steps in the TGF-β superfamily signaling pathway are currently under investigation. Created using BioRender.com.



These signaling pathways play an essential role in proliferation and in controlling the growth of specific cell types, including epithelial cells, endothelial cells, immune cells, and neuronal cells, through growth inhibition and induction of apoptosis (24). BMPs are specifically involved in developing and maintaining skeletal tissues and are regulated extracellularly by antagonists, including Noggin, Chordin, and Gremlin1 (Grem1) (Figure 1A) (14). Additionally, activin A is a critical mesoderm-inducing factor (25), and GDFs are primarily involved in developmental processes (26). Inhibins antagonize activin signaling, and lefty inhibits phosphorylation of SMAD2 and subsequently regulates downstream signaling (Table 1) (16, 27).

TGF-β also plays a role in immunoregulation by inhibiting T-lymphocyte proliferation and promoting T-cell differentiation (28–30). Additionally, these proteins play an essential role in fibroblast activation and are involved in routine wound healing; TGF-β1 is secreted by the platelets forming the hemostatic plug and is a chemoattractant for monocytes and fibroblasts essential to tissue repair (31–34).




1.2 Pathologic role of TGF-β superfamily

In addition to the essential role of TGF-β in physiologic mechanisms, aberrantly increased TGF-β has been shown to contribute to excess fibrosis (35). Administration of exogenous TGF-β leads to fibrosis in subcutaneous tissues, lung parenchyma, and hepatic tissue (36–38). Furthermore, dysregulation of the TGF-β signaling pathway contributes to carcinogenesis (39). For example, tumor cells have been shown to evade the growth regulation of TGF-β through mutations in the TGF-β receptors and SMAD family (40, 41).

PDAC is currently the third leading cause of cancer-related death (42). Poor outcomes can be attributed to both late diagnosis and a fibrotic tumor microenvironment that surrounds the cancer cells, creating a chemo-resistant barrier. Further understanding of the role of the TGF-β superfamily may elucidate potential targets for novel therapies that could improve patient outcomes.





2 Role of TGF-β superfamily in pancreatic disease

TGF-β activity is paradoxical in pancreatic diseases, promoting or suppressing disease progression. The TGF-β superfamily modulates acute pancreatitis (AP) by regulating inflammation and apoptosis through canonical or non-canonical signaling. The TGF-β superfamily also plays distinct roles in the progression of chronic pancreatitis (CP) and PDAC through effects on pancreatic stellate cells (PSCs) and the extracellular matrix (ECM) production.



2.1 Acute pancreatitis

AP results from injury to the pancreatic acinar cells, leading to premature activation of pancreatic enzymes and causing pancreatic autodigestion and tissue inflammation (43). Apoptosis and suppression of proliferation have been reported to limit the inflammatory cascade in response to the insult in AP (44). TGF-β is released by various cells at the site of injury and induces apoptosis and suppress the proliferation of pancreatic acinar cells (45). However, this was contradicted by a study showing the induction of apoptosis upon suppressing the TGF-β signaling pathway in pancreatic epithelial cells (46). Additionally, our group has demonstrated that BMP signaling is upregulated in AP and causes dysregulation of autophagic processes. Administration of a BMP antagonist Noggin in vivo in a mouse model attenuated AP inflammation, suggesting a proinflammatory role of BMP signaling in AP (47).

In addition to involvement with apoptosis, TGF-β mediates the inflammatory response in AP through T-cell activation. Specifically, TGF-β induces the differentiation of both Th9 and Th17 cells, which are proinflammatory (48, 49). Th17 cells are known to secrete IL-17, associated with increased inflammatory markers and severity of AP (50).




2.2 Chronic pancreatitis

CP results from repeated injury to the pancreas from recurrent bouts of AP, which leads to the replacement of normal pancreatic tissue with fibrotic scarring (51). This is primarily facilitated by the activation of PSCs, which secrete growth factors and chemokines such as TGF-β and produce excess ECM (52). The TGF-β secreted by activated PSCs is directly related to the characteristic fibrosis of CP (53). This fibrosis results from increased ECM production by PSCs (54) and inhibition of matrix metalloproteinases, which are involved in ECM degradation (55). Our group has shown that BMPs oppose the fibrogenic function of TGF-β on PSCs in CP by activating the SMAD1/5/8 pathway, which inhibits SMAD2 (56, 57).

Other modulators of TGF-β superfamily pathways are also involved in CP pathophysiology. Our group has shown that Grem1, an endogenous BMP antagonist, is pro-fibrogenic in a CP mouse model (58). Additionally, SMAD7, a known inhibitory SMAD, suppressed TGF-β signaling and modulated CP fibrosis through decreased ECM deposition and decreased inflammatory cell response in an in vivo mouse model (59).




2.3 Pancreatic ductal adenocarcinoma

The TGF-β superfamily plays dual roles in PDAC, promoting tumorigenesis in some capacities while acting as an inhibitor in others (60). In the early stages of PDAC, TGF-β has been shown to suppress tumor progression by promoting apoptosis and regulation of the cell cycle and promoting the stroma’s development by activating PSCs and increasing stromal production (61). Additionally, BMP2 expression is increased in pancreatic cancer and has variable mitogenic effects on pancreatic cancer cell lines, with a greater capacity to stimulate growth in cell lines with SMAD mutations (62). BMP signaling has also been shown to play a role in EMT through canonical BMP signaling, mediated by Grem1 inhibitory feedback, resulting in a maintenance of heterogeneity (63). Our group has also shown that activated fibroblasts express Grem1 and that increased expression is associated with a more severe tumor stage (64).





3 Genetic alterations in PDAC

PDAC is associated with several common mutations in oncogenes and tumor suppressor genes, including mutations in KRAS, TP53, CDKN2A, and SMAD4. These mutations can affect TGF-β signaling pathways at various points, including the intracellular signaling molecules and receptors (65).



3.1 SMAD4 mutation

SMAD4 mutations are common in PDAC and are identified in approximately 60% of cases (66). Interestingly, an isolated SMAD4 mutation does not independently cause cancer; it must be paired with another mutation, such as KRAS (67). SMAD4 is part of the intracellular signaling pathway that complexes with activated and phosphorylated SMAD2/3 and SMAD1/5/8 in response to TGF-β and BMP binding their respective receptors (68). Mutation of SMAD4 results in loss of the tumor suppressor function of canonical TGF-β signaling (69). Loss of SMAD4 results in decreased T-cell recruitment and a suppressed immune response (70). Additionally, knockout of Smad4 in a PDAC mouse model has increased tumor sensitivity to host immune control and induced DNA damage (71).




3.2 Receptor mutations

Mutations in TGF-β receptors have been identified as disruptions of TGF-β signaling pathways that result in the loss of TGF-β suppressive effects. Studies have shown that mutations in TGFBR1, which encodes TGF-β type I receptor (TGFBRI), occur in approximately 1% of cases, and mutations in TGFBR2, which encodes TGF-β Type II receptor (TGFBRII), appear in approximately 4% of patients (72). Type III TGF-β receptor mutations also occur and result in increased EMT-associated increased motility and invasiveness (73).

Disruption in the expression of other receptors has also been reported. Deletion of ACVR1B, which encodes the ALK-4 receptor for activin A, is associated with a more aggressive cancer phenotype (74). Interestingly, mutations in BMPRI are described in patients with hereditary juvenile polyposis. BMPRI and BMPRII mRNA levels are upregulated in pancreatic cancers, and cells with higher levels have been shown to have more significant metastatic potential (75, 76).




3.3 Other mutations

KRAS is frequently mutated in human carcinomas and approximately 85% of PDAC cases (77). KRAS mutations are often detectable early in disease progression (78). GREM1 is upregulated in hereditary mixed polyposis syndrome, where duplications of the gene result in increased antagonism of BMP signaling (79). Similar mutations are observed in sporadic intestinal polyps (80). However, mutations in GREM1 have not been reported in cases of PDAC.





4 Therapeutic potential of targeting the TGF-β superfamily

Management options for pancreatic cancer depend primarily on the stage of the cancer when it is diagnosed. Distant metastasis, retroperitoneal invasion, and invasion of the mesenteric root are contraindications to surgical resection. Chemotherapy is the standard of care for metastatic pancreatic cancer. Gemcitabine was considered the first line for a couple of decades following a randomized control trial showing more favorable outcomes than fluorouracil. However, survival for patients treated with gemcitabine was still dismal, with a median survival of 5.65 months (81). This regimen has been improved following the PRODIGE and MPACT studies, which evaluated FOLFIRINOX and albumin-bound paclitaxel plus gemcitabine, showing significant improvement in survival time compared to gemcitabine alone (82, 83). Despite these improved regimens, outcomes remain poor, leading to a focus on the potential of other treatment modalities, including immunotherapy.

Interestingly, chemotherapy has been shown to alter the tumor microenvironment through reprogramming and increased synthesis of chemokines, including TGF-β (84). Thus, TGF-β appears to be involved in the resistance to chemotherapy. Inhibiting TGF-β has become a focus of therapeutic intervention and shows promising results in treating PDAC.



4.1 Inhibition of TGF-β signaling

Because of the complexity of the TGF-β signaling pathway, numerous potential targets are under investigation (Figure 1). Therapeutic strategies include antisense oligonucleotides, neutralizing antibodies, ligand traps, and small molecule kinase inhibitors. Many of these therapies are being investigated in several cancers, including pancreatic cancer.



4.1.1 Antisense oligonucleotides

Trabedersen (AP12009), specific for TGFB2 mRNA, reduced TGFB2 expression in human pancreatic cancer cell lines, resulted in decreased proliferation and migration, and reversed immunosuppressive effects (Figure 1A) (85). A phase 2 clinical study showed a good safety profile, with the only identified adverse effect being transient thrombocytopenia and a mean survival of 13.4 months for 61 patients with pancreatic cancer (86). Further clinical trials have yet to be published.




4.1.2 Neutralizing antibodies

In preclinical studies, SRK-181, which specifically targets latent TGF-β1, countered TGF-β-mediated resistance to cancer checkpoint blockade therapy (Figure 1A) (87). It is currently under investigation in the DRAGON trial (NCT04291079), a phase 1 clinical trial investigating it as a monotherapy or in combination with anti-PD-L1 in patients with solid tumors, including pancreatic tumors, which has shown no dose-limiting toxicity and adverse effects limited to fatigue, anorexia, and nausea. One patient with pancreatic cancer who was treated with SRK-181 as a monotherapy showed stable disease (88).

Livmoniplimab (ABBV-151) targets GARP-TGF-β1 and prevents the release of active TGF-β1 (Figure 1A). It is currently under investigation in a phase 1 trial (NCT03821935), investigating it as a single agent or combined with Budigalimab in patients with locally advanced or metastatic solid tumors. This clinical trial is still in the recruiting phase, and preliminary results are not yet available (89).

PLN-101095 targets integrin αvβ8 and αvβ1 and prevents activation of TGF-β (Figure 1A). It has shown enhanced response to standard chemotherapy regimens in preclinical studies (90) and is currently in a phase 1 clinical trial (91). Additionally, 264RAD inhibits integrin αvβ6 and has shown promising results in preclinical trials (92); however, further clinical trials have not been pursued.

NIS793 binds and neutralizes active TGF-β with high affinity and has been shown to decrease fibroblasts and enhance tumor cell chemosensitivity (Figure 1B) (93). In a phase 1b trial (NCT02947165), 120 patients, of which ten had pancreatic cancer, were treated with NIS793 as a monotherapy or in combination with spartalizumab. Partial response was observed in 2.5% of patients, and stable disease was observed in 24.2% of patients. While no dose-limiting toxicity was observed, nearly half experienced an adverse event, most commonly rash (94). A phase 2 trial (NCT04390763) and phase 3 trial (NCT04935359) are ongoing to evaluate the drug’s effect in patients with metastatic pancreatic ductal adenocarcinoma.

LY3022859 targets the type II TGF-β receptor and inhibits signaling activation (Figure 1B). A phase 1 trial (NCT01646203) was discontinued due to patients developing uncontrollable cytokine release syndrome (95).




4.1.3 Ligand traps

AVID-200 is explicitly designed to resemble the receptor ectodomain for TGF-β1 and TGF-β3 and has been shown to enhance the efficacy of immune checkpoint inhibitors in preclinical trials (Figure 1B) (96, 97). It recently underwent a phase 1 clinical trial (NCT03834662) for solid tumors, including PDAC (98).

Activated T-cells present PD-1 on the surface, which can be exploited by tumor cells expressing PD-L1. PD-L1 binding to PD-1 inactivates the T-cells and prevents the T-cell-regulated destruction of the tumor cells (99). Thus, the PD-1 signaling pathway has been identified as a promising target for cancer immunotherapy (100). Specific interest has arisen in dual inhibition of the PD-1 and TGF-β signaling pathways, which is hypothesized to enhance the anti-tumor activity (101). Bintrafusp alfa (M7824) is a bifunctional fusion protein with a type II TGF-β receptor fused to an antibody against PD-L1 (Figure 1B) (102), which has undergone a phase 1 clinical trial (NCT02517398) that included five patients with pancreatic cancer. Three patients had a response of stable disease, one of partial response, and one of progressive disease (103).




4.1.4 Small molecule kinase inhibitors

Galunisertib (LY2157299) is an oral drug that inhibits the type I TGF-β receptor kinase and down-regulates the phosphorylation of SMAD2 (Figure 1B) (104). In phase 1 and 2 clinical trials, a combination of galunisertib and gemcitabine resulted in an improved survival time of 8.9 months compared to 7.1 months in patients treated with just galunisertib with minimal increase in toxicity in patients with locally advanced or metastatic pancreatic adenocarcinoma (105).

Vactosertib (EW-7197), a type I TGF-β receptor inhibitor, has been shown to augment gemcitabine and decrease the expression of ECM components, improving the sensitivity of pancreatic cancer cells to gemcitabine (Figure 1B) (106). It also has synergistic effects when combined with T1-44, an inhibitor of PRMT5 methyltransferase (107). It has been investigated in a phase 1b clinical trial in combination with FOLFOX in sixteen patients with pancreatic ductal adenocarcinoma; three patients had a partial response, and five had stable disease (108).

LY3200882, an oral type I TGF-β receptor inhibitor, was investigated in a phase 1 clinical trial (Figure 1B). LY3200882 was used in combination with gemcitabine and nab-paclitaxel in twelve patients with pancreatic cancer. Six of the twelve patients had partial responses, and all but one demonstrated decreased tumor size (109).





4.2 Other targets

In addition to TGF-β, other members of the TGF-β superfamily are promising targets for cancer therapeutics. Interestingly, ginisortamab (UCB6114), an antibody that neutralizes Grem1 and blocks its antagonistic effects on BMP signaling, has been shown to restore BMP signaling pathways in human colorectal cancer cell lines and fibroblasts (Figure 1B) (110). It is currently being evaluated by a phase 1/2 clinical trial (NCT04393298) in advanced solid tumors, including pancreatic adenocarcinomas.

GDF-15 has also been identified as a potential target. While the exact signaling pathway has yet to be elucidated, recent studies have identified a unique GDF-15 receptor glial cell-derived neurotrophic factor family receptor α-like (GFRAL) and have shown that GDF-15 inhibits leukocyte integrin activation and T cell migration, which is reversed with neutralization of GDF-15 (111, 112). Visugromab (CTL-002), a neutralizing antibody of GDF-15, is currently under evaluation in phase 2a of the GDFATHER trial (NCT04725474) and is showing promising results in combination with nivolumab in advanced non-small cell lung cancer and urothelial cancer.





5 Discussion

TGF-β and associated proteins undoubtedly play a role in the development of pancreatic disease and disease progression from AP to CP to PDAC. However, the heterogeneous nature of pancreatic tissue and the dynamic role of the TGF-β superfamily and associated signaling pathways result in nuanced implications for therapeutics that target these pathways.

Systemic therapies such as chemotherapy have been the standard of care for patients with pancreatic cancer following trials such as PRODIGE 4/ACCORD 11 and MPACT; however, outcomes remain very poor with short survival times (83, 113). This has led to an interest in targeted therapies such as immunotherapy, which modulate a patient’s immune system response. Such therapies have survival benefits in several types of solid tumors, including upper gastrointestinal tumors and colorectal cancers (114, 115). However, similar benefits from these immunotherapies have not been seen in pancreatic cancer, mainly because pancreatic tumors are immunologically cold due to the unique immunosuppressive tumor microenvironment with limited immune cells (116). Thus, current strategies seek to target components of the microenvironment that contribute to this immunosuppression to improve the responsiveness of tumors to immunotherapy (117). Subsequently, TGF-β signaling pathways became targets of interest, given the role of TGF-β in immunosuppression and ECM production.

Several therapeutics that target TGF-β and associated pathway molecules are currently under investigation in early clinical trials for solid tumors, including pancreatic tumors. These targets include modulating the TGF-β signaling pathway directly and targeting other proteins in the superfamily, such as Grem1, which inhibits BMP signaling. Additionally, antagonism of BMP has been suggested as a potential target to block and reduce pancreatic cancer invasiveness (118). However, due to the context-dependent manner of BMP signaling, the efficacy of such therapeutics varies greatly, and further investigation into the subtleties of BMP signaling in both oncogenic and tumor-suppressive functions is warranted (119).

Because the TGF-β superfamily has heterogenous roles in pancreatic tumor development, the effectiveness of these therapies has yet to be fully elucidated. TGF-β signaling pathways are involved in immunosuppression and ECM production, but TGF-β pathways also regulate cell cycle progression. Regardless, data from the recent clinical trials suggest hopeful results. Side effect profiles were essentially minimal, but the potential adverse effects of TGF-β targeting drugs when delivered systemically should be a point of investigation in future studies, as blockage of the signaling pathways has previously been shown to have contradictory effects depending on cell type (120). Targeted drug delivery to the pancreatic tumor microenvironment may help mitigate such effects.

Ultimately, definitive management of pancreatic disease will likely require a multifaceted treatment plan due to the heterogeneous nature of the disease processes. TGF-β has been shown to augment the microenvironment, which likely contributes to the characteristic resistance and poor outcomes of PDAC. Inhibition of these signaling pathways shows promising results in boosting the effects of traditional therapeutics. Pairing modulators of TGF-β signaling pathways with conventional systemic treatments such as chemotherapy and other immune modulators such as PD-1 inhibitors will address the mechanisms of resistance that have contributed to the poor outcomes of pancreatic cancer and allow for a more comprehensive treatment regimen.
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Pancreatic cancer is one of the deadliest malignant tumors, which is a serious threat to human health and life, and it is expected that pancreatic cancer may be the second leading cause of cancer death in developed countries by 2030. Claudin18.2 is a tight junction protein expressed in normal gastric mucosal tissues, which is involved in the formation of tight junctions between cells and affects the permeability of paracellular cells. Claudin18.2 is highly expressed in pancreatic cancer and is associated with the initiation, progression, metastasis and prognosis of cancer, so it is considered a potential therapeutic target. Up to now, a number of clinical trials for Claudin18.2 are underway, including solid tumors such as pancreatic cancers and gastric cancers, and the results of these trials have not yet been officially announced. This manuscript briefly describes the Claudia protein, the dual roles of Cluadin18 in cancers, and summarizes the ongoing clinical trials targeting Claudin18.2 with a view to integrating the research progress of Claudin18.2 targeted therapy. In addition, this manuscript introduces the clinical research progress of Claudin18.2 positive pancreatic cancer, including monoclonal antibodies, bispecific antibodies, antibody-drug conjugates, CAR-T cell therapy, and hope to provide feasible ideas for the clinical treatment of Claudin18.2 positive pancreatic cancer.
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1 Introduction

Claudins are important proteins in normal tissue tight junctions (TJ), which are related to the formation of epithelial and epidermal tight junction proteins (1), and were first discovered and named by researchers Mikio Furuse and Shoichiro Tsukita of Kyoto University in Japan in 1998. The name “Claudin” originated from the Latin word “claudere (to close)” (2). Three main functions of Claudins are intracellular signaling, fence, and barrier. While the function of fence divides the apical and basolateral domains and controls substance mobility in the plasma membrane, the function of barrier is the capacity to control the paracellular permeation of ions, water, immune cells, and macromolecules, selectively (3–5). Claudins include at least 27 family members, 4 transmembrane structural domains, and 2 extracellular loops (Schematic diagram of Claudins protein structure, Figure 1), which allow the Claudins proteins to effectively sustain the polarity of epithelial and endothelial cells, thereby effectively regulating paracellular permeability and conductance (6). Claudin18 is one of the Claudins (CLDN) proteins family, which has two different isoforms, Claudin18.1 and Claudin18.2, due to the optional exons 1a and 1b (7). Claudin18.2 is the highly targeted marker protein with tissue-specific expression. The expression of Claudin18.2 in normal tissues is restricted to differentiated gastric mucosal epithelial cells, which results that it is masked and is mostly untouched by intravenous antibodies. However, if the tissues are cancerous, changes in cell polarity expose the epitope of Claudin18.2 to the cell surface and increase the expression (8). Claudin18.2 is expressed in many tumors, including gastric cancer, pancreatic cancer, esophageal cancer, ovarian cancer, etc. (8–11). In a study of 414 cancer patients with immunohistochemistry (IHC) analysis to assess Claudin18.2 expression in different tumor types, a total of 4.1% (N=17) of subjects were Claudin18.2 positive, including pancreatic cancer (16.7%, 1/6), gastric cancer (14.1%, 12/85), colorectal cancer (0.9%, 2/203), biliary tract cancer (6.3%, 1/16), and genitourinary/miscellaneous (2.2%, 1/46) (12). The expression of Claudin18.2 is not only in the primary tumor, but also in metastases. In one study, pancreatic ductal adenocarcinoma (PDAC), which is the most common kind of pancreatic cancers, showed 59.2% (103/174) Claudin18.2 expression, of which 54.6% were strongly expressed (N=95). In the lymphatic metastasis, 69.4% (N=34) expressed Claudin18.2 with strong staining. Whereas the number of tumor cells in the samples expressing Claudin 18.2 was positively linked with the staining intensity (RS = 0.871, p<0.001). The results are similar in liver metastasis samples. 65.7% of samples (N=23) expressed Claudin18.2 and all positive samples showed 2+ or higher staining intensity (13). Jiang H et al. finds that the expression of Claudin18.2 in the metastatic lesions is in line with the expression in the primary cancer tissues (14). And the expression of Claudin18.2 was more obvious in the disease progression. Samples from lymph nodes and liver metastases showed expression that was either identical to or higher than that in the original lesion, and the high expression of Claudin18.2 were related to the poor prognostic factors of positive lymph nodes (15). The longer median progression-free survival (mPFS) is related to the lower Claudin18.2 expression level in gastric cancer (p = 0.047) (16). Researchers also revealed that claudin18 expression correlates with poor survival in patients with CRC. And the prognosis of patients with positive claudin18 expression was significantly poorer than in negative cases (P= 0.0106) (17). While Jun et al. found that in patients with Claudin18 expression, OS was longer than those without Claudin18 expression (5-year survival rate, 90.5% vs. 64.8%) (18). Another study also found that patients with high expression levels of claudin18 have longer survival time than those with low claudin18 expression (19). Overexpression of Claudin18.2 may activate related signaling pathways, like SPAK-p38 MAPK signaling pathway, epidermal growth factor receptor (EGFR)/extracellular signal-regulated kinase (ERK) signaling et al., which leads to tumor cell proliferation (20–22). Another study on human pancreatic cancer cells showed Claudin18 is predominantly controlled at the transcriptional level by specific protein kinase C signaling pathways and modified by DNA methylation (23). At present, the exact mechanism that Claudin18.2 impacts on distant metastasis and tumor lymph node metastasis is unclear, and it is possible that its unusual expression changes the structure and function of tight junctions between cells. The studies have also found that different expressions of Claudin have been shown to be significant in the prognosis of cancer. For example, claudin-1 is associated with colon cancer prognosis (24), claudin-18 is related to gastric cancer (GC) prognosis (25), and claudin-10 is relevant to hepatocellular carcinoma prognosis (26). In summary, Claudin18.2 protein is involved in the migration, differentiation, and proliferation of tumor cells. And because of its specific expression it may be used as the target of precise attack on tumors, so the value of Claudin18.2 in the diagnosis, treatment and prognosis of tumors should be further explored.




Figure 1 | Schematic diagram of Claudins protein structure. (By Figdraw).






2 The double-edged sword role of Claudin18 in cancers

There are many antigens with dual roles in tumor microenvironment, for example, TGF-β, desmosomes, HMGB1 (a nuclear DNA-binding protein) and cancer testis antigens etc. (27–30). Claudin18 also has different effects in tumors, acting as a tumor suppressant in gastric and lung cancers, but playing a promoting role in other gastrointestinal tumors, such as pancreatic cancer, colorectal cancer, and esophageal cancer (31). At present, only a few articles have elucidated the mechanism of action of Claudin18 in different tumors, which needs further summary.



2.1 Inhibition of tumors

Oshima et al. found that the Ki-67 index was inversely correlated with the level of Claudin18 in the front of gastric cancer invasion, and the loss of Claudin18 was also shown to be associated with the proliferation and invasion of GC cells in subsequent cell experiments (32). Helicobacter pylori infection in mice attenuated the expression of Claudin18 in the early stage of GC development, leading to rapid tumor development, which may be related to the involvement of Claudin18 in the regulation of cytokines, Wnt and Notch signaling pathways (33). Zhou et al. found that Claudin18 can inversely regulate the activity of Yes-associated protein (YAP), thereby promoting cell proliferation and tumorigenesis (34). Claudin18.1 can inhibit yes-associated protein/tafazzin (Yap/Taz) and insulin-like growth factor 1 receptor (IGF-1R) signaling pathway, resulting in AKT inhibition (35, 36). It proved that Claudins is an important signaling center involved in cell proliferation and tumorigenesis. In Claudin18-deficient mice, the frequency of lung adenocarcinoma also increased accordingly (37).




2.2 Promotion of tumors

The cancer-promoting effects of Claudin18 are mostly manifested in its ectopically activated cancers. For bile duct carcinoma cells, the overactivation of EGFR leads to the activation of the downstream Ras/Raf/MEK/ERK cascade, which induces the expression of Claudin18, and the expression of Claudin18 can further induce ERK1/2 phosphorylation, forming a positive feedback loop, and playing a role in promoting cancer (21). In the normal esophageal squamous epithelium, Claudin18 is not expressed, but the expression of Claudin18 in the columnar epithelium of Barrett’s esophagus is doubled, and Claudin18 can reduce the permeability of tightly junction H+ ions, prevent its attack and destroy the esophageal squamous epithelium, thereby promoting tumorigenesis (38). Claudin18.2 is mainly regulated by the hypomethylation gene sequence CpG island promoter and the transcription factor cAMP-response element blinding protein (CREB) in its genetic coding sequence (8), and its overexpression may be related to signaling pathways, like PKC pathway, ERK/MAPK pathway, and HER2/HER3 pathway, which promote the proliferation of tumor cells (31, 39, 40). In addition, the high expression of Claudin18.2 can regulate cell polarity, disrupt the tight junctions of tumor cells, change the adhesion and plasticity of tumor cells, increase their ability to metastasize and infiltration, and increase the degree of malignancy of tumors (41).





3 Current research of Claudin18.2

At present, there are no products targeting Claudin18.2 on the market, but research on various types of drugs targeting Claudin18.2 is in full swing, of which the indications are mostly focusing on Claudin18.2 positive gastric cancer and pancreatic cancer. Immunotherapy for solid tumor targeting Claudin18.2 includes monoclonal antibody, bispecific antibody, antibody-drug conjugate (ADC), and CAR-T cell. For example, the first targeted development drug, Zolbetuximab (IMAB362), is an IgG1 monoclonal antibody that specifically links structurally chimeric to Clauidn18.2 on the surface of tumor cells. It causes antibody-dependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), apoptosis and inhibits cell proliferation. Its powerful capacity to eradicate cancer cells and regulate illness has been effectively confirmed by preclinical research (42). CMG901, monoclonal antibody + monomethyl auristatin E (MMAE) drug conjugates, can efficiently target tumor cells by anti-Claudin18.2 antibodies and trigger endocytosis, which allows the small molecule toxin MMAE to enter tumor cells to provide antitumor effects (14). Here, we list the latest clinical trials in Claudin18.2-targeted agents developed in ClinicalTrials.gov (Table 1) for further research.


Table 1 | Latest clinical trials in Claudin18.2-targeted agents in ClinicalTrials.gov.






4 Application of Claudin18.2 in pancreatic cancer

Pancreatic cancer (PC) is one of the deadliest tumors, which seriously threatens human health. Given that pancreatic cancer has no special clinical manifestations and its unique anatomical location, it is considered to be a “silent killer”. In 2020, there were more than 490,000 new cases and more than 460,000 deaths worldwide. Pancreatic cancer kills almost as many people as it does, and the highest incidence rates are found in Europe and Northern America (26). With the lowest 5-year survival rate of any cancer type (10%), PC is also expected to become the second leading cause of cancer-related mortality in the United States by 2030 (52, 53). As the population grows, the aging process accelerates and the westernized lifestyles become more prevalent, in the coming years the incidence of pancreatic cancer is likely to continue to rise. Currently, surgery treatment is the only promising method for pancreatic cancer, usually followed by postoperative adjuvant radiotherapy and chemotherapy, and the survival rate of five year in patients is only 30% (54). Exocrine cell tumors account for 95% of pancreatic cancer cases, and the most common of these is PDAC. However, PDAC is characterized by early invasive metastases, with more than 50% of patients presenting with distant metastases, only 15%-20% of patients with PDAC can perform the surgery and most surgical patients also experience metastases within four years (55, 56). At present, the survival status of pancreatic cancer patients is not optimistic, and the treatment choices are limited. The median overall survival (mOS) of patients with advanced pancreatic cancer is only 11.1 months (41), so there is an imperative need to find new targets and new therapies to bring new hope to patients. In both pancreatic adenocarcinoma and its metastases, claudin18.2 is heavily expressed. Patients who have high expression of claudin18 live longer than individuals without this target (57). So, at present, the research on claudin18 monoclonal antibodies, bispecific antibodies, antibody-drug conjugates, and CAR-T cell therapy are in full swing, which may offer fresh ideas to the treatment of pancreatic cancer.



4.1 Monoclonal antibodies – the potential of Claudin18.2 is emerging



4.1.1 Zolbetuximab (IMAB362)

Zolbetuximab (IMAB362) is one of monoclonal antibody drugs targeting Claudin 18.2. It can trigger ADCC and CDC by specifically connecting to Claudin18.2 on the surface of tumor cells, which may result in tumor cell lysis and death. The extent of cytotoxic effects induced by Zolbetuximab was found to be related to the expression of Claudin18.2 on the surface of cells (58). The study (NCT03816163) to evaluate the safety and effectiveness of the combination of Nab-Paclitaxel and Gemcitabine (Nab-P + GEM) with Zolbetuximab (IMAB362) as the first-line therapy for patients with metastatic pancreatic adenocarcinoma who are also Claudin18.2 positive is ongoing (50). The study is predicted to include 369 pancreatic cancer patients with high expression of Claudin18.2 (IHC staining intensity ≥75%). In order to assess the safety and tolerability of Zolbetuximab + GN, the trial involved a safety lead-in that enrolled 3-12 patients. And after 28 days, dose-limiting toxicities (DLTs) will be evaluated. About 357 patients will be assigned 2:1 randomly to receive either GN alone on Days 1, 8, and 15 of each cycle or Zolbetuximab Q2W on Days 1 and 15 plus GN on Days 1, 8, and 15 of each cycle, according to the recommended phase 2 dosage (RP2D), which was confirmed during the safety lead-in period. Liver metastases and ECOG performance status will be used to determine the randomization process. Patients will have the baseline MRI or CT every eight weeks until the beginning of another systemic anticancer treatment, or until the period that investigators assessed the disease progression, whichever occurs first. The main goals are to ascertain the safety and tolerability of Zolbetuximab + GN, and whether the treatment with Zolbetuximab + GN compared to GN alone improves overall survival (OS). Progression-free survival (PFS), objective response rate (ORR), disease control rate (DCR), pharmacokinetics, duration of response (DOR), and health-related quality of life are secondary endpoints. We are now looking forward to the final results of this experiment. Up to now, Zolbetuximab (IMAB362) has been approved for the first-line treatment for metastatic pancreatic cancer in China, and is expected to become the first marketed Claudin18.2 monoclonal antibody in the world.




4.1.2 TST001

TST001 is a monoclonal antibody targeting Claudin18.2 that was developed globally following IMAB362. Compared to IMAB362, TST001 exhibits better affinity and Fc fragment receptor (FcR) binding activity because of its enhanced natural killer cell-mediated ADCC and fewer fucose content (59). Preclinical studies found that TST001 shows strong anti-tumor abilities in tumor models, with moderate to high levels of Claudin18.2 expression and synergistic anti-cancer effects with immune checkpoint inhibitors (ICIs) (60). The study has found that the combination of TST001 (Osemitamab) and atezolizumab has better anti-tumor activity than the single agent (61). There is an ongoing trial (NCT04396821) about TST001 to study the safety and tolerability in advanced or metastatic solid tumors. In cohort C of the trial, subjects with previously untreated, locally advanced, unresectable, or metastatic pancreatic adenocarcinoma will be enrolled. These participants will be given TST001 at a dose of 2 mg/kg or 4 mg/kg Q2W together with albumin-bound paclitaxel AND gemcitabine. The key observational indicators comprise the frequency and severity of adverse events, maximum tolerated dosage, safety and tolerability. And the secondary observational indicators include immunogenicity, PFS, ORR, DOR et al. We are awaiting the latest research progress.




4.1.3 AB011

A humanized recombinant monoclonal antibody injection against Claudin18.2 is known as AB011. which is the first monoclonal antibody against Claudin18.2 independently developed in China and the first humanized monoclonal antibody against this target in the world. Currently, AB011 is in the phase I clinical trial (NCT04400383) for the treatment of Claudin18.2 positive solid tumors (pancreatic adenocarcinoma, gastric cancer, and solid tumors). The study is consisted of two phases: the first phase is a single treatment and the second phase is a combination therapy. From Aug 2020 to Aug 2021, in Part 1, 14 patients in the dose-escalation stage were given AB011 at different dosage and 21 patients in the dose-expansion stage (11 at 30 mg/kg, 10 at 20 mg/kg). 77.1% have had at least two lines of treatment before. Twelve subjects (12/46, 46.2%) of GC/gastroesophageal junction (GEJ) adenocarcinoma had three or more metastatic organs, of which fifteen (56.7%) had peritoneal metastases. Six out of nine (66.7%) pancreatic cancer subjects had two or more metastatic organs. Eight patients (3 in 20 mg/kg, 5 in 30 mg/kg) suffered treatment-related adverse events (TRAEs) of grade 3, with grade 1-2 accounting for the majority of TRAEs. One case of DLT (grade 3 dyspnea) was reported in the 30 mg/kg group. Twelve patients achieved disease control out of the twenty patients with evaluable disease and at least one tumor assessment, and one GC without target lesions was shown to be complete response (CR) (51). There are some other monoclonal antibodies against Claudin18.2 that are being studied, like ASKB589 (NCT04632108), M108 (NCT04894825), MIL93 (NCT04671875), NBL-015 (NCT05153096), ZL-1211 (NCT05065710).





4.2 Bispecific antibodies – Claudin 18.2 is a strong combination

Two distinct epitopes on the same or different antigens are bound by bispecific antibodies. Bispecific antibodies exert activity that exceeds that of beyond natural antibodies due to the dual specificity of soluble or cell surface antigens, which may present additional therapeutic application potential (62). Currently, bispecific antibodies that have entered clinical trials include: Claudin18.2/CD3 (NCT04260191) (44), Claudin18.2/4-1BB (NCT05839106) (45), Claudin18.2/PD-L1 (NCT04856150) et al. These bispecific antibodies have stronger specificity and lower off-target toxicity than some monoclonal antibodies, and have more therapeutic potential for gastric and pancreatic cancers. AZD5863 is a bispecific antibody which targets Claudin18.2 and CD3 T cells. The safety, pharmacokinetics, pharmacodynamics, and effectiveness of AZD5863 in adult patients who have advanced or metastatic solid tumors are being investigated in the trial (NCT06005493). In this experiment, the AZD5863 will be infused in two different forms, intravenous and subcutaneous, to observe the number of adverse reactions and ORR. Clinical studies of other bispecific antibodies are ongoing, for example, IBI389 (NCT05164458), QLS31905 (NCT05278832), SG1906 (NCT05857332) et al.




4.3 Antibody-drug conjugates – Claudin 18.2 is getting better



4.3.1 CMG901

The most common form of antibody-drug conjugates (ADC) is monoclonal antibodies (mAbs) linked to cytotoxic medicines via chemical linkers by covalent bonds. Because of the benefits of strong killing power and high specificity targeting ability, it removes cancer cells effectively, making it a hotspot in the production of anticancer medications (63). CMG901 is the first ADC drug for Claudin18.2 in the world, which has shown strong anti-cancer efficacy through CDC, ADCC, and MMAE-mediated cytotoxicity with bystander killing. The phase I trial (NCT04805307) in patients who have advanced solid tumors is ongoing. As of August 4, 2022, CMG901 had been administered to 27 participants (14 patients with pancreatic cancer and 13 patients with gastric/GEJ cancer) at doses of 3.4 mg/kg. The median line of prior systemic treatment was 2, with the range of 1 to 5. 3/27 (11.1%) of the patients experienced grade 3 adverse events (AEs) as a result of the medicine. There were no documented grade 4 or 5 AEs linked to the drug. MTD wasn’t accomplished. The ORR and DCR in patients with gastric/GEJ cancer who were positive for Claudin18.2 were 75.0% and 100%, respectively. In the 2.6, 3.0, and 3.4 mg/kg Q3W dosage groups, ORR was 100%. The mOS and mPFS had not yet been reached. Patients exhibited little exposure to unconjugated MMAE systemically, according to the data. The results will be reported on an ongoing basis (43).




4.3.2 LM-302

LM-302 can specifically target Claudin18.2-positive tumor cells and enter tumor cells through endocytosis, releasing small molecule toxins, thus exerting anti-tumor effects. Preclinical studies of LM-302 (TPX-4589) have shown favorable safety profile and activity in vitro and in vivo, including good tumor suppression and decreasing tumor size in tumor models with high- or low-expression of Claudin18.2 (64). The Food and Drug Administration (FDA) has declared the medicine as the orphan drug (ODD) in 2021 for pancreatic cancer, gastric cancer and gastric junction cancer. Currently, experiments on LM-302 are underway, like NCT05161390, NCT05994001, NCT05934331, NCT05001516.




4.3.3 EO-3021/SYSA1801

A monoclonal antibody specific to the Claudin18.2 target and an MMAE payload site-specifically attached by cleavable linkers make up EO-3021/SYSA1801. The trial found that EO-3021 exhibits antitumor activity by inducing tumor regression with the single dosage in the models of gastric cancers, pancreatic cancers, and lung cancers with low, medium, and high Claudin18.2 expression (65). SYSA1801 is being assessed in patients with advanced solid tumors who are Claudin18.2 positive for the safety, anticancer efficacy, tolerability, and pharmacokinetics in the phase 1 trial (NCT05009966).





4.4 CAR-T cell – there is a breakthrough targeting Claudin18.2



4.4.1 CT041

Artificial receptor molecule made by genetic engineering technology, CAR can direct lymphocytes, most often T cells, to identify and destroy cells that express particular target antigens. Regardless of the major histocompatibility complex (MHC) receptor, the CAR connects to the target antigens that presented on the cell surface, leading to strong T cell activity and powerful anti-tumor effect (66). As the first CAR-T cell drug targeting Claudin18.2 in the world, CT041 appeared in 2019, and its remarkable efficacy shows good prospects for the treatment of digestive system tumors. Twelve patients-seven with gastric cancer and five with pancreatic cancer-were offered with CAR-positive T cell infusions in the open-label, single-arm, phase I study (NCT03159819). The results were found that among the 11 evaluable individuals one had CR who had a gastric adenocarcinoma, three had partial response (PR) (two gastric and one pancreatic adenocarcinoma), five had stable disease (SD), and two had progressive disease (PD). There was a 33.3% ORR, with a 130 days mPFS. This suggests that patients with advanced gastric cancer and pancreatic cancer may benefit from CAR- Claudin18.2 T cells (46). Qi C et al. reported two cases (NCT04581473 and NCT03874897) of CT041 in patients who had failed standard therapy with Claudin18.2 positive metastatic pancreatic cancer (48). After lymphocyte depletion, CAR-T cells were injected in the example 1, where the expression of Claudin18.2 was 2+, 70%. On day 1, there was grade 1 cytokine release syndrome (CRS) appeared, which was handled successfully by tocilizumab. PR was reached with a significant reduction in lung metastases, based on RECIST v1.1. There was a rise in CD8+ T cells and Treg cells and a decrease in CD4+ T cells and B cells. The IHC in the example 2 for Claudin18.2 was 3+, 60%. After that, Claudin18.2 CAR-T cells were given. The patient had grade 2 CRS, which was treated by tocilizumab. In addition, CR was attained in the lung metastatic target lesions. From peripheral blood, similar results that there were rises in both CD8+ T cells and Treg cells. Furthermore, decreasing transforming growth factor-β1 (TGF-β1) and increasing interleukin-8 (IL-8) were also reported. Until the final follow-up on July 18, 2023, the tumor was remained under control. In the interim results of a phase I trial (NCT03874897), the total of 37 patients with metastatic gastrointestinal tumors (five patients with pancreatic cancer) were included to receive CT041 infusion. For all patients, the ORR was 48.6% (95% confidence interval (CI); 31.9, 65.6) and the DCR was 73.0% (95% CI; 55.9, 86.2). The mPFS was 3.7 months (95% CI; 2.6, 5.4), and the OS rate was 80.1% (95% CI; 62.5, 90.0) at 6 months. In pancreatic cancer and other cancers group (n=9), 2 had PR, 4 had SD. The ORR and DCR were 22.2% (95% CI; 2.8,60.0) and 66.7% (95% CI; 29.9,92.5), respectively. The mPFS was 2.6 months (95% CI; 1.8,3.5) (47). In the single-arm, open-label, phase Ib study (NCT04404595), at the end of February 15, 2022, eleven participators (5 had gastric cancer and 6 had pancreatic cancer) were treated with CT041 at the dose between 2.5 and 4 × 108 cells. Two patients with pancreatic cancer were in stable disease with reduced tumor size, and there were also 3 patients with pancreatic cancer who progressed on the disease. The ORR was 37.5% (3/8) in patients (49). There are also experiments (NCT05911217) on CT041 that are in progress. The studies above have demonstrated that CT041, a Claudin18.2-targeted CAR-T cell drug, has good anti-tumor activity in advanced gastrointestinal tumors, including pancreatic cancer, and is safe and reliable.




4.4.2 Other CAR-T drugs

LY011 is one of the third generation of CAR-T cell products against Claudin18.2. Currently, two phase I trials (NCT04977193, NCT04966143) are being conducted in patients with Claudin18.2 positive pancreatic cancer and advanced gastric cancer, and as of now the results have not been officially reported. In addition, LB1908 (NCT05539430), HEC-016 (NCT05277987), KD-496 (NCT05583201), and CT048 (NCT05393986) have entered clinical trials for the treatment of pancreatic cancer, gastric cancer, and other solid tumors to verify their safety, tolerability and efficacy. The results of these clinical studies are awaiting.

More and more evidence suggest that pancreatic cancer has the firm barrier, deep invasion of immunosuppressive cells, and deficiency of effector T cells in the suppressive tumor microenvironment, which is considered as the major factor in chemotherapy resistance, immunotherapy insensitivity, and recurrence and metastasis (67). Therefore, in order to improve the anti-tumor effect of Claudin18.2-targeted CAR-T cell in the pancreatic cancer, a feasible strategy may be to remodel the immune microenvironment. This also means that there is still room for further advancement and promotion of the clinical use of Claudin18.2 targets. In addition, the combination of other immunomodulators, targeted tumor angiogenesis drugs, or improvement of CAR-T cells may also provide more effective treatments for pancreatic cancer patients.






5 Summary and outlook

In summary, Claudin18.2 is expected to become a “dark horse” target due to its high selectivity for pancreatic cancer in the future, and its targeted drugs include monoclonal antibodies, bispecific antibodies, ADC, CAR-T and other mainstream directions. And a number of ongoing clinical trials are also expected to offer more choices for patients who have Claudin18.2 positive pancreatic cancer. At present, the research and development of medicine which target Claudin18.2 is mostly based on IHC, but there are differences in the detection antibodies used by different institutions and the patient populations included, resulting in differences in the positive rate of Claudin18.2. Therefore, accurate diagnosis and multi-dimensional screening methods are essential for the detection of Claudin18.2-positive patients, while screening for beneficiary populations is also a key issue in accurately defining Claudin18.2-positive patients. But overall, targeted Claudin18.2 therapy has a “bright future”.
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HR (95% CI) 6 1725 37% 0.16 151 (1.29 - 1.76) < 0.001
Survival curve 1 1420 0% 0.629 1.28 (1.10 - 1.48) 0.001
Region
Europe and
) 5 1242 0% 0.543 1.55 (1.33 - 1.81) < 0.001
America
Asia 5 1903 11% 0.343 1.24 (1.07 - 143) 0.005
Therapy
Chemotherapy 8 2672 36.70% 0.136 137 (122-153) < 0.001
Chemo and 2 473 0% 0422 154 (105 - 2.25) 0.026
radiotherapy

Disease-free survival 3 575 2.10% 0.36 242 (1.94 - 3.04) < 0.001
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Type NCT Indications NEH References
of Number
Agents
CMG901 ADC NCT04805307 = Advanced Solid Tumor, Gastric Cancer, Gastroesophageal Junction Recruiting 1 (43)
Adenocarcinoma, Pancreatic Cancer
SYSA1801 ADC NCT05009966 | Advanced Solid Tumor, Gastric Cancer, Gastroesophageal Junction Recruiting I
Cancer, Pancreatic Cancer
LM-302 ADC NCT05161390 | Advanced Solid Tumor Recruiting /i
LM-302 ADC NCT05994001 | Biliary Tract Cancer Recruiting pus
LM302 ADC NCT05934331 | Gastric Cancer, Pancreatic Cancer Recruiting 1T
LM-302 ADC NCT05001516 = Advanced Solid Tumor Active, 1
not
recruiting
EO-3021 ADC NCT05980416  Pancreas Neoplasm, Stomach Neoplasm, Gastrointestinal Recruiting 1
Neoplasms, Digestive System Neoplasm, Neoplasms by
Site, Neoplasms
SKB315 ADC NCT05367635 | Advanced Solid Tumors Recruiting 1
for injection
RC118-ADC ADC NCT05205850 | Advanced Solid Tumor Recruiting s
RC118 ADC NCT06038396 = Advanced Solid Tumor Recruiting s
TORL-2- ADC NCT05156866  Advanced Solid Tumor, Gastric Cancer, Pancreas Cancer, Recruiting 1
307-ADC Gastroesophageal Junction Adenocarcinoma
AMG-910 Bispecific NCT04260191 | Gastric and Gastroesophageal Junction Adenocarcinoma Completed 1 (44)
antibodies
Q-1802 Bispecific NCT04856150 | Advanced Solid Tumors Recruiting 1
antibodies
S$G1906 Bispecific NCT05857332 | Locally Advanced Unresectable or Metastatic Solid Tumors Recruiting 1
antibodies
QLS31905 Bispecific NCT06041035 | Solid Tumor Not rts
antibodies yet
recruiting
AZD5863 Bispecific NCT06005493 | Gastric Cancer, Gastro-esophageal Junction Cancer, Pancreatic Recruiting /11
Antibodies Ductal Adenocarcinoma, Esophageal Adenocarcinoma
QLS31905 Bispecific NCT05278832 = Advanced Solid Tumors Recruiting 1
antibodies
PM1032 Bispecific NCT05839106 = Advanced Tumor Recruiting U (45)
injection antibodies
ASP2138 Bispecific NCT05365581  Gastric Adenocarcinoma, Gastroesophageal Junction (GEJ) Recruiting 1
antibodies Adenocarcinoma, Pancreatic Adenocarcinoma
1BI389 Bispecific NCT05164458 = Advanced Solid Tumors Recruiting 1
antibodies
CAR-CLD18 CAR-T NCT03159819 | Advanced Gastric Adenocarcinoma, Pancreatic Adenocarcinoma Unknown Not (46)
T Cells Applicable
Engineered CAR-T NCT03198052 = Lung Cancer, Cancer Recruiting I
CAR-T Cells
CAR- CAR-T NCT03874897 = Advanced Solid Tumor Recruiting 1 47)
CLDN18.2
T Cells
CT041 CAR-T NCT04581473 | Gastric Adenocarcinoma, Pancreatic Cancer, Gastroesophageal Recruiting uts (48)
Junction Adenocarcinoma
CTo041 CAR-T NCT04404595 | Gastric Cancer, Pancreatic Cancer Recruiting U (49)
CT041 CAR-T NCT05911217 | Pancreatic Cancer Recruiting 1
LCAR-CI8S CAR-T NCT04467853 = Advanced solid Tumors Terminated T
LYO11 CAR-T NCT04966143 | Pancreatic Cancer Recruiting 1
LYo11 CAR-T NCT04977193 | Advanced Gastric Adenocarcinoma Recruiting 1
TACO1- CAR-T NCT05862324 = Metastatic Solid Tumor Recruiting vt
CLDN18.2
1BI345 CAR-T NCT05199519  Solid Tumors Completed 1
Claudin18.2 CAR-T NCT05620732 | Advanced Pancreatic Carcinoma, Advanced Gastric Carcinoma Recruiting Not
CAR-T cells Applicable
Claudin 18.2 CAR-T NCT05472857 | Gastric Cancer, Pancreatic Cancer, Advanced Ovarian Carcinoma, Recruiting 1
CAR-T Gastroesophageal Junction Adenocarcinoma
RD07 CAR-T NCT05284968 | Solid Tumor Not I
Cell Injection yet
recruiting
LB1908 CAR-T NCT05539430  Gastric Cancer, Gastroesophageal-junction Cancer, Esophageal Recruiting | 1
Cancer, Pancreatic Cancer
XKDCT086 CAR-T NCT05952375 = Gastric Cancer Recruiting Not
Applicable
HEC-016 CAR-T NCT05277987 = Advanced Gastric/Esophagogastric Junction Adenocarcinoma, Recruiting 1
Pancreatic Cancer
AZD6422 CAR-T NCT05981235 | Gastrointestinal Tumors Not !
yet
recruiting
KD-496 CAR-T NCT05583201 = Gastric Cancer, Pancreatic Cancer, Solid Tumor Recruiting 1
Dual-targeting =~ CAR-T NCT06084286 = Advanced Solid Tumor Not 1
CLDN18.2 yet
and PD-L1 recruiting
CAR-T cells
CT048 CAR-T NCT05393986 | Gastric Adenocarcinoma, Pancreatic Cancer, Gastroesophageal Recruiting I
Junction Adenocarcinoma, Advanced Solid Tumors
IMC002 CAR-T NCT05946226 = Advanced Digestive System Tumor Recruiting 1
injection
IMC008 CAR-T NCT05837299 | Advanced Solid Tumor Recruiting 1
Zolbetuximab Monoclonal NCT03504397 = Locally Advanced Unresectable or Metastatic Gastric or Active, il
(IMAB362) antibodies Gastroesophageal Junction (GEJ) Adenocarcinoma not
recruiting
Zolbetuximab Monoclonal NCT03505320 = Metastatic or Locally Advanced Unresectable Gastric or Recruiting 1T
(IMAB362) antibodies Gastroesophageal Junction (GEJ) Adenocarcinoma
Zolbetuximab  Monoclonal | NCT03653507  Locally Advanced Unresectable or Metastatic Gastric or Active, uig
(IMAB362) antibodies Gastroesophageal Junction (GEJ) Adenocarcinoma not
recruiting
Zolbetuximab Monoclonal NCT03816163 = Pancreatic Cancer, Metastatic Pancreatic Cancer, Metastatic Recruiting 11 (50)
(IMAB362) antibodies Pancreatic Adenocarcinoma
Zolbetuximab  Monoclonal | NCT01630083 = Adenocarcinoma of the Gastroesophageal Junction, Completed 11
(IMAB363) antibodies Adenocarcinoma of Esophagus, Gastric Adenocarcinoma
Zolbetuximab Monoclonal NCT06048081 | Locally Advanced Unresectable Gastroesophageal Junction (GEJ) Available
antibodies Adenocarcinoma Cancer, Locally Advanced Unresectable Gastric
Adenocarcinoma Cancer, Metastatic Gastric Adenocarcinoma
Cancer, Metastatic Gastroesophageal Junction
(GEJ) Adenocarcinoma
ABO11 Monoclonal NCT04400383  Solid Tumors, Gastric Cancer, Pancreatic Adenocarcinoma Active, I (51)
antibodies not
recruiting
TST001 Monoclonal NCT04495296 = Advanced Cancer Recruiting s
antibodies
TST001 Monoclonal NCT04396821 Advanced Cancer, Gastric Cancer, Gastroesophageal-junction Recruiting rits
antibodies Cancer, Pancreatic Cancer
TST001 Monoclonal NCT05190575 | Biliary Tract Neoplasms Completed 1T
antibodies
TST001 Monoclonal | NCT06093425 = Gastric Cancer, Gastroesophageal-junction Cancer, Not i
antibodies Advanced Cancer yet
recruiting
ASKB589 Monoclonal | NCT04632108 = Malignant Solid Tumor Recruiting /I
antibodies
89Zr-NY005 Monoclonal NCT04989010 | Solid Tumor Unknown Not
antibodies Applicable
ZL-1211 Monoclonal NCT05065710 | Advanced Solid Tumors Recruiting U
antibodies
IMAB362 Monoclonal | NCT01671774 = Gastric Adenocarcinoma, Adenocarcinoma of the Gastroesophageal ~~ Completed T
antibodies Junction, Adenocarcinoma of Esophagus
SPX-101 Monoclonal | NCT05231733  Solid Tumor Not 1
antibodies yet
recruiting
TORL-2- Monoclonal NCT05159440 = Advanced Solid Tumor, Gastric Cancer, Pancreas Cancer, Recruiting 1
307-MAB antibodies Gastroesophageal Junction Adenocarcinoma
M108 Monoclonal NCT04894825 = Advanced Unresectable Solid Tumors Recruiting 1
antibodies
NBL-015 Monoclonal | NCT05153096  Advanced Solid Tumors Not 1
antibodies yet
recruiting
MIL93 Monoclonal | NCT04671875 = Advanced Malignancies Recruiting 1

antibodies





OPS/images/fonc.2023.1140730/fonc-13-1140730-g004.jpg
MIA PaCa-2

—
o
< o
[as] >
o Lk,
§
wed
S < )
~ o Q a
g% £
s -
pom 0
o
1 s |
ST 2 T St i cise L2cEs i & o
& & g2 2 s33¢a& $ss388 z ¢
E 3§88 8 g828gs

O (.01 rYEdD Jo Uoissaidxe yNHw oneiey @ (-OFX) XS 40 U0ISSaIdxe YNYWI eAeley

e —

=Y o
I} I3

P (.0 to o710 co_mmm\_axw YNYW aAie|oy o Av 0LX) /740 co_mmm‘_nxo VYNYW aAleeYy

= MKN45






OPS/images/fonc.2024.1362247/crossmark.jpg
©

2

i

|





OPS/images/fonc.2024.1362247/fonc-14-1362247-g001.jpg
OB -3
TGFB mRNA NIS793

AVID-200 Grem1

latent TGFB M7824 .
ucBe114

ABBV-151
PLN-101095
264RAD
—

LY2157299
EW-7197
LY3200882






OPS/images/fonc.2024.1362247/table1.jpg
Subfamily

Transforming Growth Factor
(TGF)-B

Bone Morphogenic
Protein (BMP)

Growth Differentiation
Factor (GDF)

Nodal

Inhibin

Activin

Lefty

Anti-Mullerian Hormone

Adapted from (13-16).

Associated Receptors
gene Other name
Type | Type 2
TGF-B1 TGFBI TGFBRI, ALK-5 TGFBRII Smad2/3
TGF-B2 TGFB2 TGFBRI, ALK-5 TGFBRII Smad2/3
TGE-B3 TGFB3 TGFBRI, ALK-5 TGFBRII Smad2/3
BMPRII,
BMP-2 BMP2 BMPRIA, BMPRIB ACIRIL, ActRILB Smad1/5/8
BMPRIL,
BMP-3 BMP3 ALK-4 AGRIT: ARITE Smad2/3
BMPRII,
BMP-4 BMP4 BMPRIA, BMPRIB ACIRIL, ActRITE Smad1/5/8
BMPRIA, BMPRIB, BMPRII,
BMP-5 BMP5 fomise AGRIT} AT Smad1/5/8
BMPRIA, BMPRIB, BMPRII,
BMP-6 BMP6 Vgl ALK2 ACIRIL, ActRILB Smad1/5/8
BMPRIA, BMPRIB, BMPRIL,
BMP-7 BMP7 s AGERIT: AGRRITE Smad1/5/8
BMPRIA, BMPRIB, BMPRII,
BMP-8A BMPSA ALK ACIRIL, ACtRITE Smad1/5/8
BMPRIA, BMPRIB, BMPRII,
BMP-8B BMPSB pande ACERIT, A CHUE Smad1/5/8
BMPRII,
BMP-9 GDF2 GDF-2 ALK-1, ALK-2 “ACERIT: KERITE Smad1/5/8
BMPRIL,
BMP-10 BMPI0 ALK-1, ALK-2 AGRIT, AGHHITE Smad1/5/8
BMPRII,
GDF-1 GDFI ALK-7 ACIRIL, ActRITE Smad2/3
BMPRII,
GDF-3 GDF3 Vg2 ALK-7 ACERIT, AGHUTS Smad2/3
BMPRII,
GDF-5 GDF5 BMP-14 BMPRIB AEIRIT AT Smad1/5/8
BMPRIL,
GDF-6 GDF6 BMP-13 BMPRIB AGERIT: AGHRITE Smad1/5/8
BMPRII,
GDE-7 GDF7 BMP-12 BMPRIB ACIRIL, ActRIIB Smad1/5/8
GDF-8 MSTN myostatin none ActRIIB Smad2/3
BMPRII,
GDF-9 GDF9 ALK-5 AGIRIT, AGIRITE Smad2/3
BMPRII,
GDF-9B BMPI15 BMP-15 ALK-5 ACtRIL, ActRIIB Smad2/3
BMPRII,
GDE-10 GDF10 BMP-3B ALK-4 AGRIT: AGHRITE Smad2/3
GDF-11 GDFI11 BMP-11 ALK-4, ALK-5 ACtRIIB Smad2/3
GDF-15 GDF15 MIC-1 unknown unknown unknown
BMPRII,
Nodal Nodal BMP-16 ALK-7 "AEERIT, AHRIIE Smad2/3
Inhibin A INHA, INHBA none ACtRIL, ActRIIB none
Inhibin B INHA, INHBB none ACtRIL, ActRIIB none
Activin A INHBA ALK-4, ALK-7 ACtRIL, ActRIIB Smad2/3
Activin B INHBB ALK-4, ALK-7 ACtRII, ActRIIB Smad2/3
Activin AB INHBA, INHBB ALK-4, ALK-7 ACtRII, ActRIIB Smad2/3
Lefty A LEFTY2 none ACtRII, ActRITB none
Lefty B LEFTY1 none ActRII, ActRITB none
AMH AMH Mulleriar- BMPRIA, BMPRIE, | svemmnn Smad1/5/8

inhibiting substance

ALK-2

TGEBRI, Type I TGE-P receptor; TGFBRIL Type Il TGE-B receptor; BMPRIA, Type IA BMP receptor; BMPRIB, Type 1B BMP receptor; ActRIL Type II Activin receptor; ActRIIB, Type IIB

Activin receptor.
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Gene name

PSMG-1 (PAC-1)
PSMG-2 (PAC-2)
PSMG-3 (PAC-3)
PSMG-4 (PAC-4)
POMP

PAAF-1
PSMD-10
PSMD-5

PSMD-9

IL6

IL7

IL-13

IL-15

CCL5

CXCL10

PAI-1

TNF-a

MCP1

GAPDH

Forward (5° -> 3’)

TCC TTT CCT GAG AGC CCT AAA A
ACC GAT TGT CTT GTG CCA ATG
GAA GAC ACG CCG TTG GTG ATA
GTC CAC TTC CAC GTC ATG C

ACT TGG ATC TGA GCT AAA GGA CA
GGA GGT CTT GGT GTG TCT TCT
GGG TGT GTG TCT AAC CTA ATG G
GCG CTG CTG AGA GAG GTA G

AGG AGG AGA TAG AAG CGC AGA
CCCCTCAGCAATGTTGTTTGT
CCCTCGTGGAGGTAAAGTGC
CCTCATGGCGCTTTTGTTGAC
TTTCAGTGCAGGGCTTCCTAA
CCAGCAGTCGTCTTTGTCAC
GTGGCATTCAAGGAGTACCTC
CCACCTCCGTGAAGGAATGAC
CCTCTCTCTAATCAGCCCTCTG
CAGCCAGATGCAATCAATGCC

CCA GGT GGT CTC CTC TGA CTT CAA CA

Reverse (5" -> 3°)

TGT TCT AGC AAT GGA CAA CACG
AGG CAA TGA ATA CAC TTC AGC AT
GAA GGA CTT TTG TGG TGA GCA
GGG AGG TAG ACA CGG GGA' T

GGG GAT GAC TAG GCA AAA GTT C
CAA CGA TGG CTG TAT CCA GGA
GGC CAG AAT ACT CTC CTT CAA CT
AGT CTT TTC CCT ATG GTT CTC GT
GTG CGG ACT TGG TAC AGG T
CTCCGGGACTGCTAACTGG
CCTTCCCGATAGACGACACTC
TCTGGTTCTGGGTGATGTTGA
GGGTGAACATCACTTTCCGTAT
CTCTGGGTTGGCACACACTT
TGATGGCCTTCGATTCTGGATT
GGTAGTGTGGCATAAACAGCA
GAGGACCTGGGAGTAGATGAG
TGGAATCCTGAACCCACTTCT

AGG GTC TCT CTC TTC CTC TTG TGC TC
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Records identified through
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PubMed(n=550)
Embase(n=3,025)
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Web of science(n=2,160)

Records after removal of
duplicates(n=4,523)

Full-text articles evaluated
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Reports assessed for
eligibility (n =10)

Studies included in
quantitative synthesis (Meta-

analysis)
(n=10)

Records removed before
screening:

Duplicate records removed
(n=1,366)

Records excluded after
reading the title and abstract
(n =4,460)

Exclude records(n=53)
-Did not report the
outcomes of interest (n=39)
-The full text is not
available(n=7)

-No advanced pancreatic
cancer (n=7)
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Characteristic Category

All Patients (n=53)

Age (years) Median (range) 67 (45-79) 64 (55-79) 68 (45-78)
sex 0.691
Male 30 (56.6%) 16 (53.3%) 14 (46.7%)
Female 23 (43.4%) 11 (47.8%) 12 (52.2%)
Histology 0.465
Adenocarcinoma 41 (77.4%) 22 (53.7%) 19 (46.3%)
Unknown 12 (22.6%) 5 (41.7%) [ 7 (58.3%)
c-TNM 0.328
il 24 (45.3%) 14 (58.3%) 10 (41.7%)
v 29 (54.7%) 13 (44.8%) 16 (55.2%)
Metastic site
Liver 25 (47.2%) 10 (40%) 15 (60%)
Lung 1(1.9%) 0 (0.0%) 1 (100%)
Bone 2(3.8%) 0 (0.0%) 2 (100%)
Lymph 18 (34.0%) 8 (44.4%) 10 (55.6%)
Adrenal glands 3 (5.7%) 2 (66.7%) 1(33.3%)
ECOG score ‘ 0.497
0 18 (34.0%) 8 (44.4%) 10 (55.6%)
1 35 (66.0%) 19 (54.3%) 16 (45.7%)
Type of anti-PD-1
I Sintilimab 8 (29.6%) 8 (100%) 0 (0.0%)
Camrelizumab 2 ((7.4%) 2 (100%) 0 (0.0%)
Tislelizumab 16 (59.3%) 16 (100%) 0 (0.0%)
Pembrolizumab 1 (3.7%) 1 (100%) 0 (0.0%)

PD-1/chemo, PD-1 blockade plus chemotherapy; chemo, chemotherapy alone; ECOG, Eastern Cooperative Oncology Group.
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Grade, NO. (%)

PD-1/chemo arm chemo arm (n=26)

Any Any 1-2
TRAEs ‘ 22 (81.5) 21(77.8) 15 (55.6) 21 (80.8) 19 (73.1) 13 (50.0)
Leukopenia 14 (51.9) 8(29.6) 6(22.2) 14 (53.8) 9 (34.6) 5(19.2)
Neutropenia 12 (44.4) 7(259) 5(18.5) 14 (53.8) 8(30.8) 6(23.1)
Anemia 11 (40.7) 8(29.6) 3(1L1) 8(30.8) 5(19.2) 3(11.5)
Thrombocytopenia 9 (33.3) 6(222) 3(11.1) 11 (42.3) 6(23.1) 5(19.2)
Liver dysfunction 12 (44.4) 10 (37.0) 2(7.4) 10 (38.5) 9 (34.6) 1(3.8)
Kidney dysfunction 3(11.1) 3(111) 0(0.0) 1(3.8) 1(3.8) 0(0.0)
Vomit 10 (37.0) 10 (37.0) 0(0.0) 9 (34.6) 9 (34.6) 0(0.0)
Immune-related pneumonia 6(222) 4 (14.8) 2(7.4) 0(0.0) 0(0.0) 0(0.0)
Immune-related rash 6(22.2) 6(22.2) ‘ 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Immune-related enteritis 2(74) 1(37) 1(3.7) 0(0.0) 0(0.0) 0 (0.0)

TRAES, Treatment-related adverse events; PD-1/chemo, programmed cell death protein 1 (PD-1) blockade plus chemotherapy; Chemo, chemotherapy.
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Events

Leukopenia
Thrombocytopenia
Anemia

Neutropenia

Vomiting

Diarrhea
Hyperbilirubinemia
Hyperaminotransferemia

Hyperalkaline
phosphatinemia

Hypercreatinemia
Proteinuria
Hematuria

Total

AEs, Adverse Events.

Single-agent chemo-
therapy

Any Grade 3/

grade (%) 4 (%)
2(16.7) 0
1(8.3) 0
5 (41.7) 0
1(8.3) 1(83)
0 0
0 0
5 (41.7) 0
2(167) 0
2 (167) 1(83)
2(167) 0
0 0
1(83) 0
8 (66.7) 2(167)

Multi-agent chemo-
therapy

Any Grade 3/

grade (%) 4 (%)
4(167) 0
1(42) 0
8(333) 2(83)
1(42) 0
5(208) 0
1(42) 0
5(20.8) 4(16.7)
0 0
8(33.3) 3(12.5)
4(167) 0
4(167) 0
1(42) 0
18 (75.0) 8(33.3)

Single-agen chemo-
therapy combined
with targeted/immu-

notherapy
Any Grade 3/

grade (%) 4 (%)

3 (50.0) 1(16.7)
0 0

3 (50.0) 1(16.7)
0 0
1(16.7) 0
1(16.7) I 0

3 (50.0) 1(16.7)
0 0

2(33.3) 1(16.7)
1(16.7) 0
1(16.7) 0
0 0

6 (100.0) 3(50.0)

Multi-agent chemo-
therapy combined
with targeted/immu-

notherapy
Any Grade 3/
grade (%) 4 (%)
5 (50.0) 3(30.0)
2 (20.0) 0
5 (50.0) 1(10.0)
3(30.0) 0
1(10.0) 0
0 0
4(40.0) 2(20.0)
3(30.0) 1(10.0)
6 (60.0) 3(30.0)
4(40.0) 0
5 (50.0) 0
1(10.0) 0
10 (100.0) 7 (70.0)
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Pancreatic cancer patients without surgery who
were admitted to the First People's Hospital of
Changzhou from January 2020 to January 2023
were enrolled (n=121).

59 patients were excluded:

Patients who did not receive first-line PD-1
blockade with or without chemotherapy
(gemcitabine plus nab-paclitaxel) (n=49).

Patients who were younger than 18 years or older
than 80 years (n=10)

9 patients were excluded:

Patients with a previous history of cancer, such as
lung cancer, breast cancer, esophageal cancer,
colorectal cancer, and ovarian cancer (n=8).

Patients with severe uncontrolled medical
conditions for the past 6 months, such as
hypertension, diabetes, heart failure, arrhythmia,
and pneumonia (n=1).

Y

53 patients were classified as receiving PD-1
blockade plus chemotherapy (PD-1/chemo, n=27) or
chemotherapy alone (chemo, n=26) arm.

v

Treatment-related adverse effects were assessed in

53 patients.

The differences of PFS, OS, and treatment-related
adverse effects between the two groups were
analyzed.
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Variables

Response

Single-agent
chemotherapy

Multi-agent
chemotherapy

Single-agent che-
motherapy com-
bined with
targeted/immuno-
therapy

(n=6)

Multi-agent che- total
motherapy com-

bined with
targeted/immuno-

therapy
(n=10)

p value

Partial response
Stable disease
Progressive disease

Disease control rate

0 0.0
6 50.0
6 50.0
9 50.0

2 8.3
4 16.7
18 75.0
6 25.0

1 16.7
1 16.7
4 66.6
2 333

0 0.0 3 5.8
4 40.0 15 288
6 60.0 34 654
4 40.0 34 346 0.250





