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Editorial on the Research Topic 


Immune checkpoints regulatory mechanisms and immunotherapy strategies in gastrointestinal tumors


The Research Topic focuses on the rapidly evolving field of immune checkpoint regulation mechanisms and immunotherapy strategies in gastrointestinal tumors. It compiles ten representative articles, such as research papers, case reports, systematic reviews, and reviews, highlighting the current research progress and clinical challenges in this field from diverse perspectives. These achievements not only cover various gastrointestinal malignancies such as colorectal cancer, gastric cancer, esophageal cancer, pancreatic cancer, and rare liver tumors, but also delve into key scientific issues, including the predictive value of molecular biomarkers, optimization of combination therapy strategies, and regulation mechanisms of the tumor microenvironment. This reflects the translational medical research approach from basic science to clinical practice.

The case reports demonstrate that immunotherapy has therapeutic potential in traditionally high-risk or special populations, such as organ transplant recipients, and in rare pathological types of tumors, such as metastatic small bowel adenocarcinoma, hepatic adenosquamous carcinoma, and colon squamous cell carcinoma. These cases highlight the critical role of biomarkers such as dMMR in guiding immunotherapy, and also emphasize the value of multidisciplinary team (MDT) approaches and individualized treatment strategies in complex clinical practice.

Five original studies have further advanced our understanding of immune checkpoint regulation by elucidating underlying mechanisms. For instance, IL-6 has been identified as a negative biomarker for anti-PD-1 therapy response in esophageal squamous cell carcinoma, with its high expression closely associated with an immunosuppressive microenvironment; CXCL13 combined with anti-PD-1 treatment can delay tumor growth in vivo, significantly enhancing the immunotherapy response in gastric cancer by recruiting CXCR5+CD8+ T cells; CXCR2P1, as a novel hub gene, can influence antigen presentation and T cell activation by regulating MIR215, thereby enhancing sensitivity to PD-1 inhibitors. Moreover, combination therapy strategies such as pembrolizumab combined with chemotherapy have significantly improved survival in MSI-H/dMMR metastatic colorectal cancer. The combination of oxaliplatin with anti-PD-1 can synergistically inhibit the progression of colorectal cancer and alter the tumor immune microenvironment, thereby enhancing anti-tumor immunity. These studies provide new directions for overcoming current immune resistance.

The systematic review indicate that in pancreatic cancer, a “cold tumor,” immune checkpoint inhibitors combined with chemotherapy have demonstrated modest synergistic effects, but their combination with radiotherapy requires more cautious patient selection, indicating that different strategies may yield distinct biological effects and clinical outcomes. Combination strategies should not only consider mechanism complementarity but also balance efficacy and safety.

The review on PIK3CA mutations systematically summarizes the impact of PIK3CA gene mutations on targeted therapy and immunotherapy in colorectal cancer, as well as their potential value and future directions in personalized treatment. It highlights its potential clinical utility while recognizing existing challenges, such as insufficient standardization of detection, unclear functional mechanisms, unknown impact mechanisms on colorectal cancer treatment, and a lack of clinical validation. More clinical trials and evidence are needed to verify its efficacy and safety, as well as to optimize its treatment protocols and guidelines.

Collectively, the studies in this Research Topic point to a central theme: the future of immunotherapy for gastrointestinal tumors will depend upon in-depth molecular research and multi-omics technologies to establish precise biomarker systems and optimize individualized combination strategies. Such approaches will be essential for overcoming current therapeutic limitations.
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PIK3CA gene encodes the p110α catalytic subunit of PI3K, which regulates the PI3K/AKT/mTOR signaling pathway. PIK3CA gene mutation is one of the most common mutations in colorectal cancer (CRC), affecting about 15%–20% of CRC patients. PIK3CA gene mutation leads to the persistent activation of the PI3K/AKT/mTOR signaling pathway, which promotes the proliferation, invasion, metastasis, and drug resistance of CRC. This article provides a summary of the key detection methods for PIK3CA gene mutation, and provides an introduction to the existing colorectal cancer treatments and their practical applications in the clinic. Besides, this article summarizes the role and mechanism of PIK3CA gene mutation in the occurrence and development of CRC. It also explores the relationship between PIK3CA gene mutation and the clinical features and prognosis of CRC. This article focuses on the influence and mechanism of PIK3CA gene mutation on the targeted therapy and immunotherapy of CRC, and discusses the potential value and future direction of PIK3CA gene mutation in the personalized therapy of CRC. We aim to provide new perspectives and ideas for the precise diagnosis and treatment of CRC.
Keywords: PIK3CA gene mutation, colorectal cancer, pathogenesis, targeted therapy, immunotherapy

1 INTRODUCTION
Colorectal cancer (CRC) is a common malignant tumor in the digestive system (Dekker et al., 2019). In recent years, the incidence has continued to rise, posing a serious challenge to global public health. The pathogenesis of this cancer is quite complex, involving the interaction of genetic variations and environmental factors, further complicating prevention and treatment (Yan et al., 2022). Although traditional treatment methods such as surgery, radiotherapy, and chemotherapy have achieved certain efficacy (Gustavsson et al., 2015), they still face issues such as recurrence, metastasis, and drug resistance (Gupta et al., 2019; Zhou et al., 2018). Furthermore, the existence of cancer cell heterogeneity and individual differences further increases the difficulty of treatment (Amirouchene-Angelozzi et al., 2017; Graham and Sottoriva, 2017; Naxerova et al., 2017). Therefore, in-depth research on the pathogenesis of colorectal cancer and the search for more effective treatment strategies becomes particularly important.
Molecular genetics plays a crucial role in colorectal cancer research (Piawah and Venook, 2019), through the analysis of cellular genetic variations, gene mutations, epigenetic changes, and gene expression regulation (Budinská et al., 2023), revealing the complexity of the pathogenesis of colorectal cancer. This helps to identify potential pathogenic genes, driver mutations, and cancer-related signaling pathways, providing important clues for personalized treatment and the development of targeted drugs (Ciardiello et al., 2022). In addition, the research results of molecular genetics also provide theoretical support for the development of novel therapies such as microenvironment intervention and immunotherapy (Nussbaum et al., 2021; Ganesh et al., 2019). Therefore, molecular genetics is indispensable in deepening the understanding of the pathogenesis, diagnosis, and treatment of colorectal cancer. Researchers have discovered many genes related to the occurrence and development of colorectal cancer through genomic studies, including but not limited to the PIK3CA (Chang et al., 2018), KRAS (Prior et al., 2020), APC (Cen et al., 2021), SMAD4 (Zhao et al., 2018), and BRAF genes (Lan et al., 2021), among which the PIK3CA gene has attracted widespread attention. It plays a key role in the cell signaling pathway, and its mutation is closely related to the occurrence and development of colorectal cancer (Zhuang et al., 2021).
The PIK3CA gene encodes the phosphatidylinositol-3-kinase (PI3K) catalytic subunit p110α (Wu et al., 2014), and is one of the most common mutated genes in colorectal cancer, accounting for approximately 15%–20% (Rosty et al., 2013). Mutations in the PIK3CA gene can lead to sustained activation of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway (Chen et al., 2018), promoting the proliferation, survival, migration, invasion, angiogenesis, and drug resistance of tumor cells (Stefani et al., 2021). PIK3CA gene mutations not only affect the pathogenesis of colorectal cancer, but also correlate with the clinical characteristics, prognosis, and treatment response of colorectal cancer (Voutsadakis, 2023; Heczko et al., 2023). Therefore, in-depth study of the role and mechanism of PIK3CA gene mutations in colorectal cancer helps to reveal the molecular pathology basis of colorectal cancer and provides a basis and guidance for early diagnosis, molecular typing, risk assessment, targeted treatment, and immunotherapy of colorectal cancer.
2 MOLECULAR DIAGNOSTICS AND THERAPEUTIC STRATEGIES FOR COLORECTAL CANCER
2.1 Detection methods for PIK3CA gene mutation
The mutation of the PIK3CA gene is closely associated with the occurrence, development, prognosis, and treatment response of colorectal cancer, making its detection clinically significant. Sanger sequencing is considered the gold standard for mutation detection due to its high accuracy. In a study involving advanced CRC patients, Sanger sequencing confirmed mutation status in conjunction with pyrosequencing, revealing a PIK3CA mutation rate of 7.5% in exon 9% and 3.6% in exon 20 (Price et al., 2015). Real-Time Fluorescence PCR offers sensitive quantification of DNA and specific mutation detection. For instance, in the context of mantle cell lymphoma, quantitative real-time PCR was effective in analyzing PIK3CA gene copy numbers, demonstrating that increased gene copies correlated with higher mRNA levels (Psyrri et al., 2009). Digital PCR, particularly multiplex drop-off digital PCR (MDO-dPCR), is a highly sensitive and precise technique for detecting mutations in key genes associated with metastatic CRC. When applied to plasma samples from 106 CRC patients, MDO-dPCR identified mutations in 42.45% of cases, achieving a sensitivity of 95.24%, a specificity of 98.53%, and an accuracy of 96.98% (Yu et al., 2023). Fluorescence In Situ Hybridization (FISH) enables direct visualization of gene amplification within tumor samples. A study utilizing FISH identified PIK3CA amplification in 38% of colorectal cancer sample (Jehan et al., 2009). Immunohistochemistry, on the other hand, detects protein expression related to PIK3CA mutations, providing functional insights into tumor biology. Although one study revealed no mutations in specific exons, it noted the activation of the PI3K/AKT/mTOR pathway, highlighting its role in tumorigenesis (Tasioudi et al., 2015). Finally, high-throughput sequencing allows for comprehensive mutation profiling across multiple genes. A particular study emphasized its utility in assessing mutations in the PIK3CA gene alongside others in the MAPK pathway, addressing quality control in detecting coexisting mutations and their potential therapeutic implications (Zheng et al., 2019).
2.2 Current therapeutic interventions in colorectal cancer
2.2.1 Surgical interventions
Surgical resection remains the cornerstone of treatment for early-stage and localized CRC (Li et al., 2023a). The standard procedures include segmental colectomy or low anterior resection, depending on tumor location (Khan et al., 2017; Ammendola et al., 2023). These methods aim to remove the tumor and prevent recurrence while preserving as much of the healthy colon as possible. Surgical treatment is particularly effective for patients whose cancer has not yet spread beyond the colon. Research has indicated that the location and extent of the resection can influence outcomes. For example, a meta-analysis found that patients with T1 CRC were at higher risk of lymph node metastasis and recurrence after local resection (LR) (Chen et al., 2023).
2.2.2 Chemotherapy
Chemotherapy remains an effective treatment for CRC, especially advanced CRC. The standard chemotherapeutic agents for CRC often include combinations of fluorouracil, leucovorin, and oxaliplatin (FOLFOX) (Akdeniz et al., 2021), as well as irinotecan-based regimens like FOLFIRI (Kopetz et al., 2019). These treatments help reduce tumor size, delay disease progression, and improve survival rates. However, chemotherapy is associated with significant side effects, such as nausea, vomiting, kidney injury, and pain (Ozkan et al., 2023). And its efficacy can vary depending on genetic mutations within the tumor, such as KRAS and PIK3CA mutations, which may influence resistance to certain drugs (Wang et al., 2018a).
2.2.3 Targeted therapy
Targeted therapy focuses on specific molecular pathways involved in CRC. A major focus is on targeting the Epidermal Growth Factor Receptor (EGFR) pathway, particularly in patients with wild-type KRAS and NRAS genes (Wingert et al., 2021). Anti-EGFR monoclonal antibodies such as cetuximab and panitumumab are commonly used, often in combination with chemotherapy (Kopetz et al., 2021). However, tumors harboring PIK3CA mutations, especially those in exon 20, often exhibit resistance to anti-EGFR therapies, limiting their effectiveness (Fu et al., 2021). Additionally, mutations in the BRAF gene further complicate responses to targeted therapies, making combination treatments essential (Grothey et al., 2021).
2.2.4 Immunotherapy
Immunotherapy, specifically immune checkpoint inhibitors like anti-PD-1 and anti-PD-L1 antibodies, has become a promising treatment for microsatellite instability-high (MSI-H) CRC or those with mismatch repair deficiencies (dMMR) (Andre et al., 2021; André et al., 2020). Immunotherapy enhances the immune system’s ability to target and destroy cancer cells by blocking inhibitory pathways. PIK3CA mutations have been linked to increased expression of PD-L1 in some cases, potentially enhancing the effectiveness of immune checkpoint inhibitors, Peng et al.'s study proves this conclusion (Peng et al., 2024). This correlation suggests that immunotherapy may be particularly effective in PIK3CA-mutated cancers, although more research is needed to fully understand this interaction.
2.2.5 Radiation therapy
Radiation therapy is primarily used as an adjunct treatment in CRC, particularly for rectal cancer (Fokas et al., 2022). It can be applied before surgery (neoadjuvant) (Boublikova et al., 2023) to shrink the tumor and improve the likelihood of successful resection or after surgery (adjuvant) (Huang et al., 2024) to eliminate residual cancer cells. While radiation therapy is less commonly used in colon cancer, it plays a significant role in managing rectal cancers where precise targeting can minimize the risk of local recurrence. The integration of radiation with chemotherapy, known as chemoradiation, has proven effective in certain stages of rectal cancer, improving overall outcomes (Li et al., 2023b).
3 ROLE AND MECHANISM OF PIK3CA GENE MUTATION IN THE OCCURRENCE AND DEVELOPMENT OF COLORECTAL CANCER
3.1 Types of PIK3CA gene mutations
Mutations in the PIK3CA gene have been associated with several clinical and pathological features in CRC, such as age of onset, tumor location, histological grading, and microsatellite instability status (Jin et al., 2020). The majority of PIK3CA mutations are concentrated in exons 9 and 20, which encode the helical and kinase domains of the p110α catalytic subunit of PI3K, respectively (Nosho et al., 2008; Velho et al., 2005). Recent data indicate that the most frequent PIK3CA variants observed in metastatic CRC include H1047R (9.8%), E545K (9.2%) and E542K (9.0%) (Yasin et al., 2024). However, additional mutations in other exons have been identified, albeit less frequently, and may also contribute to tumor progression and therapeutic resistance. These mutations can be broadly categorized into two main groups: helical domain mutations and kinase domain mutations, each of which plays distinct roles in CRC pathogenesis and response to therapy.
Helical domain mutations are the most common type of PIK3CA gene mutations, mainly including E542K, E545K, and Q546R (Reinhardt et al., 2022; Yeh et al., 2019) These mutations result in conformational changes in the PI3K enzyme, enhancing its ability to interact with membrane phospholipids and consequently increasing its catalytic activity (Ikenoue et al., 2005; Gymnopoulos et al., 2007). Therefore, helical domain mutations can lead to abnormal activation of the PI3K/AKT signaling pathway at multiple levels, promoting the proliferation, survival, migration, and invasion of colorectal cancer cells (Stefani et al., 2021). Notably, these mutations disrupt the normal regulatory mechanisms of PI3K, causing excessive signaling that drives cancer cell growth. Additionally, helical domain mutations are often associated with early-stage colorectal cancers, but they have also been linked to tumor resistance to certain therapies, such as anti-EGFR monoclonal antibodies, due to the persistent activation of downstream signaling pathways (Fu et al., 2021).
Kinase domain mutations are the second most common type of PIK3CA gene mutations, mainly including H1047R and H1047L (Keppler-Noreuil et al., 2015). These mutations result in increased lipid kinase activity of PI3K, which directly amplifies the activation of downstream effector molecules, including AKT and mTOR (57). This enhanced kinase activity contributes to the abnormal and sustained activation of the PI3K/AKT/mTOR pathway, which plays a critical role in promoting cancer cell proliferation, survival, metabolic reprogramming, and angiogenesis (Canaud et al., 2021). Unlike helical domain mutations, kinase domain mutations tend to be associated with more advanced stages of CRC and are often correlated with worse prognosis (Fariña Sarasqueta et al., 2011) (Figure 1).
[image: Diagram illustrating the molecular pathways involved in colorectal cancer due to PIK3CA gene mutation. It shows activation of the PI3K/AKT pathway leading to abnormal cell processes. Pathways such as RAS/MAPK, ERK1/2, NF-kB, Wnt/β-catenin, and NOTCH are depicted, influencing tumorigenesis, metastasis, drug resistance, and cell survival.]FIGURE 1 | PIK3CA gene mutations in colorectal cancer are mainly E542K, E545K and Q546R on exon 9 and H1047R and H1047L on exon 20. PIK3CA gene mutations abnormally activate the PI3K/AKT signaling pathway, thereby causing EMT-induced metastasis of colorectal cancer. The PI3K/AKT signaling pathway can also crosstalk with other cancer-related signaling pathways through multiple mechanisms, thereby synergistically promoting the malignant phenotype of colorectal cancer. For example, the interaction with RAS/MAPK signaling pathway is involved in tumorigenesis. The interaction with ERK1/2 signaling pathway promotes the formation of vascular simulation in colorectal cancer cells. Interaction with NFκB signaling pathway enhances self-renewal and drug resistance of colorectal cancer stem cells. The interaction with Wnt/β-catenin signaling pathway promotes the proliferation, invasion and metastasis of colorectal cancer cells. Interaction with the NOTCH signaling pathway promotes the growth and survival of colorectal cancer cells.
Beyond the well-characterized mutations in the helical and kinase domains, rare mutations such as W780 and Q859 have been reported (Varkaris et al., 2024). Although less frequent, these mutations can significantly impact CRC progression by influencing the tumor’s response to PI3K inhibitors and other targeted therapies. For example, W780 mutations have been implicated in resistance to certain PI3K inhibitors, complicating treatment strategies (Varkaris et al., 2024). Additionally, double mutations, such as those found in cis configurations (two mutations on the same allele), have been observed in some CRC cases, leading to an even more pronounced activation of the PI3K pathway (Vasan et al., 2019).
3.2 Molecular mechanisms of PIK3CA gene mutation in the occurrence and development of colorectal cancer
PI3K is an intracellular lipid kinase that is involved in the regulation of cell proliferation, differentiation, and survival (Narayanankutty, 2019; Moafian et al., 2021). PIK3CA gene mutations activate the PI3K/AKT signaling pathway, promoting the occurrence, metastasis, and angiogenesis of colorectal cancer (Duan et al., 2018). Furthermore, the PI3K/AKT signaling pathway can induce epithelial-mesenchymal transition (EMT) by downregulating epithelial markers while upregulating mesenchymal markers and EMT-specific transcription factors, thereby promoting the metastasis of colorectal cancer (Maharati and Moghbeli, 2023). The PI3K/AKT signaling pathway not only plays a crucial role in the occurrence and progression of colorectal cancer but also interacts with other cancer-related signaling pathways, promoting the malignant phenotype through various mechanisms. In particular, the PI3K/AKT/mTOR and Ras/MAPK pathways are frequently activated by mutations or chromosomal translocations in receptor tyrosine kinases (RTKs) such as c-Kit, PDGFR, and FLT3, which are known to be involved in oncogenesis (Matsumura et al., 2008). Chromosomal translocations often generate fusion proteins that lead to constitutive activation of these RTKs (Matsumura et al., 2008), driving continuous signaling through downstream pathways, including PI3K/AKT and Ras/MAPK(Tsai et al., 2021; Soleimani et al., 2019). Specifically, phosphorylation of downstream effectors, such as RAF, MEK, and ERK, results in enhanced cell proliferation, survival, and tumorigenesis in colorectal cancer. In this crosstalk, phosphorylated Ras can also activate PI3K (Kurig et al., 2009), forming a positive feedback loop that enhances both pathways’ activities, thereby supporting aggressive tumor growth. The crosstalk between the PI3K/AKT and ERK1/2 pathways in colorectal cancer cells is crucial in regulating vascular mimicry. This crosstalk is mediated by N6-methyladenosine (m6A) modifications, which regulate the stability and translation of mRNAs, such as EphA2 and VEGFA, which are key players in angiogenesis (Liu et al., 2022a). In addition, phosphorylation of ERK by upstream kinases in the Ras/MAPK pathway can enhance the transcription of pro-angiogenic genes, leading to the formation of new vasculature that supports tumor growth (He et al., 2023). The PI3K/AKT pathway activates NFκB signaling through phosphorylation of IκB kinase (IKK), which leads to IκB degradation and allows NFκB to translocate to the nucleus, where it activates genes involved in inflammation and survival (Shankar et al., 2019; Qi et al., 2024). Recent evidence has shown that GLI1, a key effector of the Hedgehog (HH) pathway, is closely linked to PI3K/AKT/NFκB signaling in colorectal adenocarcinoma (Yang et al., 2018). Specifically, AKT phosphorylation promotes GLI1 activation, which in turn enhances NFκB activity. This cross-talk promotes the expression of cancer stem-like cell markers (e.g., SOX9, CD133) and EMT-related genes, enhancing the malignant phenotype. Additionally, the interaction between the PI3K/AKT and Wnt/β-catenin pathways involves the direct phosphorylation of β-catenin by AKT. Phosphorylation of β-catenin results in its stabilization, preventing proteasomal degradation, and promoting its nuclear translocation (Prossomariti et al., 2020). Once in the nucleus, β-catenin interacts with transcription factors to activate Wnt target genes that drive cell proliferation, invasion, and metastasis (Prossomariti et al., 2020). This phosphorylation event is a crucial regulatory mechanism that links PI3K/AKT signaling to the activation of the Wnt/β-catenin pathway, enhancing metastatic capabilities in colorectal cancer cells. Furthermore, the PI3K/AKT pathway also regulates the NOTCH signaling pathway through inhibition of glycogen synthase kinase-3 (GSK-3) (Bertrand, 2020). GSK-3 typically phosphorylates NOTCH, marking it for degradation (Espinosa et al., 2003). AKT phosphorylates and inactivates GSK-3, preventing it from phosphorylating NOTCH. This inhibition stabilizes NOTCH, allowing for its accumulation and sustained activation of NOTCH signaling, which promotes colorectal cancer cell growth and survival. This interaction is tightly regulated through multiple layers of phosphorylation, ensuring precise control over NOTCH activity and thus contributing to the maintenance of cancer cell proliferation and survival (Figure 1).
3.3 The impact of PIK3CA gene mutations on the biological behavior of colorectal cancer cells
PIK3CA gene mutations have various impacts on the biological behavior of colorectal cancer cells. For example, PIK3CA mutations can affect cell proliferation through the PI3K-MEK/PDK1-GPT2 pathway regulation (Chen et al., 2022a). In addition, PIK3CA mutation-induced PI3K/Akt activation contributes to the survival and proliferation of colorectal cancer stem cells, further leading to chemoresistance (Wang et al., 2018a), and promoting epithelial-mesenchymal transition by regulating AKT activity (Miller et al., 2020). It has been found that high PI3K expression and PIK3CA mutations are associated with the metastasis of colorectal cancer cells (Zhu et al., 2012), which has been confirmed by other studies as well (Huang et al., 2018). Recent studies have shown that PIK3CA mutations in colorectal cancer led to significant metabolic reprogramming. Specifically, Hao et al. (2016) demonstrated that mutant PIK3CA upregulates the enzyme glutamate pyruvate transaminase 2 (GPT2), increasing glutamine utilization to support tumor growth. Additionally, a novel mechanism involving the nuclear translocation of the p85β subunit has been identified in PIK3CA helical domain mutations, this translocation stabilizes EZH1 and EZH2, promoting oncogenesis through enhanced chromatin modification (Hao et al., 2022). Lastly, oncogenic PIK3CA mutations reduce apoptosis and increase tumor invasion by activating the AKT signaling pathway, thereby promoting the occurrence of colorectal tumors (Whitehall et al., 2012). However, these effects are not absolute and are also influenced by other factors such as mutation frequency, level, subclonal distribution, heterogeneity, homozygosity, background mutations, etc. PIK3CA mutations also result in changes in epigenetic regulation, leading to mutation-related phenotypic heterogeneity, which may further impact the autophagy, angiogenesis, migration, invasion, and immune escape of colorectal cancer cells (Ghodsinia et al., 2020).
4 RELATIONSHIP BETWEEN PIK3CA GENE MUTATIONS AND CLINICAL CHARACTERISTICS AND PROGNOSIS OF COLORECTAL CANCER
The impact of PIK3CA gene mutations on the clinical characteristics and prognosis of colorectal cancer is not fully understood, and there are certain differences and contradictions in the results of different studies. This section will review the relevance of PIK3CA gene mutations to the clinical and pathological characteristics of colorectal cancer, as well as the impact of PIK3CA gene mutations on the prognosis of colorectal cancer patients and possible mechanisms.
4.1 Relevance of PIK3CA gene mutations to the clinical and pathological characteristics of colorectal cancer
The relevance of PIK3CA gene mutations to the clinical and pathological characteristics of colorectal cancer, including tumor location, differentiation degree, pathological staging, lymph node metastasis, tumor metastasis, microsatellite instability (MSI), histological type, etc., currently has no unified conclusion (Jin et al., 2020). Some studies have found that PIK3CA gene mutations are associated with right-sided colon cancer (Salem et al., 2020; Ye et al., 2020), poorly differentiated cancer (Zeng et al., 2023), advanced pathological staging (Chen et al., 2022b), lymph node metastasis (Byun et al., 2023), metastasis (Mao et al., 2015), microsatellite stable (MSS) (Fu et al., 2021), mucinous adenocarcinoma (Li et al., 2021), and other clinical characteristics, suggesting that PIK3CA gene mutations may be related to the malignancy and progression of colorectal cancer. However, some studies have not found a significant correlation between PIK3CA gene mutations and these clinical characteristics, and even some studies have found that PIK3CA gene mutations are associated with well-differentiated cancer (Ye et al., 2020), microsatellite instability-high (MSI-H) (Escobar et al., 2020), squamous cell carcinoma (Astaras et al., 2023), and other clinical characteristics, suggesting that PIK3CA gene mutations may be related to the benign nature and prognosis of colorectal cancer. The differences and contradictions in these research results may be related to factors such as the selection of research subjects, sample size, methods and standards of mutation detection, and methods and standards of statistical analysis. In addition, different types and locations of PIK3CA gene mutations may also have different effects on the clinical characteristics of colorectal cancer. For example, some studies have found that mutations in exon 9 are associated with right-sided colon cancer (Fu et al., 2021), well-differentiated tumors (Fu et al., 2021), MSS, etc., mutations in exon 21 are significantly associated with MSI-H status and poor differentiation (Hechtman et al., 2015), and mutations in exon 20 are associated with right-sided colon cancer (Fu et al., 2021), MSI-H (Day et al., 2013), and other clinical characteristics. Therefore, the relevance of PIK3CA gene mutations to the clinical characteristics of colorectal cancer requires further research and validation to clarify the impact of different mutation types and locations on the clinical characteristics of colorectal cancer.
4.2 Impact and potential mechanisms of PIK3CA gene mutations on the prognosis of colorectal cancer patients
The impact of PIK3CA gene mutations on the prognosis of colorectal cancer patients has been a subject of debate, with conflicting views and results. Some studies suggest that PIK3CA gene mutations are a negative prognostic factor for colorectal cancer patients, associated with lower overall survival (OS) and disease-free survival (DFS). This may be related to the sustained activation of the PI3K/AKT signaling pathway caused by PIK3CA gene mutations, which promotes tumor cell proliferation, survival, migration, and angiogenesis. For example, one study indicated that patients with stage IV carrying exon 20 mutations had significantly shorter OS compared to wild-type patients, and in a multivariate COX regression model, PIK3CA exon 20 mutations were significantly associated with reduced OS in stage IV colorectal cancer patients (Fu et al., 2021). Another study showed that in colorectal cancer, PIK3CA gene mutations were associated with worse OS and DFS, but not with the risk of recurrence (RR) and risk of death (HR) (Mei et al., 2016). Another study utilized circulating tumor DNA (ctDNA) detection technology and found that the detection of PIK3CA gene mutations in ctDNA was associated with worse OS and PFS, independent of treatment regimens (Dumbrava et al., 2021). Colorectal cancers with mutations in the PIK3CA gene also tend to be accompanied by mutations in other oncogenes, such as KRAS, BRAF and TP53, as well as higher tumor mutational load (TMB), which may lead to a more malignant and complex biological behavior of the tumor (Zhuang et al., 2021; Wang and Pan, 2022). For example, the prognostic value of PIK3CA mutations is related to the coexistence of KRAS mutations. double mutations in KRAS and PIK3CA are associated with poorer OS and DFS, whereas PIK3CA mutations alone are associated with better OS and DFS(99). However, some studies argue that PIK3CA gene mutations do not have a significant impact on the prognosis of colorectal cancer patients, which may be related to the interaction of PIK3CA gene mutations with other gene mutations or expressions, as well as individual patient differences (Eklöf et al., 2013; Mouradov et al., 2013). It is worth noting that different types and locations of PIK3CA gene mutations may also have different impacts on the prognosis of colorectal cancer patients. For example, a study found that mutations in exon 9 were associated with lower OS and DFS, while mutations in exon 20 were associated with higher OS and DFS(99). Therefore, the prognosis and survival value of PIK3CA gene mutations in colorectal cancer are influenced by multiple factors, including the detection method of mutations, the types and locations of mutations, the coexistence of mutations, and the clinical characteristics of patients.
5 IMPACT AND MECHANISM OF PIK3CA GENE MUTATIONS ON TARGETED THERAPY AND IMMUNOTHERAPY IN COLORECTAL CANCER
5.1 Impact and mechanism of PIK3CA gene mutations on targeted therapy in colorectal cancer
Targeted therapy for colorectal cancer mainly focuses on the EGFR and VEGF signaling pathways. Currently approved drugs include anti-EGFR monoclonal antibodies (cetuximab and panitumumab) (Qin et al., 2018; Watanabe et al., 2023) and anti-VEGF monoclonal antibodies (bevacizumab and ramucirumab) (Prager et al., 2023; Hochster et al., 2024). In addition, small molecule inhibitors targeting BRAF, MEK, PI3K, and mTOR are being studied in clinical trials (Xie et al., 2020). The sensitivity and resistance of PIK3CA gene mutations to these targeted drugs vary depending on the drug and mutation type, which will be discussed separately below (Figure 2).
[image: Diagram illustrating the pathways involved in cancer treatment resistance and therapy. It shows the relationship between mutations, inhibitors, and drug resistance mechanisms. Key elements include PI3K/AKT/mTOR pathways, various inhibitors, and the impact on tumor microenvironment and immune checkpoints. Components like EGFR, BRAF V600E, PD-L1, and TMB are linked with drug resistance, therapy effectiveness, and targeting. The diagram highlights how genetic mutations and treatment combinations affect cancer cell behavior, resistance, and therapy efficiency.]FIGURE 2 | PIK3CA gene mutation activation of PI3K/AKT/mTOR signaling pathway will resist the action of anti-EGFR monoclonal antibody on EGFR signaling pathway, resulting in resistance to EGFR monoclonal antibody in colorectal cancer patients. Also causes resistance to BRAF inhibitors in BRAF V600E colorectal cancer. However, activation of the PI3K/AKT/mTOR signaling pathway may enhance the sensitivity of colorectal cancer to PI3K inhibitors and mTOR inhibitors, thereby inhibiting the tumor. Secondly, PIK3CA gene mutations not only upregulate the expression of PD-L1 by activating the PI3K signaling pathway, but also increase TMB to produce more neoantigens, which will increase the sensitivity of colorectal cancer to immune checkpoint inhibitors. Finally, PIK3CA gene mutation may promote tumor angiogenesis and tumor cell infiltration and metastasis by activating PI3K/AKT signaling pathway, thus reducing the targeting and penetration of vaccine or cell therapy. It is also possible to alter the number and activity of tumor-infiltrating lymphocytes by influencing the tumor microenvironment, thereby affecting the effectiveness and durability of vaccines or cell therapies.
5.1.1 Anti-EGFR monoclonal antibodies
Anti-EGFR monoclonal antibodies are an important means of targeted therapy for colorectal cancer, mainly used in combination with chemotherapy for patients with wild-type KRAS and NRAS advanced colorectal cancer, which can significantly improve the objective response rate and progression-free survival of patients (Biller and Schrag, 2021). However, there are still some patients who do not respond to anti-EGFR monoclonal antibodies or develop secondary resistance, which may be related to the activation of other signaling pathways in the tumor (Biller and Schrag, 2021).
Some studies have found that colorectal cancer patients with PIK3CA gene mutations have poor efficacy when using anti-EGFR monoclonal antibodies, with significantly shortened progression-free survival and overall survival (Wang et al., 2022; Tan et al., 2022). This may be because PIK3CA gene mutations lead to sustained activation of the PI3K/AKT/mTOR signaling pathway, counteracting the inhibitory effect of anti-EGFR monoclonal antibodies on the EGFR signaling pathway (Koustas et al., 2017). However, some studies have failed to confirm the correlation between PIK3CA gene mutations and the efficacy of anti-EGFR monoclonal antibodies, which may be related to factors such as sample size, design, and analytical methods of the study (Parseghian et al., 2019).
It is worth noting that different types and locations of PIK3CA gene mutations may have different effects on the sensitivity of anti-EGFR monoclonal antibodies. Some studies have found that only the H1047R mutation on exon 20 is associated with resistance to anti-EGFR monoclonal antibodies, while the E542K and E545K mutations on exon 9 do not affect efficacy (Li et al., 2016; Papadatos-Pastos et al., 2015). This may be because mutations on exon 20 more strongly activate the PI3K/AKT signaling pathway than mutations on exon 9 (115). Furthermore, there are also studies that have found that when PIK3CA gene mutations coexist with KRAS and BRAF mutations, the resistance to anti-EGFR monoclonal antibodies is more pronounced (Rachiglio et al., 2019). This suggests that the concurrent abnormal activation of multiple signaling pathways may collectively lead to the failure of anti-EGFR monoclonal antibodies.
5.1.2 BRAF inhibitors
The BRAF gene is an important component of the RAS/RAF/MEK/ERK signaling pathway, which plays a role in processes such as cell proliferation, differentiation, and apoptosis (Ciombor et al., 2022). Mutations in the BRAF gene account for approximately 12% of metastatic colorectal cancer, with the majority being the V600E mutation (Yaeger et al., 2018). Patients with BRAF gene mutations in colorectal cancer have a poor prognosis and a low response to chemotherapy and targeted therapy (Morris and Bekaii-Saab, 2020). Currently, several small molecule inhibitors targeting BRAF gene mutations have been developed, such as vemurafenib, dabrafenib, and trametinib (Nalli et al., 2021).
Mao et al. (2013) found that PIK3CA mutations leading to activation of the PI3K/AKT pathway resulted in greater resistance to BRAF inhibitors in BRAF V600E colorectal cancer. This may be because cancer cells are able to maintain cell survival and proliferation through the PI3K/AKT pathway even when treated with BRAF inhibitors. This study also showed that synergistic inhibition of BRAF and PI3K suppressed the growth of colon cancer cells (Mao et al., 2013). Therefore, it is recommended to use combination approaches to improve the prognosis of patients with BRAF V600E colorectal cancer.
5.1.3 MEK inhibitors
MEK is a downstream molecule of the RAS/RAF/MEK/ERK signaling pathway, which plays an important role in regulating processes such as cell proliferation, differentiation, and apoptosis (Ros et al., 2021). MEK inhibitors are a class of small molecule drugs targeting the MEK molecule, and several MEK inhibitors such as refametinib, binimetinib, and selumetinib are currently being studied in clinical trials (Nalli et al., 2021). MEK inhibitors are mainly used in BRAF mutant colorectal cancer patients in combination with BRAF inhibitors or other drugs to enhance efficacy and delay resistance (Ros et al., 2021; Sullivan et al., 2015).
Wee et al. (2009) found that activating mutations in PIK3CA reduced sensitivity to MEK inhibition, while downregulation of PIK3CA restored sensitivity to MEK inhibition in cells with concurrent KRAS and PIK3CA mutations. PIK3CA mutations are also associated with resistance to MEK inhibition in KRAS-mutant CRC cells (Halilovic et al., 2010; Jing et al., 2012). It has also been shown that dual blockade of the MAPK and PI3K pathways can overcome intrinsic resistance to MEK inhibition (Martinelli et al., 2013). Therefore, simultaneously inhibiting the MEK and PI3K pathways is more beneficial for tumor suppression (Temraz et al., 2015).
5.1.4 PI3K inhibitors and mTOR inhibitors
PI3K inhibitors are a class of small molecule drugs that target the PI3K enzyme, aiming to directly inhibit the abnormal activation of the PI3K/AKT signaling pathway caused by mutations in the PIK3CA gene, thereby inhibiting tumor growth and metastasis. Currently, some PI3K inhibitors such as pictilisib, alpelisib, and buparlisib are being studied in clinical trials (Belli et al., 2019; André et al., 2019; Bardia et al., 2020). PI3K inhibitors are mainly used in colorectal cancer patients with PIK3CA mutations, in combination with chemotherapy or other drugs, to improve efficacy and overcome resistance (Temraz et al., 2015; García-García et al., 2015). Colorectal cancer with PIK3CA mutations often accompanies mutations in genes such as KRAS, BRAF, PTEN, AKT1, all of which are components of the PI3K signaling pathway or MAPK signaling pathway (Wang and Pan, 2022; Mirzapoor Abbasabadi et al., 2023). The interaction of these signaling pathways affects the response of colorectal cancer to PI3K inhibitors.
The impact of PIK3CA gene mutations on the sensitivity to PI3K inhibitors seems to be evident, as PIK3CA gene mutations are direct targets of PI3K inhibitors. Generally, colorectal cancer with PIK3CA mutations is more sensitive to PI3K inhibitors than wild-type colorectal cancer (Voutsadakis, 2022). However, not all PIK3CA mutations will increase sensitivity to PI3K inhibitors; some studies have shown that some secondary mutations in PIK3CA, such as the W780 and Q859 mutations, actually drive resistance to certain PI3K inhibitors (Varkaris et al., 2024). The type and number of PIK3CA mutations also affect the response to PI3K inhibitors. For example, some colorectal cancer cell lines have two PIK3CA mutations, which are located on the same chromosome (referred to as cis double mutations), leading to extreme activation of the PI3K signaling pathway, making the cells more sensitive to PI3K inhibitors (Vasan et al., 2019).
mTOR is a downstream molecule of the PI3K/AKT signaling pathway, which plays an important role in regulating processes such as cell proliferation, metabolism, autophagy, and angiogenesis (Yu et al., 2022). mTOR inhibitors are a class of small molecule drugs that target the mTOR molecule, and a number of mTOR inhibitors such as everolimus and rapamycin have been investigated in clinical trials (Deng et al., 2021; Liu et al., 2022b). mTOR inhibitors are mainly used in colorectal cancer patients with PIK3CA mutations, in combination with chemotherapy or other drugs, in order to improve efficacy and overcome resistance (Fricke et al., 2019).
It is widely believed that the impact of PIK3CA gene mutations on the sensitivity to mTOR inhibitors may be positive. Some studies have shown that PIK3CA gene mutations can increase the sensitivity of colorectal cancer to mTOR inhibitors. For example, one study found that activation of the PI3K pathway due to PIK3CA gene mutations indeed leads to sensitivity to the mTOR inhibitor everolimus (Di Nicolantonio et al., 2010).
In conclusion, mutations in the PIK3CA gene have a strong effect on PI3K inhibitors as well as mTOR inhibitors, but this effect is not singular, it is modulated by a number of factors, including the characteristics of the mutation, the type of inhibitor, and the status of other signal pathways. Furthermore, in addressing adaptive resistance that arises in monotherapy with PI3K/AKT pathway inhibitors, the combined use of PI3K and mTOR inhibitors may provide an effective strategy to overcome resistance and improve therapeutic efficacy.
5.2 Influence and mechanism of PIK3CA gene mutation on immunotherapy in colorectal cancer
Immunotherapy is a treatment method that utilizes the body’s own immune system to identify and eliminate tumor cells (Finck et al., 2022). Currently, there are mainly two types of immunotherapies for colorectal cancer. One type is the use of immune checkpoint inhibitors, such as anti-PD-1, anti-PD-L1, and anti-CTLA-4, while the other type includes vaccines or cell therapies targeting tumor-associated antigens (Nalli et al., 2021). Both of these types of immunotherapies are closely related to PIK3CA gene mutations, which are discussed below (Figure 2).
5.2.1 Influence and mechanism of PIK3CA gene mutation on immune checkpoint inhibitors
Immune checkpoints are molecular mechanisms that regulate the immune response by inhibiting the activation and proliferation of T cells, thereby maintaining immune tolerance and balance (Li et al., 2019). However, tumor cells can evade the immune system’s attack by utilizing immune checkpoints, leading to the failure of immunotherapy. Therefore, immune checkpoint inhibitors are treatments that block immune checkpoint molecules, restore the function of T cells, and enhance the immune system’s ability to kill tumor cells (Ganesh et al., 2019). Currently, there are several immune checkpoint inhibitors under clinical trials for colorectal cancer, such as the anti-PD-1 antibodies pembrolizumab and nivolumab (Overman et al., 2017; Le et al., 2020), the anti-PD-L1 antibodies atezolizumab and pembrolizumab (O'Neil et al., 2017; Winer et al., 2019), and the anti-CTLA-4 antibody ipilimumab (Winer et al., 2019).
The impact of PIK3CA gene mutations on the response and tolerance to immune checkpoint inhibitors may be positive. Some studies have shown that PIK3CA gene mutations can increase the sensitivity of colorectal cancer to immunotherapy. For example, one study found that PIK3CA gene mutations activate the PI3K pathway, which is associated with the overexpression of CD274 (PD-L1) in colorectal tumor tissues, supporting the role of PI3K signaling in the upregulation of CD274 (Ugai et al., 2021). Similarly, Ahn et al. (2021) reached the same conclusion through next-generation sequencing and immunohistochemistry. Another mechanism of sensitivity to immune checkpoint inhibitors caused by PIK3CA gene mutations is that they can increase the TMB, resulting in more neoantigens and enhancing the immunogenicity of the tumor to increase sensitivity to immune checkpoint inhibitors (Westcott et al., 2023). Some studies have shown that the TMB of colorectal cancer patients with PIK3CA gene mutations is significantly higher than that of patients with wild-type PIK3CA (Voutsadakis, 2022; Voutsadakis, 2021). These results suggest that PIK3CA gene mutations can enhance the sensitivity of tumors to immune checkpoint inhibitors by increasing TMB and enhancing the immunogenicity of the tumor. Therefore, PIK3CA gene mutations may be a predictive factor for immune checkpoint inhibitors and can be used to screen colorectal cancer patients suitable for immunotherapy.
5.2.2 Impact and mechanism of PIK3CA gene mutation on tumor-associated antigen vaccines or cell therapy
Tumor-associated antigens refer to antigens expressed by tumor cells that can be recognized and cleared by the immune system, including tumor-specific antigens and tumor-associated antigens (Wagner et al., 2018). Vaccines or cell therapy targeting tumor-associated antigens are a treatment method that utilizes tumor-associated antigens to activate or enhance the immune system’s attack on tumors (Wagner et al., 2018). Currently, various tumor-associated antigen vaccines or cell therapies have entered clinical trials, such as chimeric antigen receptor (CAR-T) cell therapy, autologous vaccine OncoVAX therapy, and tumor-infiltrating lymphocyte (TIL) therapy, etc. (Zhang et al., 2019; Fan et al., 2021).
The impact and mechanism of PIK3CA gene mutation on tumor-associated antigen vaccines or cell therapy in colorectal cancer mainly involve several aspects. Firstly, PIK3CA gene mutation itself is a new tumor antigen that can be recognized and attacked by the immune system (Chen et al., 2020). Studies have found that cationic micelle delivery of multi-epitope candidate vaccines derived from tumor-associated antigens (including PIK3CA) can lead to regression of established CT26 colon tumors in mice (Sabzehei et al., 2023). Therefore, the development of vaccines or cell therapy targeting PIK3CA gene mutation may also have certain therapeutic effects. Secondly, PIK3CA gene mutation may affect the types and quantities of other tumor-associated antigens expressed by tumor cells, thereby affecting the efficacy of vaccines or cell therapy. For example, PIK3CA gene mutation can activate the PI3K/AKT signaling pathway, increase the mutational load and generation of neoantigens in tumor cells, thereby increasing the response rate of vaccines or cell therapy (Westcott et al., 2023). Lastly, the influence of PIK3CA gene mutations on the tumor microenvironment (TME) includes both vascular and immune modulation. On one hand, PIK3CA mutations activate the PI3K/AKT signaling pathway, which promotes angiogenesis, resulting in increased tumor vascularization. This can reduce the efficiency of vaccine or cell-based therapies by limiting their targeting and penetrance due to enhanced tumor infiltration and metastasis (Liu et al., 2009). On the other hand, PIK3CA mutations alter the immune landscape of the TME by affecting the production of cytokines and chemokines. This results in changes to the quantity, type, and activity of tumor-infiltrating lymphocytes (TILs), which are critical for an effective immune response. For instance, a shift in the balance of pro-inflammatory versus anti-inflammatory cytokines may impair the activation and persistence of immune cells, thereby reducing the effectiveness and durability of vaccines or cell therapies targeting the tumor (Nosho et al., 2010).
In conclusion, the impact and mechanism of PIK3CA gene mutation on tumor-associated antigen vaccines or cell therapy in colorectal cancer is complex, involving multiple aspects such as tumor cells, immune cells, signaling pathways, and the tumor microenvironment.
6 FUTURE DIRECTIONS OF PIK3CA GENE MUTATIONS IN INDIVIDUALIZED TREATMENT OF COLORECTAL CANCER
The role of PIK3CA gene mutations in colorectal cancer and the choice of treatment strategies is an important and challenging research area with significant clinical implications. With a deeper understanding of the molecular mechanisms and clinical impact of PIK3CA gene mutations, as well as the development and application of targeted drugs against PIK3CA, more precise and effective treatment options have been provided for colorectal cancer patients. However, there are still unresolved issues and difficulties, such as the heterogeneity and diversity of PIK3CA gene mutations, resistance and toxic side effects of PIK3CA inhibitors, and the lack of uniform and accurate detection methods and standards for PIK3CA gene mutations. Therefore, in order to better utilize PIK3CA gene mutations as indicators for guiding and evaluating individualized treatment for colorectal cancer, it is necessary to conduct further research and exploration in the following areas.
First, the development of more effective and specific PIK3CA inhibitors. Currently, several inhibitors targeting PIK3CA have entered clinical trials or are in use, such as pictilisib, apelisib, and buparlisib, which are primarily selective inhibitors of the p110α subtype and have some efficacy against the most common exons 9 and 20 PIK3CA mutations in colorectal cancer (André et al., 2019; Bardia et al., 2020; Sarker et al., 2015). However, these inhibitors also have limitations, such as insufficient sensitivity to other PIK3CA mutations, unclear effects on other signaling pathways, and greater toxicity to normal cells. Therefore, there is a need to develop more specific and potent PIK3CA inhibitors to cover a broader spectrum of PIK3CA mutations and more precisely inhibit key nodes of the PI3K signaling pathway while reducing damage to normal cells.
Next, explore more rational and flexible drug combinations or sequential treatment regimens. Due to the heterogeneity and diversity of PIK3CA gene mutations (Wang et al., 2018b), as well as the resistance and toxic side effects of PIK3CA inhibitors (Mishra et al., 2021), single-agent PIK3CA inhibitor therapy may be difficult to achieve the desired effect. Therefore, it is necessary to explore combination or sequential treatment regimens with other drugs to improve treatment efficacy and reduce toxicity. Currently, some studies have shown that the combination or sequential use of PIK3CA inhibitors with anti-EGFR monoclonal antibodies, MEK inhibitors, mTOR inhibitors, immunotherapy, etc., can enhance anti-tumor effects, prolong progression-free survival, or overcome resistance (Napolitano et al., 2023; Kuboki et al., 2024; Goodwin et al., 2020). However, these studies still have some limitations, such as small sample size, imperfect study design, inconsistent drug doses and regimens, and inconsistent methods and standards for PIK3CA mutation detection. Therefore, more clinical trials are needed to determine the best drug combinations or sequential treatment regimens, as well as the most suitable patient subgroups.
Finally, optimize and standardize the detection methods and standards for PIK3CA gene mutations. The detection of PIK3CA gene mutations is the prerequisite and basis for personalized treatment of colorectal cancer, however, there is still a lack of a unified and accurate detection method and standard. Currently, commonly used methods for detecting PIK3CA gene mutations include real-time PCR, digital droplet PCR, Sanger sequencing, and next-generation sequencing (NGS) (Fu et al., 2021; Alizadeh-Sedigh et al., 2022; Wang et al., 2019). These methods have their own advantages and disadvantages, such as sensitivity, specificity, coverage, cost, and time. In addition, different detection methods may lead to different results, such as differences in false negatives, false positives, mutation types and frequencies. Therefore, it is necessary to optimize and standardize the detection methods and standards for PIK3CA gene mutations to improve the accuracy and reliability of detection, as well as the consistency and comparability between different detection methods.
7 CONCLUSION
PIK3CA gene mutation is one of the most common molecular alterations in colorectal cancer. It plays an important role and significance in the occurrence and development, clinical characteristics and prognosis, targeted therapy, and the effects and mechanisms of immunotherapy in colorectal cancer. This review summarized the detection methods and standards for PIK3CA gene mutations, analyzed the correlation and carcinogenicity of PIK3CA gene mutations in colorectal cancer, discussed the impact and mechanism of PIK3CA gene mutations on the treatment of colorectal cancer, as well as the future directions of PIK3CA gene mutations in individualized treatment of colorectal cancer. Table 1 summarizes the current clinical applications of PIK3CA mutations in CRC, highlighting their diagnostic, prognostic, and therapeutic relevance.
TABLE 1 | Clinical applications of PIK3CA mutations in colorectal cancer.
[image: Table displaying mutation types, clinical use, therapies/drugs, prognostic value, and references. Includes PIK3CA, exon 9 mutations, exon 20 mutations, and PIK3CA + PD-L1. Discusses treatment options, prognoses, and supporting references.]However, this review also has some limitations and shortcomings that need further research and resolution. Firstly, the detection methods and standards for PIK3CA gene mutations have not been unified and standardized, and different detection platforms and technologies may lead to differences and incomparability in results. Secondly, the function and mechanism of PIK3CA gene mutations have not been fully revealed, especially in terms of their interaction and synergistic effects with other molecular alterations, as well as their relationship with the tumor microenvironment. Thirdly, the impact and mechanism of PIK3CA gene mutations on the treatment of colorectal cancer are not yet clear, especially in terms of their impact on immunotherapy. Fourthly, the application of PIK3CA gene mutations in individualized treatment of colorectal cancer is still in its early stages, and more clinical trials and evidence are needed to verify its effectiveness and safety, as well as to optimize its treatment regimens and guiding principles.
We hope for more collaboration and innovation in basic and clinical research to improve the understanding and utilization of PIK3CA gene mutations, and thus promote the development and progress of individualized treatment for colorectal cancer, bringing better prognosis and quality of life to colorectal cancer patients.
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Introduction

Identification of effective therapies for colorectal cancer (CRC) remains an urgent medical need, especially for the microsatellite stable (MSS) phenotype. In our previous study, potassium oxonate (PO), a uricase inhibitor commonly used for elevating uric acid in mice, unexpectedly showed remarkable inhibition of tumor growth when combined with anti-programmed death-1 (PD-1). Further research demonstrated that the combination of potassium oxonate and anti-PD-1 could reprogram the immune microenvironment. This study aimed to explore the anti-tumor effect of PO combined with anti-PD-1, and investigate the impact on the immunosuppressive tumor microenvironment (TME).





Methods

We established a syngeneic mouse model of CRC and divided into groups of control group, single drugs group of PO and anti-PD-1, and the combination group. Use the HE staining, immunohistochemistry (IHC) and TUNEL staining of tumor issues to verify the anti-neoplasm of each group. We also tested the changes of TME through flow cytometry of spleen of mice in each group, as well as the IHC of cytokines.





Results

The co-therapy of PO and anti-PD-1 showed admirable anti-tumor effect compared with the control group and the single drug groups. The TME were tended to an environment beneficial for killing tumors by enhancing chemotactic factor release, increasing CD8+ T cell infiltration and activation, and decreasing the amount of regulatory T cells. Moreover, IFN-γ and IL-2 secretion were found to be enriched in the tumor TME.





Conclusion

Our study indicated that combination of PO and anti-PD-1 could synergistically suppress CRC progression and altered the tumor microenvironment in favor of antitumor immune responses.
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Introduction

Colorectal cancer (CRC) is the third most prevalent cancer worldwide and the leading cause of death in both men and women (1). Current statistics show that the 5-year relative survival rate for localized and distant-stage CRC is 90% and 14% (2), respectively. For patients with metastatic CRC (mCRC), treatments based on cytotoxic agents, including irinotecan, oxaliplatin, and fluorouracil, remain the first- or second-line therapy. Additionally, drugs targeting vascular endothelial growth factor (VEGF) or its receptor (VEGFR) and epidermal growth factor receptor (EGFR), such as bevacizumab, regorafenib (3), cetuximab (4), and fruquintinib (5, 6) have been approved; however, alternative therapeutic options for advanced diseases remain scarce.

In recent years, novel immunotherapy research has shown promising results for various types of cancer, including mCRC (7). Programmed death-ligand 1 (PD-L1), which is present on tumor cells (8) and/or tumor-infiltrating immune cells (IC) (9), is a classic immune checkpoint blocker (ICB); its ligation by programmed death-1 (PD-1), present on T cells, results in the inhibition of the proliferation and effector function of T cells. However, options are limited to specific molecular subtypes of mCRC because of its heterogeneous immune landscape. Therapy with anti-PD-1 or PD-L1 has resulted in remarkable success in mCRC with microsatellite instability–high phenotype (MSI-H), which has a higher tumor mutation burden (TMB), more immune infiltration (10, 11), and accounts for 3%~5% of mCRC. The microsatellite stability (MSS) type, which accounts for the remaining CRC types, has long been considered a biomarker of resistance to checkpoint inhibitors (12). The development of anti-PD-1/PD-L1 applications in mCRC is urgently needed.

Potassium oxonate (PO), an uricase inhibitor in mice, has been applied to establish a model of acute or chronic hyperuricemia with different dosages and administration methods. Research on hyperuricemia has mainly focused on gout and heart disease (13). Serum uric acid is also associated with prognosis and survival of cancers. However, few studies have investigated the effect of PO in tumors, except for determining that it is an important component of S-1, an oral fluoropyrimidine that serves to inhibit the phosphorylation of 5-FU in the gastrointestinal tract and decrease serious gastrointestinal toxicities without disrupting the antitumor effect (14, 15). S-1 is now widely used as an adjuvant and palliative chemotherapy for gastric cancer, pancreatic cancer, and CRC (16–18). In the previous study, by investigating the effect of soluble uric acid on anti-PD-1, we accidentally discovered that PO could enhance the curative effect of anti-PD-1 in CRC but not the uric acid level.

In this study, we established a syngeneic model of CRC and found that the combination of PO and anti-PD-1 synergistically promoted the antineoplastic effect of the treatment and reprogrammed the immunosuppressive TME to tumor-lethal.





Materials and methods




Cell culture

CT26 mouse colon carcinoma cell lines were obtained from Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultivated in RPMI 1640 culture medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin and were cultured in a humidified 5% CO2 atmosphere at 37˚C in incubator.





Animals

Six to eight weeks old, BALB/c mice were purchased from Wuhan Bestcell Model Bio-Tech Co., Ltd. They were housed with free access to pellet food and water in plastic cages at 21 ± 2˚C and kept on a 12-h light/dark cycle. Animal welfare and experimental procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health) and the related ethical regulations of Bestcell Model Biological Center. All experimental protocols were approved by the Laboratory Animal Welfare & Ethics Committee of Bestcell Model Biological Center. All efforts were made to reduce the number of animals used and to minimize animals’ suffering.





Syngeneic model

CT26 cells (6×105) were inoculated at the right flank of BALB/c mice (Figure 1), After the tumor reached 50 mm3, mice were randomized to four groups (n = 6 per group), and treatments were initiated as follows: group 1, mice were administered a daily oral gavage with 5% CMC.Na (vehicle); group 2, mice were administered a daily oral gavage with potassium oxonate at 250 mg/kg; group 3, mice were administered with antimouse PD-1 at 5 mg/kg by i.p. injection every 3 d; and group 4, mice were administered with potassium oxonate plus anti-mouse PD-1 Ab. Tomor volume (TV) was determined by measuring the largest diameter (a) and its perpendicular (b) according to the formula (a * b2)/2. The TGI (%TGI =100 * [1 - (TV final -TV initial for drug treated group)/(TV final - TV initial for control group)]) was used for evaluation of antineoplastic effect. On the 15th day, mice were euthanized, and tumors were removed by scissors. The weight was measured by electronic balance in wet, and tumor sections were fixed in formalin. The rest of the sections were frozen in liquid nitrogen and stored at -80˚C.

[image: Graph and photo show tumor volume measurements in different treatment groups. Graph (A) depicts tumor growth over eleven days for control, anti-PD1, PO, and PO plus anti-PD1 groups, with control group showing highest growth. Photo (B) displays excised tumors from each group, with the control group tumors appearing largest. A ruler is included for size reference.]
Figure 1 | PO and anti–PD-1 cotreatment significantly inhibited tumor growth in vivo. CT26 cells (6×105) were transplanted s.c. into the armpit of BALB/c mice. Three days after transplantation, the mice were randomly allocated to either the control or treatment groups. Drugs were given as described in Materials and Methods. (A) TV was measured every 2 days to the 11th day. (B) Solid tumors were separated after the mice were sacrificed and photographed. The data represent the mean 6 SEM of six mice per group in (A) to (B). *p<0.05, **p<0.01, versus as indicated. ns, not significant.





Immunochemistry

Immunohistochemistry was performed as previously described (19). Sections were incubated with primary antibodies overnight at 4°C, including PCNA (Boster, BM0104), IFNγ (Affinity, DF6045). Then, the sections were incubated with the secondary horseradish peroxidase conjugated antibody (Absin, Shanghai, China) for 30 minutes at room temperature. Targeted proteins were visualized with diami-nobenzidine (Zhongshan Golden Bridge, Beijing, China). The results of IHC were determined by staining intensity and the number of positive cells.





TUNEL assay

Paraffin-embedded tumor sections were stained with TUNEL Detection Kit (G1504, Servicebio, Wuhan) and then counter-stained with DAPI for 20~30min. Images were acquired using Eclipse Ci-L (Nikon).





Flow cytometry assay

Spleen tissues from CRC model were harvested on the days indicated. To obtain single-cell suspensions, the spleen was first scraped with scissors, and the homogenate was then passed through a 0.45 μm nylon mesh and and washed twice with PBS/0.5% BSA. Single-cell suspensions were stained with surface mAb: FITC-conjugated anti-CD4 (Invitrogen, 11-0041-81), FITC-conjugated CD8 (Invitrogen, 11-0081-81), and PE-conjugated CD25 (Invitrogen, 12-0251-81) for 30 minutes at 4°C. For the intracellular markers, cells were incubated in 24-well, flat-bottom plates with cell stimulation mixture (eBioscience/Thermo Fisher Scientific, Waltham, MA) for 4 h under a humidified 5% CO2 atmosphere at 37˚C in incubator and fixed and permeabilized with the FoxP3/Transcription Factor Staining Buffer Set (eBioscience/Thermo Fisher Scientific) according to the manufacturers’ protocols, then stained with intracellular markers: APC-conjugated Foxp3 (Invitrogen, 17-5773-80). Samples were collected on a CytoFLEX Flow Cytometer (Beckman), and data were analyzed with FlowJo.





Statistical analysis

GraphPad Prism 5.0 (La Jolla, CA, USA) was used to analyze the data, which are expressed as mean ± SEM. Statistical significance (*p < 0.05, **p < 0.01, ***p, 0.001) was assessed using two-tailed unpaired Student’s t-tests for comparisons between two groups.






Results




Combined PO and anti-PD-1 significantly inhibited tumor growth in a syngeneic model of CRC

To investigate whether PO plus anti-PD-1 exerts synergistic antineoplastic effect in vivo, CT26 mouse colon carcinoma cells were s.c. transplanted to establish syngeneic murine models. As a result, we observed little inhibition of tumor growth in mice treated with anti-PD-1 (TV: 1118.62 ± 127.33 mm3) or PO (TV: 1218.77 ± 169.35 mm3) alone compared to that in mice treated with vehicle (0.5% CMC.Na; TV: 1854.25 ± 150.20 mm3), with tumor growth inhibitions of 40% and 35.3%, respectively. In contrast, the combination therapy group showed remarkable inhibition of tumor growth. On the day of sacrifice, the TV was 445.2 ± 23.2 mm3, while the TGI was 76% (Figures 1A, B). Thus, this finding inferred that PO plus anti-PD-1 inhibit the tumor growth.





PO plus anti-PD-1 antibody inhibited proliferation and induced tumor cell apoptosis in vivo

We further observed the effects of PO plus anti-PD-1 on the proliferation of tumor cells in vivo. Histological analyses by H&E staining showed that PO with anti-PD-1 strongly induced massive amounts of cell damage, with nuclear shrinkage, sparse arrangement, and fragmentation of tumor cells (Figure 2A). Next, the proliferation and apoptosis of tumor tissues in each group were examined to confirm the inhibitory effect of the combination of PO and anti-PD-1. Consistent with the results of H&E staining, immunohistochemistry of PCNA showed a sharp decrease in the expression of PCNA protein in the tumor tissues of the combined treatment group compared to that in the single-drug treated group (Figure 2B). TUNEL staining confirmed that PO combined with anti-PD-1 triggered extensive tumor cell apoptosis (Figure 2C). These results demonstrated that co-treatment with PO and anti-PD-1 led to elevated inhibition of proliferation and induction of tumor cell apoptosis in vivo.

[image: Histological and immunofluorescence analysis showing effects of different treatments. Panel A: Hematoxylin and eosin-stained tissue sections for control, anti-PD1, PO, and PO plus anti-PD1. Panel B: PCNA-stained tissue sections with insets magnifying areas of interest. Panel C: DAPI and TUNEL staining indicating cell apoptosis for the same groups, with a bar graph showing TUNEL-positive cell percentages, highlighting increased apoptosis with PO plus anti-PD1 treatment.]
Figure 2 | Combination of PO and PD-1 blockade inhibited proliferation and induced apoptosis of tumor in vivo. (A) Paraffin sections of CT26 tumor tissues were analyzed by H&E staining (n = 3). (B) Expression and quantification of PCNA-positive staining in CT26 tumor tissues was examined by IHC using Image-Pro Plus 6.0 and in three random fields (n = 3). Scale bar, 50 μm. (C) TUNEL staining and the quantification of TUNEL-positive cells in CT26 tumor tissues (n = 3). Scale bar, 20 μm *p < 0.05, **p < 0.01, versus as indicated. ns, not significant.





PO plus anti-PD-1 reduced regulatory T cells and elevated CD8+ T cells in the spleen

The efficacy of anti-PD-1 is intimately associated with immune cell infiltration and function in the TME. To test whether changes in Treg cells occur in the periphery, we detected immune cells in the spleen using flow cytometry. The results showed that monotherapy reduced the differentiation of Treg cells (by 12.9%), and this effect was further enhanced by co-therapy (by a further 11.0%) (Figure 3C). We subsequently analyzed the activation of antitumor lymphocytes. Compared to the control, PO plus anti-PD-1 increased both the proportion of CD4+ (Figure 3A) and CD8+ T cells (Figure 3B). These results suggest that the combination of PO and anti-PD-1 augmented the antitumor immune response by reducing Treg cells and enhancing the infiltration of CD8+ T lymphocytes.

[image: Flow cytometry data displays CD4+, CD8+, and CD25+CD4+ T cell percentages across four conditions: Control, anti-PD-1, PO, and PO+anti-PD-1. Panel A shows increased CD4+ T cells in PO+anti-PD-1. Panel B indicates a similar trend for CD8+ T cells. Panel C shows reduced CD25+CD4+ T cells in PO+anti-PD-1. Bar graphs confirm these trends with statistical significance indicated by asterisks.]
Figure 3 | Combination of PO with anti-PD-1 blockade substantially reduced regulatory T (Treg) cells but activated CD4+ and CD8+ cells. Splenic T cells from CT26-bearing mice were collected and subjected for intracellular staining for Treg cells. (A) Representative images of the gating strategy to define CD45+CD4+Foxp3+ Treg cells in each group. (B, C) Percentages of CD4+ (B) and CD8+ (C) T cells. The data represent the mean ± SEM of three mice per group, *p < 0.05, **p < 0.01 versus as indicated. ns, not significant.





PO plus anti-PD-1 antibody promoted T cell infiltration and function

Successful anti-PD-1 cancer immunotherapy requires T cell-dendritic cell crosstalk involving the cytokines IFN-γ and IL-12 (20). Further study indicated that IL-2 delivery by engineered mesenchymal stem cells re-invigorate CD8+ T cells to overcome immunotherapy resistance in cancer (21). In our study, PO combined with anti-PD-1 greatly enhanced the secretion of IFN-γ (Figure 4A) and IL-12 (Figure 4B) compared to the control group and the anti-PD-1 or PO single drug. These results indicated that PO plus anti-PD-1 elevated antitumor immune activity in tumors, thus resulting in a promising antitumor immune microenvironment.

[image: Panel A and B show histological images and bar graphs related to protein expression. Panel A presents images of tissue samples stained for IFN-γ under Control, anti-PD1, PO, and PO+anti-PD1 conditions. The corresponding bar graph indicates increased protein expression of IDO, especially in the PO+anti-PD1 condition. Panel B displays tissue samples stained for IL-2 under similar conditions, with a bar graph showing a similar pattern of increased expression. Statistical significance is indicated by asterisks above the bars.]
Figure 4 | PO plus anti–PD-1 promoted antitumor cytokines in tumor tissue (A, B) IFN-γ (A) and IL-2 (B) expression in CT26 tumor tissue were examined by IHC and quatilized by integral optical density (IDO). Scale bar, 50 μm. The data represent the mean ± SEM of three mice per group. *p < 0.05, **p < 0.01, versus as indicated. ns, not significant.





PO caused no damage to normal organs

The applications of PO usually cause hyperuricemia, which is an overlooked cardiovascular and renal risk factor. Epidemiological and genetic studies have shown an independent role of uric acid in the risk of coronary artery disease, heart failure, chronic kidney disease, and cardiovascular mortality (22). In our study, we excised the main organs, including the heart, lung, kidney, and liver at the sacrifice of mice (Figures 5A–D). Histological analyses by H&E staining revealed that all of the organs maintained a normal cell morphology and skeletal structure in both the control and treatment groups, for example, the structure of alveolus in lung were well-formed and cell morphology in heart, kidney and liver showed pretty good shape, which indicating no damage. Thereby, the reliable safety of short-term and low-dose PO gavage.

[image: Histological images of heart, lung, kidney, and liver tissues in different conditions: Control, anti-PD1, PO, and PO plus anti-PD1. Each tissue section displays varying degrees of structural changes and staining intensity across the different treatments, highlighting cellular effects under each condition.]
Figure 5 | PO and/or anti–PD-1 had no damage to normal organs. Paraffin sections of normal organs in CT26 tissues were analyzed by H&E staining. Scale bar, 50 μm. (A-D). H&E staining of heart (A), lung (B), kidney (C), liver (D) tissues in four groups ( n =3).






Discussion

Single agent treatment with anti-PD-1 monoclonal antibody significantly prolongs median PFS in patients with advanced MSI-H/dMMR phenotype of colorectal cancer. In the KEYNOTE-177 study, pembrolizumab monotherapy extended the median PFS compared to chemotherapy and/or targeted therapy (16.5 months vs 8.2 months). But the vast majority of colorectal tumors are MSS/pMMR phenotype, a typical “cold tumor” (23), which is not sensitive to single anti-PD-1/PD-L1 monoclonal antibody therapy. Thus, identifying optimal combinatorial strategies to enhance the efficacy of anti-PD-1/PD-L1–based immunotherapy is important research to undertake to combat MSS CRC.

Factors of invalid anti-PD-1/PD-L1 therapy in “cold cancers” include low tumor mutational burden, poor intrinsic antigenicity of tumor cells, defective antigen presentation, exhausted T cell functions, and tumor suppression-associated macrophage accumulation (24). Immunosuppressive metabolic pathways have become research hotspots in recent years. For example, the ratio of adenosine and indoleamine-2,3-dioxygenase accounts for the curative effect of anti-PD-1/PD-L1 therapy (25). To overcome the antitumor effect, many clinical trials have sought to establish combinations of anti-PD-1 and other therapies, such as chemotherapy (26), targeted therapy (27), radiotherapy (28), or other immunotherapies (12). The latest research indicated that the combination of a PD-1 antibody, a histone deacetylase inhibitor (HDACi), and a VEGF antibody could be a promising treatment regimen for patients with MSS/pMMR advanced CRC (29). Nevertheless, some patients still cannot tolerate the side effects of chemotherapy or other treatments in combination therapy, leading to treatment interruption. In this study, we originally attempted to discover the impact of soluble uric acid in peripheral blood on the effects of anti-PD-1/PD-L1 therapy in CRC by constructing a high uric acid tumor-bearing mouse model. Although no correlation was found, following careful analysis of the experimental data, we surprisingly discovered that PO (250 mg/kg) plus anti-PD-1 effectively inhibited tumor growth. The mechanism of the curative effect of such combination treatment may involve the elimination of drug resistance to anti-PD-1 by PO or a synergistic improvement of the efficacy of the two drugs. Indeed, it was reported that PO had a limited antitumor effect.

PO, with a molecular formula of C4H2KN3O4, was first found as an inhibitor of uricase to induce hyperuricemia in mice and rats because they synthesize the uricase enzyme to metabolize uric acid to allantoin, which is different in humans and great apes. In hyperuricemia animal models, PO tends to be given through oral gavage or intraperitoneally injected at 250 mg to 1000 mg/kg for 5 days to 8 weeks (30). Uric acid is related to the occurrence, development, and treatment of many diseases, including renal dysfunction, gout, leukemia, coronary heart disease, and so on; therefore, mice with hyperuricemia often experience corresponding tissue damage, which is either short term or long term. Another application of PO is as a gastrointestinal protective agent to reduce the injury of GI tissues or severe diarrhea caused by 5-FU treatment, without a decline in antitumor effect. Whether oral gavage of S-1 or intravenous injection of PO and its metabolites in mice, PO is mainly converted to melamine in the gastrointestinal tract (31). Even though PO is metabolized in the gastrointestinal tract, its concentration in intestinal cells is much higher than that of 5-FU. One possible mechanism of this is that PO (10~50 mg/kg) competitively inhibits orotate phosphoribosyltransferase and decreases the levels of 5-fluorouridine-5’-monophosphate (FUMP) and 5-FU incorporated into RNA by approximately 70% in the small intestine, as compared to only 0%~20% in bone marrow and tumors (31). Tetsuro Yamashita et al. found that PO could inhibit the anticancer-drug-induced decrease in NK activity and maintain IL-2 production by lymphocytes stimulated by tumor antigens in cancer-bearing rats (14). Moreover, the maintenance of IL-2 production by PO may act to preserve antitumor immunity, without disturbing the induction of cytotoxic T cells in vivo. However, this study compared the S-1 group with the tegafur (FT) + 5-chloro-2, 4-dihydroxypyridine (CDHP) group, while the PO group was absent. Moreover, as the changes in immune cells and cytokines were only analyzed in the spleen and mesenteric lymph nodes, but not in tumor tissues, no direct antitumor research of PO was conducted (32). In our study, we set up a PO single drug group with 250 mg/kg through oral gavage daily for 15 days. The results showed a limited anti-tumor effect compared to that observed in the control group and no obvious impact on antitumor immunity. Moreover, no obvious damage was observed from the H&E staining of major organs, which seemed to confirm the safety of PO at 250 mg/kg. Surprisingly, PO combined with anti-PD-1 greatly inhibited the growth of CRC, potentially indicating a unique role in anti-tumor therapy. Anti-PD-1 has been widely used in various cancers (33), while PO seems to serve as a sensitizer for anti-PD-1 in CRC curation. Thus, more low doses of PO should be verified. However, we could not rule out the impact of elevated uric acid on the efficacy of anti-PD-1. PO may, through high level of uric acid to enhance the anti-plastic potency when combined with anti-PD-1.

The TME generates an immunosuppressive niche that limits the expansion and function of tumor-infiltrating lymphocytes (TILs) and eventually fails to respond to immunotherapy in the late stage, while cytokines that have no anti-tumor effect can fill this immunosuppressive niche (34). Clinical studies consistently support the view that MSS-type mCRCs are nonpermissive to T effector cell accumulation and are usually infiltrated with abundant immune suppressors, such as tumor-associated macrophages, myeloid-derived suppressor cells, and Treg cells (35). Thus, only overcoming these obstacles can break ICB resistance and elicit anti-tumor immunity. In our study, PO played a critical role in regulating key antitumor immune responses through mechanisms such as suppression of Treg cell proliferation and enhancement of antitumor lymphocyte infiltration and function, both of which were further enhanced by anti-PD-1. We also observed that the expression of specific chemokines, such as IFN-γ and IL2, was significantly increased in the combination treatment CRC group and identified potential biomarkers. Several studies have suggested that exogenous IL-2 in the TME activates and expands pre-existing CD8+ TILs (21), while the immune cytokine L19-IL2 combined with single-dose RT resulted in 75% tumor remission and a 20% curative abscopal effect in the T cell-inflamed C51 CRC model (36). However, IFN-γ could drive PD-L1 immunosuppression (37) and sustained type I interferon signaling is a mechanism of resistance to PD-1 blockade (24). Further, in solid cancers, the surface expression of chemokine receptors on activated T lymphocytes does not always match the cognate ligand expression at the tumor site.

In conclusion, the current study is a proof of concept that PO, in combination with anti-PD-1, shows an enhanced therapeutic effect in CRC models by optimizing the antitumor microenvironment that promoted an immunopermissive microenvironment. Our results also indicate that the combination of PO and anti-PD-1, which has rarely been tested in preclinical or clinical studies, may be sufficient to appropriately reprogram the immune microenvironment and enhance immunotherapy efficacy. These findings prompt future studies of this combination therapy in CRC or other cancers, which may represent a potential strategy to broaden the benefit of anti-PD-1/PD-L1 treatment, especially for those who inability to tolerate chemotherapy or targeted therapy. Future studies should establish the extent of the sustained beneficial and adverse effects of long-term administration of PO plus anti-PD-1, especially in humanised or clinical models. The direct mechanism by which PO serves to increase the efficacy of PD-1 monoclonal antibody remains to be elucidated. Potential target drugs should avoid hyperuricemia or other harmful effects of PO. Our findings should be validated using patient-derived tumor xenograft models and biological markers with promising efficacy in the future.
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Background

Recent years, immunotherapy has emerged as a pivotal approach in cancer treatment. However, the response of gastric cancer to immunotherapy exhibits significant heterogeneity. Therefore, the early identification of gastric cancer patients who are likely to benefit from immunotherapy and the discovery of novel therapeutic targets are of critical importance.





Materials and methods

We collected data from European Nucleotide Archive (ENA) and Gene Expression Omnibus (GEO) databases. In project PRJEB25780, we performed WGCNA analysis and Lasso regression and chose CXCR2P1 for the subsequent analysis. Then, we compared the expression difference of CXCR2P1 among different groups. Kaplan-Meier curve was used to analyze the prognostic value of CXCR2P1, which was validated by project IMvigor210 and GEO datasets. ESTIMATE and CIBERSORT algorithm were used to evaluate the reshaping effect of CXCR2P1 to immune microenvironment of tumor. Differentially expressed genes (DEG) analysis, enrichGO analysis, Gene Set Enrichment Analysis (GSEA) and co-expression analysis were used to explore the cell biological function and signaling pathway involved in CXCR2P1.





Results

WGCNA identified CXCR2P1 as a hub gene significantly associated with immune response to PD-1 inhibitors in gastric cancer. CXCR2P1 expression was elevated in responders and correlated with better prognosis. Functional analysis revealed its role in reshaping the tumor immune microenvironment by promoting immune cell infiltration, including M1 macrophages, activated CD4+ T cells, and follicular helper T cells. CXCR2P1 enhanced antigen presentation via the MHC-II complex, influenced key immune pathways, such as Toll-like receptor signaling and T-cell activation, which led to the up-regulation of expression of PD-L1. GSEA showed CXCR2P1 were correlated with microRNAs. Through DEG analysis and expression analysis, MIR215 was identified as a potential direct target of CXCR2P1.





Conclusion

High expression of CXCR2P1 is correlated with better response to PD-1 inhibitor. It reshapes the immune microenvironment by increasing immune infiltration and changing the fraction of immune cells. In tumor immune microenvironment, CXCR2P1 can promote inflammation, enhance antigen presentation and activate the PD-1/PD-L1-related signaling pathway, which might be achieved by CXCR2P1-MIR215 axis.





Keywords: CXCR2P1, prognosis, immune microenvironment, PD-1 inhibitor, microRNAs




1 Introduction

Gastric cancer is the fifth most common cancer in the world and causes about 770 000 deaths every year. Of note, East Asia region has the highest gastric cancer incidence (22.4/100,000 inhabitants) and mortality (14.6/100,000) (1). In recent years, immunotherapy has become a significant adjuvant treatment for gastric cancer, with programmed cell death-1 (PD-1) inhibitors emerging as an effective option, particularly for advanced or metastatic cases (2). Studies have demonstrated that PD-1 inhibitors, including nivolumab and pembrolizumab, improve patient prognosis, leading to their incorporation into the National Comprehensive Cancer Network (NCCN) guidelines (3–5). However, not all gastric cancer patients can benefit from PD-1 inhibitors.The response rate of tumors to PD-1 inhibitors varies with the microsatellite stability, the degree of immune cell infiltration, the level of PD-L1 expression and so on (6). It is reported that unselected patients who receive anti-PD-1 and anti-PD-L1 immunotherapy have a total response rate of only approximately 20% (7). Therefore, it is important to identify patients who may benefit from PD-1 inhibitors before or early in the treatment of gastric cancer.

Finding out which genes are involved in the PD-1 signaling pathway, analyzing the heterogeneity of the expression of these genes are the key to explore the interaction mechanism between tumor and immune cells, so that we can develop more targeted therapies. By analyzing genes that were differentially expressed between gastric cancer patients who responded well to PD-1 inhibitors and those who did not respond to PD-1 inhibitors, we find C-X-C Motif Chemokine Receptor 2 Pseudogene 1 (CXCR2P1), a pseudogene encoding long non-coding RNA (lncRNA) which may affect cell phenotype through microRNA according to the previous research, plays a key role in the response of gastric cancer cells to PD-1 inhibitor (8). However, based on our investigation so far, only a few researchers have mentioned CXCR2P1 in their studies. The role of CXCR2P1 in tumor development and its effect on tumor immune microenvironment still remains unknown (8–12).

In this study, we compared expression levels of CXCR2P1 in different groups from different public databases, validated the potential of CXCR2P1 as a predictor of prognosis in gastric cancer patients receiving PD-1 inhibitors. Meanwhile, we analyzed the correlation between CXCR2P1 and tumor microenvironment. Finally, the signaling pathways involved in CXCR2P1 in gastric cancer cells were analyzed by differentially expressed genes analysis, enrichment analysis and co-expression analysis. This study explored the role of CXCR2P1 in the tumor immune response in detail, which provided a new target and idea for the immunotherapy of gastric cancer.




2 Materials and methods



2.1 Data and resources

Aspera tools were used to download fastq sequencing data of project PRJEB25780 (gastric cancer immunotherapy data set) from the European Nucleotide Archive (ENA) database (https://www.ebi.ac.uk/ena). Subreads, HISAT2 (version 2.2.1), and samtools were used to generate the counts matrix and Transcripts Per Kilobase of Exon Model Per Million Mapped Reads (tpms) from fastq sequencing data for subsequent analysis. Quantile normalized (log10) Fragments Per Kilobase of Transcript Per Million Mapped Reads (fpkm) of project PRJEB25780 were downloaded from Tumor Immune Dysfunction and Exclusion (TIDE) database. Clinical information of project PRJEB25780 were downloaded from materials of Kim’s research (13). The four gastric cancer microarray datasets (GSE193453, GSE174237, GSE84433, GSE27342) and the lung cancer immunotherapy data set (GSE135222) can be downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The expression matrix and clinical information of metastatic urothelial carcinoma immunotherapy data set (IMvigor210) were obtained through “IMvigor210CoreBiologies” R package. Gene sets of PD-1 checkpoint signaling pathway were downloaded from Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/kegg/). All tpms matrix used for analysis were normalized by log2.




2.2 Gene screening

On project PRJEB25780, Weighted Correlation Network Analysis (WGCNA) was performed by “WGCNA” R package for seeking gene modules with highly synergistic changes in expression. The response to PD-1 inhibitor of gastric cancer patients were regarded as the clinical phenotypes for subsequent WGCNA. We first used the hclust function to cluster a total of 45 samples, excluded the outlier sample, and used the remaining samples for network topology analysis to determine the appropriate soft threshold. Then, gene network modules were constructed by the “blockwiseModules” function with the minimum number of 30 genes in each module. Each module was assigned a color, and genes that could not be clustered into other modules were uniformly assigned gray. The eigengenes of each module were calculated by the “moduleEigengenes” function. Finally, based on the eigengenes of each module, the correlation between the modules and the response to PD-1 was calculated. A heat map illustrating the module-phenotype correlations was generated, and the module showing the strongest correlation was chosen for further analysis.

Gene significance (GS) is defined as the absolute value of the correlation between a gene and the phenotypic trait. Module membership (MM) is defined as the correlation between the eigengene of a module and the gene expression within the module. In this study, we used the condition of GS > 0.2 and MM > 0.8 as the screening criteria for hub gene of the module we chose above.

Normalized expression matrix of hub genes screened by WGCNA was performed Least Absolute Shrinkage and Selection Operator regression (Lasso) by the “glmnet” R package. Next, cross-validation was used to select the optimal regularization parameter λ to maximize the prediction performance of the model. After obtaining the best model, the features with nonzero coefficients were retained for subsequent analysis.




2.3 Clinical features and CXCR2P1

Expression difference of CXCR2P1 between responders and non-responders subgroups were described in project PRJEB25780 and IMvigor210. Responder was defined as complete response (CR) or partial response (PR) and non-responder was defined as stable disease (SD) or progressive disease (PD) on clinical evaluation after treatment with PD-1 inhibitors. CXCR2P1 expression between gastric cancer tissue and normal tissue were also analyzed in four microarray datasets (GSE193453, GSE174237, GSE84433, GSE27342).




2.4 Kaplan-Meier curve

The prognostic value of CXCR2P1 was validated by overall survival (OS) from project IMvigor210 and progression free survival (PFS) from project GSE135222. OS was defined as the time from surgery to death due to any cause, PFS was defined as the time from surgery to recurrence, metastasis, or death due to disease.




2.5 Immune microenvironment analysis

Immune score was calculated based on the proportion of immune cells by ESTIMATE algorithm. The Immune score of CXCR2P1-High group and CXCR2P1-Low group were compared in patients of project PRJEB25780. Meanwhile, the fraction of immune cells of each tumor sample in project PRJEB25780 was estimated by CIBERSORT algorithm. All analysis in this section were performed using normalized tpms matrix.




2.6 Differentially expressed genes analysis

Counts matrix of PRJEB25780 was used for differentially expressed genes (DEGs) analysis by the “DESeq2” R package with the filter criteria of |log2Foldchange (FC) | > 1 and false discovery rate (FDR) < 0.05. In the DEGs analysis for CXCR2P1, patients were divided into high-expression and low-expression groups based on the median expression levels. In the DEGs analysis for Response, patients were divided into Responders and Non-Responders based on their response to PD-1 inhibitor.




2.7 Gene enrichment analysis

To explore the potential signaling pathway involved in CXCR2P1, we conducted Gene Set Enrichment Analysis (GSEA) and EnrichGO Analysis for DEGs of CXCR2P1. EnrichGO analysis was performed by R package “clusterProfiler”. Reference gene sets of GSEA included hallmark, c2wikipathways, c2KEGG and c5go. The screening conditions were |normalized enrichment score (NES)| > 1 and p value < 0.05.




2.8 Co-expression analysis

DEGs of CXCR2P1 were conducted correlation analysis with the expression of CXCR2P1. DEGs with pearson correlation coefficient > 0.3 and p value < 0.05 were selected to construct the co-expression network with CXCR2P1 by the “igraph” R package. The network was then modified in Cytoscape software (version 3.10.2).




2.9 Statistical analysis

In this study, all statistical analyses were performed using R software (version 4.3.2). The comparison of the expression levels of DEG-microRNAS between different groups was performed by Mann-Whitney test, except that all comparisons between the two groups were performed by two-tailed Student t test. Survival analysis was conducted by Kaplan-Meier curve. Pearson’s analysis was used for correlation analysis between modules and response to PD-1 inhibitor or between expression of CXCR2P1 and DEGs. Spearman’s analysis was used for correlation analysis which generated scatter plots. P value of 0.05 was considered statistically significant (* means p < 0.05, ** means p < 0.01, *** means p < 0.001).





3 Results



3.1 CXCR2P1 is one of hub genes for immune response of gastric cancer

Figure 1 shows the flow chart of this study. With row data processing, we obtained the transcriptome expression matrix and clinical information of project PRJEB25780. In WGCNA analysis, we first clustered samples based on their normalized expression matrix and response to PD-1 inhibitor and exclude the sample that was apparently outlier (Figure 2A, sample code: PB-16-066). Then, a network consisting of highly cooperative gene modules was constructed by network topology analysis (Figure 2B). In the end, we got 61 effective modules in total with different colors. Figure 2C shows the correlation among the modules. Next, we conducted correlation analysis between modules and the clinical phenotype (Responder and Non-Responder) and found module lavenderblush3 had the highest correlation with the immune response of the tumor (rpearson = 0.61, p = 0.000009, shown as Figure 2D).

[image: Flowchart illustrating a research process involving data sources and analyses. It begins with TIDE and ENA database inputs leading to WGCNA, Lasso Regression, and CXCR2P1. The process involves Expression Comparison, DEG-mRNA analysis, EnrichGO, GSEA, KEGG database, Immune Correlation, and Co-expression Analysis. Additional databases, datasets, and results include IMvigor, GSEs, and survival analysis outputs.]
Figure 1 | Research flow chart.

[image: WGCNA and Lasso Regression results with multiple panels. Panel A shows a dendrogram with response marked by red bars. Panel B displays module colors under a hierarchical clustering tree. Panel C has a module-trait relationship heatmap. Panel D lists gene-module correlations, highlighting the 'lavenderblush3' module. Panel E plots gene significance against module membership with correlation details. Panel F shows a Lasso regression plot of coefficients versus Log(lambda). Panel G displays mean-squared error across Log(lambda) with a highlighted optimal point. The CXCR2P1 gene is emphasized for significance.]
Figure 2 | The process of screening for hub genes. (A) Clustering dendrogram of 44 samples with exclusion of PB-16-066. (B) Dendrogram of all differentially expressed genes clustered based on the measurement of dissimilarity. (C) Correlations and Clustering among modules. (D) Correlation between response to PD-1 inhibitor and modules. (E) Screening for hub genes within lavenderblush3 module. (F) Lasso coefficient path plots for the 18 hub genes. (G) Cross validation curves for lasso regression.

After loading the lavenderblush3 module, we obtained a total of 53 intra-module genes. The scatter plot shown in Figure 2E was used to represent the relationship between GS and MM of each gene in the lavenderblush3 module, whose fitting curve showed a significant correlation between GS and MM (rpearson = 0.63, p = 0.00000043). Genes with GS > 0.2 and MM > 0.8 were selected as hub genes. Finally, we obtained 18 hub genes of lavenderblush3 module (GBP4, GBP5, JAKMIP1, APOBEC3H, GBP1, GBP2, CD274, IFNG, CXCR2P1, IDO1, CXCL10, GBP1P1, CXCL9, LAP3, CXCL11, TAP1, WARS, UBE2L6).

To reduce the collinearity among hub genes, the lasso regression analysis was performed. As the penalty function (log λ) increases, the regression coefficient of each variable in the model gradually converge to 0 (Figure 2F). In the cross-validation, when the number of variables in the model was reduced to 7 (GBP4, JAKMIP1, IFNG, CXCR2P1, LAP3, CD274, APOBEC3H), the mean square error of the model was reduced to the lowest point, and the fitting effect of the equation reached the best (Figure 2G). Since the mechanism of how CXCR2P1 affects cell phenotype is still unclear, it is selected for subsequent analysis.




3.2 CXCR2P1 is highly expressed in responders and associated with good prognosis

The prognosis of patients with gastric cancer is highly correlated with their response to the PD-1 inhibitor. Trough analyzing different data sets, expression of CXCR2P1 was found higher in responders than which in non-responders in both project PRJEB25780 (Figure 3A, p < 0.001) and project IMvigor210 (Figure 3B, p < 0.01). In four GEO datasets, expression of CXCR2P1 was higher in gastric cancer tissue than which in normal tissue (Figure 3C, p < 0.001). Through Kaplan-Meier curves, we found CXCR2P1-high group had prolonged OS in patients with metastatic urothelial carcinoma (Figure 3F, p < 0.0001) and prolonged PFS in patients with lung cancer (Figure 3E, p = 0.013) than those in CXCR2P1-low group. Based on results above, patients with higher expression of CXCR2P1 might possess better prognosis.

[image: Graphs analyzing CXCR2P1 expression and clinical outcomes across multiple studies. Panels A-D show expression differences between responders and non-responders or normal and cancerous tissues. Panels E-F depict survival curves indicating the impact of CXCR2P1 levels. Panel G presents a box plot of immune cell fraction comparisons by CXCR2P1 level. Panel H includes scatter plots correlating CXCR2P1 with immune cell types, such as macrophages and T cells, with statistical data.]
Figure 3 | Exploration of the function of CXCR2P1. (A) Comparison of expression of CXCR2P1 between responders and non-responders in project PRJEB25780. (B) Comparison of expression of CXCR2P1 between responders and non-responders in project IMvigor210. (C) Comparison of expression of CXCR2P1 between gastric cancer tissue and normal gastric mucous tissue in GEO datasets. Four GEO datasets are GSE193453, GSE174237, GSE84433 and GSE27342. (D) Comparison of immunescore between CXCR2P1-High group and CXCR2P1-Low group. (E) - (F) Kaplan-Meier Curve of survival analysis of CXCR2P1. High Expression of CXCR2P1 had prolonged PFS in GSE135222 and prolonged OS in project IMvigor210. (G) Comparison of the fraction of immune cells between CXCR2P1-High group and CXCR2P1-Low group. (H) Correlation between the CXCR2P1 and Macrophages (M1, ρSpearman = 0.53, p = 0.000177), activated CD4+ memory T cells (ρSpearman = 0.58, p = 0.0000284), and follicular helper T cells (ρSpearman = 0.35, p = 0.02). PFS, progression free survival; OS, overall survival; *p < 0.05; **p < 0.01; ***p < 0.001.




3.3 CXCR2P1 reshape the tumor immune microenvironment

In project PRJEB25780, ESTIMATE analysis showed CXCR2P1-high group had higher immune score, which revealed that high expression of CXCR2P1 increased the degree of infiltration of immune cells to tumors (Figure 3D). CIBERSORT algorithm was used to evaluate the abundance of immune cells and compared the fractions of different immune cells between CXCR2P1-high and CXCR2P1-low group (Figure 3G). Result show that the fraction of Macrophages (M1), activated CD4+ memory T cells, and follicular helper T cells was higher in CXCR2P1-high group than which in CXCR2P1-low group. Meanwhile, the linear equation of scatter plots shown as Figure 3H revealed a significant positive correlation between CXCR2P1 expression and the fraction of Macrophages (M1, ρSpearman = 0.53, p = 0.000177), activated CD4+ memory T cells (ρSpearman = 0.58, p = 0.0000284), and follicular helper T cells (ρSpearman = 0.35, p = 0.02). The expression of CXCR2P1 can influence the tumor immune microenvironment significantly.




3.4 CXCR2P1 is associated with antigen processing and presentation in tumor immune microenvironment

Through differential expression analysis, 610 DEGs were found between the high- and low-expression groups of CXCR2P1 (139 up-regulated, 471 down-regulated, as shown in Figures 4A, B). To explore the cellular biological function of CXCR2P1, EnrichGO and Gene Set Enrichment Analysis (GSEA) was performed by these DEGs. Top 5 enriched biological function by EnrichGO analysis are shown as Figure 4E, and 3 of them are related with biological immune response (acute-phase response, acute inflammatory response, humoral immune response). GSEA by c2KEGG database showed that CXCR2P1 were enriched on Antigen Processing and Presentation By MHC Class II Molecules pathway (p = 0.00000103, shown as Figure 4C). In c5go database, biological processes (BP), cellular components (CC) and molecular functions (MF) of CXCR2P1 were analyzed and the top 10 enriched BP, CC, and MF are listed in Figure 4D. Results show that the BP, CC and MF of CXCR2P1 are all enriched in peptide antigen binding and the MHC-II protein complex, which indicate that CXCR2P1 might increase the infiltration of immune cells in tumor issue by enhancing the antigen presentation in tumor immune microenvironment by MHC II protein complex.

[image: A multi-panel figure analyzing gene expression and pathway enrichment. Panel A shows a volcano plot comparing CKR2P1 high vs low expression. Panel B is a heatmap of gene expression. Panel C presents a KEGG pathway enrichment score for MHC Class II molecules. Panel D lists GO terms enrichment with various categories and p-values. Panel E is a network plot linking genes to biological processes with colored lines representing different responses, such as acute-phase and humoral immune. The figure integrates multiple data visualizations to highlight differential expression and functional annotations.]
Figure 4 | Analysis of cell biological function of CXCR2P1. (A) Volcano plot of DEG analysis by expression of CXCRP21. (B) Heatmap of DEG analysis by expression of CXCRP21. (C) GSEA analysis for DEGs of CXCR2P1 by c2KEGG database. (D) GSEA analysis for DEGs of CXCR2P1 by c5go database. (E) Chord diagram of top 5 enriched biological function by EnrichGO analysis for DEGs of CXCR2P1. BP, biological processes; CC, cellular components; MF, molecular functions; NES, normalized enrichment score.




3.5 Correlation between CXCR2P1 and PD-1/PD-L1 signaling pathway

To investigate the relationship between CXCR2P1 and tumor immune evasion by PD-1/PD-L1 signaling pathway, we first analyzed the correlation between the expression of CXCR2P1 and CD274. Results showed that CXCR2P1 was highly correlated with the expression of CD274 (ρSpearman = 0.60, p = 1.28 x 10-5, shown as Figure 5B) in tumor tissue. GSEA by c2wikipathway showed that CXCR2P1 was significantly enriched in Cancer Immunotherapy By PD-1 Blockade (p = 2.676 x 10-4, shown as Figure 5C). Subsequently, we obtained all 73 genes involved in PD-1/PD-L1 signaling pathway from KEGG database, and analyzed the correlation between the expression of these genes and CXCR2P1. Figure 5A shows all 20 genes which are significantly related with the expression of CXCR2P1 (p < 0.05, rpearson >0.3).

[image: A circular diagram in section A shows the correlation of CXCR2P1 expression with various genes and pathways, using color coding from blue (negative correlation) to red (positive correlation). Sections B to G display different graphs analyzing the expression of CXCR2P1 in cancer immunotherapy, TCR signaling, interferon response, and calcium signaling pathways, with statistical data including \(p\)-values.]
Figure 5 | Analysis of signaling pathway of PD-L1. (A) Co-expression analysis between CXCR2P1 and genes involved in PD-1/PD-L1 signaling pathway. 20 genes which were significantly associated with CXCR2P1 (rpearson > 0.3, p < 0.05) were listed around the edge of pie chart and were classified according to the signaling pathway to which they belong. (B) Correlation between the expression of CXCR2P1 and CD274. (C-G) GSEA analysis for DEGs of CXCR2P1 by c2KEGG database, Hallmark database and c2wikipathway database. Results showed that CXCR2P1 can activate PD-1/PD-L1-related signaling pathways and suppress the activation of T cells.

Through GSEA analysis, we found 4 PD-1/PD-L1-related signaling pathways were enriched. Results showed that in tumor tissue, with the increasing expression of CXCR2P1, Toll Like Receptor Signaling Pathway(p = 5.684 x 10-7, shown as Figure 5D), Modulators of TCR Signaling And T Cell Activation(p = 1.685 x 10-3, shown as Figure 5E) and Interferon Alpha Signaling Pathway (p = 1.0 x 10-10, shown as Figure 5F) were significantly activated. Instead, Calcium Signaling Pathway (p = 3.284 x 10-4, shown as Figure 5G) was significantly suppressed. Our results indicated that CXCR2P1 may indirectly up-regulate the expression of PD-L1 in tumor cells by increasing immune infiltration and enhancing the activation of T cells in the tumor tissue.




3.6 CXCR2P1 influence the response of tumor cells to PD-1 inhibitor through microRNAs

GSEA by c2wikipathway database showed that CXCR2P1 was significantly enriched to Interactions Between Immune Cells And MicroRNAs In Tumor Microenvironment (2.402 x 10-3, shown as Figure 6A), which indicated that CXCR2P1 might regulate the expression of PD-L1 through microRNAs. To further clarify which microRNAs were involved in the upstream and downstream signaling pathways of CXCR2P1, we first performed DEG analysis for all microRNAs in project PRJEB25780 by the expression of CXCR2P1, and the results showed that the expression of 23 genes was down-regulated in CXCR2P1-High group (Figures 6B, C). Then another DEG analysis was performed for all microRNAs in PRJEB25780 by the response to PD-1 inhibitor, and the results showed that 2 genes were up-regulated and 12 genes were down-regulated in Responder group (Figures 6D, E). By taking the intersection of the two microRNA gene sets, we obtained a total of 5 genes, including MIR200A, MIR145, MIR215, MIR27B and MIR5707 (Figure 6F). The results showed that MIR215 expression was significantly down-regulated in both CXCR2P1-High group (p = 0.001604, Figure 6J) and Responder group (p = 0.01474, Figure 6O). MIR27B was significantly down-regulated in CXCR2P1-High group (p = 0.0253, Figure 6G), but there was no significant difference between Responder and Non-Responder groups (p = 0.09778, Figure 6L). There was no significant difference in the expression of MIR200A (Figures 6I, N), MIR145 (Figures 6H, M) and MIR5707 (Figures 6K, P) between both CXCR2P1 groups and Response groups. Our finding suggests that MIR215 might be involved in the signaling pathway of CXCR2P1 and serve as the mediator of CXCR2P1 affecting cell phenotype.

[image: The image contains multiple panels depicting various data analyses. Panel A shows a gene set enrichment analysis plot with a significant peak. Panel B is a volcano plot comparing CXCR2P1-high versus CXCR2P1-low groups. Panel C presents a heatmap of gene expression for these groups. Panel D shows a volcano plot for responder versus non-responder groups. Panel E displays a heatmap for responders versus non-responders. Panel F is a Venn diagram comparing gene overlaps between responses and CXCR2P1 expression. Panels G to P contain violin plots comparing microRNA expression levels between different groups with statistical annotations such as asterisks for significance and "NS" for not significant.]
Figure 6 | Correlation between CXCR2P1 and microRNA. (A) GSEA analysis for DEGs of CXCR2P1 by c2wikipathway database. (B) Volcano plot of DEG analysis for microRNAs from project PRJEB25780 by expression of CXCRP21. (C) Heatmap of DEG analysis for microRNAs from project PRJEB25780 by expression of CXCRP21. (D) Volcano plot of DEG analysis for microRNAs from project PRJEB25780 by response to PD-1 inhibitor. (E) Heatmap of DEG analysis for microRNAs from project PRJEB25780 by response to PD-1 inhibitor. (F) Venn diagram of the DEGs-microRNA by the expression of CXCR2P1 and the response to PD-1 inhibitor. The intersection contains 5 DEGs-microRNA, including MIR200A, MIR145, MIR215, MIR27B and MIR5707. (G-K) Raincloud plots showing the comparison of the expression of the 5 DEGs-microRNA between CXCR2P1-high group and CXCR2P1-low group. (L-P) Raincloud plots showing the comparison of the expression of the 5 DEGs-microRNA between Responder group and Non-Responder group. NA, not available; NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.





4 Discussion

In this study, we screened out a set of genes that significantly affect the response of gastric cancer to PD-1 inhibitor by WGCNA and lasso regression for the first time. Through comprehensive analysis, we explored the potential of CXCR2P1 as a prognostic predictor and its role in tumor immune response. Furthermore, we validated our findings using databases on PD-1 inhibitor response in other cancer types. This research analyzed the cell biological role of CXCR2P1 firstly, explored the effect of CXCR2P1 on the tumor immune microenvironment, and provided new insights and references for the development of targeted therapies.

The expression of CXCR2P1 might affect the stage and prognosis of tumors. CXCR2P1 was first mentioned in 2018 in the study of Lou et al., who found that CXCR2P1 encodes lncRNA through RNA transcriptomics analysis and its expression was significantly up-regulated in high-grade serous ovarian cancer tissues compared with normal ovarian tissues (12). Similar results were presented in research of Ji et al. which found CXCR2P1 was significantly up-regulated in cutaneous metastatic melanoma and high expression of CXCR2P1 was associated with prolonged overall survival (10). Sarathi et al. confirmed that CXCR2P1 is one of the key genes in determining the stage of hepatocellular carcinoma through differential analysis, which indicated low expression of CXCR2P1 will lead hepatocellular carcinoma to be more invasive and metastatic (11). Our study showed that the expression of CXCR2P1 was higher in responders and tumor tissue than those in non-responders and normal tissue. Meanwhile, in the only two databases containing both results of response to PD-1 inhibitor and survival information (lung cancer and metastatic urothelial carcinoma), CXCR2P1 showed excellent prognostic value. Patients with high expression of CXCR2P1 had prolonged OS and PFS. These findings validated that the high expression of CXCR2P1 was significantly correlated with good prognosis of tumors and the prognostic value of CXCR2P1 may be related to its effect on tumor immune response.

CXCR2P1 may help reshape the tumor immune microenvironment. As early as 2019, Choy found CXCR2P1 may have the ability to affect the response of tumor to immunotherapy through a pan-cancer machine-learning analysis (9). Our study validated that the tumors with higher expression of CXCR2P1 had higher degree of immune infiltration and immune cell abundance, and the high expression of CXCR2P1 were significantly correlated with good prognosis. The immune microenvironment and the degree of infiltration of immune cells are the key factors affecting the tumor immune response. It has been shown that tumors with pre-existing lymphocytes-infiltrating microenvironment are more likely to respond to immune-checkpoint inhibition (14). Immunotherapies are generally more effective in immunologically “hot” tumors, where abundant immune cells are already primed against tumor cells. However, “cold” tumors, which lack sufficient immune infiltration, are often less responsive to immunotherapy (15–17). Hence, tumors with high expression of CXCR2P1 may have more active tumor immune microenvironment, which laid a foundation for good immune response.

Previous studies have shown that M1 macrophages and CD4+T cells can recruit more immune cells by secreting pro-inflammatory cytokines and chemokines, presenting antigens, and inducing the development and maturation of other immune cells in the tumor immune microenvironment, thereby playing an important role in tumor’s immune surveillance (18). Our research found that the expression of CXCR2P1 was positively correlated with the number of M1 macrophages and activated CD4+ T cells in the tumor microenvironment. The reshaping of the immune microenvironment and the influence of CXCR2P1 on the response to immunotherapy may be achieved through these two types of cells.

Tumor-associated macrophages (TAMs) are crucial in shaping the tumor immune microenvironment. Based on function and phenotype, macrophages can be divided into M1 and M2 types. M1 polarization is associated with tissue inflammation, mediating tissue damage and recruiting CD8+ T cells to target tumor cells. In contrast, M2 polarization is linked to anti-inflammatory responses, which facilitate tissue repair. The M1/M2 ratio in macrophages significantly influences the tumor immune microenvironment and tumor response to immunotherapy (19, 20). TAM molecular phenotypes are shaped by chemokines, cytokines, cell metabolites, and cross-talk signaling pathways in the tumor microenvironment (21). Activation of toll-like receptor (22), interferon (23), and CD40 signaling pathways (24) promotes M1 macrophage differentiation, enhancing antigen presentation, directly phagocytosing tumor cells, and recruiting CD8+ T cells and NK cells (21). Conversely, TGF-β (25), γ-aminobutyric acid (26), and activation of myeloid checkpoint pathways (27, 28) shift macrophages toward an M2 phenotype, leading to IL-10 secretion and suppression of cytotoxic CD8+ T cells. Recent studies indicate that TAMs can also express PD-1, broadening the concept that PD-1/PD-L1 is exclusive to T cells’ immune escape mechanisms (29). This insight provides a potential explanation for CXCR2P1’s impact on PD-1 inhibitor responses via TAMs. Our study revealed a significant positive correlation between CXCR2P1 expression and acute inflammatory responses, with notable activation of MHC II antigen presentation complexes and reduced gabaergic neurotransmitter secretion in tumors with high CXCR2P1 expression. These findings suggest that CXCR2P1 fosters M1 macrophage polarization within the tumor immune microenvironment, enhancing the tumor’s responsiveness to immunotherapy.

Through cytokine secretion and direct interactions with immune and tumor cells, CD4+ T cells play a pivotal role in the tumor immune response by influencing the composition and activity of the tumor immune microenvironment (30). In the “afferent” phase of the immune response, naive CD4+ T cells are stimulated by tumor-associated antigens presented by antigen-presenting cells. This stimulation triggers their differentiation into subsets such as TH1, TH2, TH17, TH9, follicular helper T cells (TFH), and regulatory T cells (Treg) (31, 32). Differentiated CD4+ T cells then migrate to tumor tissues or adjacent lymphoid tissues to participate in tumor immune responses (33). In the tumor immune microenvironment, CD4+ T cells can stimulate and maintain the differentiation of macrophages, CD8+ T cells and NK cells by secreting cytokines such as IFN-γ, TNF and IL-2, and inhibit angiogenesis of tumor, thus playing an anti-tumor effect (34–36). At the same time, CD4+ T cells can activate antigen-presenting cells through CD40-CD40L pathway to enhance the antigen presentation of tumor-associated antigens (37, 38). Recent studies have identified cytotoxic CD4+ T cells (activated TH1 cells) that directly kill tumor cells by releasing granzyme B and perforin (39). However, not all CD4+ T cells contribute to anti-tumor immunity. Subsets such as TFH cells and Treg cells can inhibit immune responses by expressing PD-L1 and secreting TGF-β, thus fostering tumor progression (40, 41).

The balance and composition of these CD4+ T cell subsets critically influence tumor immunogenicity. In our study, tumor tissues with high CXCR2P1 expression exhibited significantly higher proportions of activated CD4+ T cells and TFH cells compared to low CXCR2P1 expression tumor, suggesting that the tumor tissues with high CXCR2P1 expression may have higher immunogenicity. In addition, an increase in the proportion of follicular helper T cells indicates increased expression of PD-L1 in the tumor, which underlies the favorable response to PD-1 inhibitors (42). It has been shown that the degree of CD4+T cell infiltration in a tumor is directly related to a favorable patient outcome regardless of immunotherapy. However, how PD-1 inhibitor affects the phenotype of CD4+T cells in the immune microenvironment and how CD4+T cells enhance the response of tumor tissues to immune responses are still unclear, and further studies are needed to clarify the cellular biological mechanisms.

At the molecular level, CXCR2P1 can activate immune-related signaling pathways and significantly increase the expression of PD-L1 in tumor tissues. Previous studies have demonstrated that increased levels of cytokines like IFN-γ (43) in the tumor microenvironment, along with the activation of the JAK-STAT (44), PI3K-Akt (45), and Toll-like receptor signaling pathways (46) can upregulate PD-L1 expression in both tumor and some immune cells, which enables tumor cells to evade immune surveillance (47). Activation of the PD-1 receptor further dampens the immune response by inhibiting key pathways in T cell receptor (TCR) signaling, such as the calcium signaling pathway (48) and MAPK signaling pathways (49), which leads to the reduction of IL-2 secretion and suppression of T cell activation.

In this study, we observed a significant positive correlation between the expression of CXCR2P1 and PD-L1 in tumor tissues. GSEA and co-expression analysis revealed that tumor tissues with high CXCR2P1 expression exhibited significant activation of the PD-1 signaling pathway, IFN signaling pathway, Toll-like receptor signaling pathway, and JAK-STAT signaling pathway. Conversely, the calcium signaling and MAPK pathways, integral to TCR signaling, were significantly suppressed. These findings suggest that CXCR2P1 plays a dual role in modulating the tumor immune microenvironment. By enhancing antigen presentation, CXCR2P1 may indirectly upregulates PD-L1 expression in tumor tissues by promoting immune cell infiltration. Elevated PD-L1 expression, coupled with enriched immune cell infiltration, enhances the tumor’s responsiveness to PD-1 inhibitors, contributing to favorable immunotherapy outcomes.

From GSEA analysis, we found CXCR2P1 was enriched into microRNAs in tumor microenvironments, which indicated that CXCR2P1 might affect the cell phenotype through microRNAs. Similar results was obtained by Zhao et al., who comprehensively analyzed the RNA transcriptome of head and neck squamous cell carcinoma and constructed a competing endogenous RNA network that significantly affected tumor immune infiltration through differential expressed genes analysis, finding that CXCR2P1 may affect the OS of patients through the lncRNA-microRNA-mRNA axis (8). Our research firstly identified MIR215 as the mediator of CXCR2P1 affecting cell phenotype.

MIR215 is an intragenic microRNA, whose host gene, isoleucyl-tRNA synthetase 2 (IARS2), is a form of alanyl-tRNA synthetase (50). Previous researches had proved that MIR215 can mediate the post-transcriptional gene silencing through receptor-interacting serine/threonine-protein kinase 1 (51), and hsa-miR-215-5p can be regulated by many lncRNAs, such as CDC6 (52), FTX (53) and UICLM (54). MIR215 is critically involved in regulating cell proliferation, apoptosis, and migration. Studies have shown that MIR215 can promote the proliferation, migration, and invasion of gastric cancer cells (55). Its expression is significantly upregulated in gastric cancer tissues compared to normal gastric mucosa, with even higher levels observed in patients with poorly differentiated tumors, advanced clinical stages (stage III or IV), or lymph node metastases (56, 57). Runt-related Transcription Factor 1 (RUNX1) has been identified as a direct target of MIR215 (58). In gastric cancer, RUNX1 inhibits malignant cell proliferation by regulating the expression of key genes such as p21 and p53, thereby suppressing cell cycle progression and promoting cellular differentiation (59). The post-transcriptional silencing of RUNX1 by MIR215 might contribute to the enhanced invasive and proliferative capacities of tumor cells. Comprehensively, our findings suggest that high CXCR2P1 expression may reduce hsa-miR-215-5p levels in tumor tissues through the lncRNA-microRNA regulatory axis, potentially improving the prognosis of gastric cancer patients. However, the precise role of MIR215 in the immune microenvironment of tumor remains unclear, further studies are required to elucidate its underlying cellular and molecular mechanisms.

Our study has several limitations. First, as the only database focusing on the response of gastric cancer to PD-1 inhibitor, project PRJEB25780 is limited by its small sample scale, which may reduce the statistical robustness of our findings. Second, all conclusions drawn in this study are based on bioinformatic analyses, lacking validation through experimental approaches. Finally, due to the inherent limitations of bioinformatics analysis, the regulatory factors involved in the upstream and downstream signaling pathways of CXCR2P1 remain unclear. Future studies should prioritize functional validation of CXCR2P1 through in vitro or in vivo models, systematically map its upstream regulators and downstream signaling cascades, and assess its clinical relevance in larger immunotherapy cohorts with matched genomic and transcriptomic data.




5 Conclusion

In gastric cancer tissues, the expression of CXCR2P1 is significantly elevated compared with normal gastric mucosa, and patients with high CXCR2P1 expression exhibit better prognosis and improved responses to PD-1 inhibitor. CXCR2P1 plays a vital role in reshaping the tumor immune microenvironment by promoting greater immune cell infiltration and significantly increasing the proportions of M1 macrophages, CD4+ T cells, and follicular helper T cells. At the cellular level, CXCR2P1 is associated with inflammatory activation and enhanced antigen presentation in tumor tissues. At the molecular level, CXCR2P1 upregulates PD-L1 expression in tumor tissues and activates key signaling pathways involved in PD-1 regulation. These effects might be mediated through the lncRNA-microRNA axis, with MIR215 identified as a potential direct target of CXCR2P1. Future studies are required to experimentally validate the upstream and downstream signaling pathways of CXCR2P1 and to further elucidate its cell biological mechanisms.
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Objective

The optimal therapeutic strategy for metastatic microsatellite instability-high/mismatch repair-deficient (MSI-H/dMMR) colorectal cancer (CRC) remains uncertain. This multicenter retrospective study compared the efficacy and safety of pembrolizumab monotherapy versus bevacizumab combined with modified FOLFOX6 (mFOLFOX6) in this molecularly defined population.





Methods

Consecutive patients with metastatic MSI-H/dMMR CRC treated with pembrolizumab or bevacizumab plus mFOLFOX6 at two tertiary centers (2017–2024) were analyzed. Dual primary endpoints included overall survival (OS) and progression-free survival (PFS); secondary endpoints encompassed incidence of grade ≥3 treatment-emergent adverse events (AEs).





Results

Among 58 eligible patients (PE: n=30; BF: n=28), the PE cohort demonstrated a significantly higher objective response rate (ORR) compared to the BF cohort (XX% vs XX%, p=0.030) after a median follow-up of 18.0 months (IQR: 1.0–24.0). Survival analyses revealed superior outcomes in the PE cohort, with a median OS of 12.0 months (95% CI: 10.2–14.1) versus 8.8 months (95% CI: 7.1–9.6) in the BF cohort (HR=0.55, 95% CI: 0.29–0.56; p=0.02). Similarly, median PFS was prolonged in the PE cohort (7.0 months, 95% CI: 5.3–9.3) relative to the BF cohort (3.7 months, 95% CI: 2.2–5.4; HR=0.46, 95% CI: 0.24–0.89; p<0.001). No statistically significant intergroup differences were observed in grade ≥3 treatment-emergent AE rates.





Conclusion

Pembrolizumab monotherapy significantly improved survival over bevacizumab-based chemotherapy in metastatic MSI-H/dMMR CRC, with a manageable safety profile. These results reinforce PD-1 inhibitors as first-line therapy for this population, while highlighting tumor mutation burden (TMB) and tumor burden as critical biomarkers for personalized strategies.
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Introduction

Microsatellite instability-high/mismatch repair-deficient (MSI-H/dMMR) colorectal cancer (CRC) accounts for approximately 5% of metastatic CRC cases and arises from single-nucleotide mismatches or functional impairment of DNA mismatch repair mechanisms (1–3). Accumulating evidence (4, 5) highlights the distinct clinicopathological features of MSI-H/dMMR CRC, including its predilection for right-sided colonic origin, low prevalence, and intrinsic resistance to conventional chemotherapy. Despite emerging level 1 evidence supporting immune checkpoint inhibitors (ICIs) as first-line therapy for MSI-H/dMMR CRC, chemotherapy remains a widely utilized conventional approach (6, 7), underscoring persistent challenges in optimizing therapeutic strategies for metastatic disease (6, 8, 9). Notably, MSI-H/dMMR tumors exhibit heightened immunogenicity due to neoantigen accumulation, rendering them particularly responsive to PD-1/PD-L1 blockade (10, 11). Mechanistically, PD-1 inhibitors disrupt the interaction between PD-1 on cytotoxic T cells and PD-L1 on tumor cells, thereby restoring antitumor immune activity (1, 2, 11). The phase II KEYNOTE-164 trial (12) demonstrated durable clinical benefits of pembrolizumab in pretreated metastatic MSI-H/dMMR CRC, with an objective response rate (ORR) of 33% (95% CI: 21–46), median progression-free survival (PFS) of 2.3 months (95% CI: 2.1–8.1), and median overall survival (OS) of 31.4 months (95% CI: 21.4–not reached) after 31.3 months of follow-up. Subsequent phase III trial (13) further established pembrolizumab’s superiority over chemotherapy in treatment-naïve patients, reporting a median PFS of 16.5 months (95% CI: 5.4–32.4) versus 8.2 months (95% CI: 6.1–10.2; HR=0.60, p=0.0002), alongside a favorable safety profile. Conversely, bevacizumab—a humanized anti-VEGF monoclonal antibody—combined with chemotherapy has shown modest efficacy in this population, though its role remains contentious (12, 14).

Despite these advances, critical gaps persist. While pembrolizumab monotherapy has demonstrated robust antitumor activity, the clinical utility of bevacizumab combined with modified FOLFOX6 (mFOLFOX6) in MSI-H/dMMR CRC remains underexplored, with limited comparative data on survival outcomes and toxicity profiles (12, 13). Specifically, it remains unclear whether pembrolizumab confers superior survival benefits over bevacizumab-based regimens in this molecularly defined subset. To address this uncertainty, we conducted a multicenter retrospective study evaluating the efficacy and safety of pembrolizumab versus bevacizumab plus mFOLFOX6 in patients with metastatic MSI-H/dMMR CRC.





Materials and methods




Patient eligibility

Retrospective clinical data were extracted from two affiliated medical institutions for patients diagnosed with advanced microsatellite instability–high/mismatch repair-deficient (MSI-H/dMMR) colorectal adenocarcinoma between January 2017 and August 2024. The study cohort comprised consecutive patients treated with either pembrolizumab monotherapy (PE cohort) or bevacizumab combined with modified FOLFOX6 chemotherapy (BF cohort). Participants were required to meet the following inclusion criteria: histologically or cytologically confirmed metastatic colorectal adenocarcinoma with MSI-H/dMMR status; radiologically measurable disease per modified Response Evaluation Criteria for Solid Tumors (mRECIST v1.1); adequate organ function (cardiopulmonary, hepatic, and renal), defined as: left ventricular ejection fraction ≥50%; serum creatinine ≤1.5× upper limit of normal; total bilirubin ≤1.5× upper limit of normal. Eastern Cooperative Oncology Group performance status (ECOG PS) of 0 or 1. Patients were excluded based on: insufficient baseline clinical documentation; history of other active malignancies within 5 years; prior systemic therapy with monoclonal antibodies, anti-PD-1/PD-L1/PD-L2 agents, or multiagent chemotherapy regimens; active autoimmune disorders requiring immunosuppressive therapy (e.g., rheumatoid arthritis, systemic lupus erythematosus); clinically significant comorbidities, including: uncontrolled diabetes mellitus (HbA1c >9%), obesity (body mass index [BMI] ≥35 kg/m²), uncontrolled coagulopathy necessitating therapeutic anticoagulation, symptomatic interstitial lung disease, or New York Heart Association class III/IV cardiac dysfunction; acute intestinal obstruction (≤12 months prior to enrollment); concurrent severe infections (e.g., systemic inflammatory response syndrome, active pulmonary tuberculosis); protocol nonadherence (treatment discontinuation unrelated to disease progression or toxicity, loss to follow-up); documented psychiatric or cognitive impairment affecting treatment compliance.





Study design and management

This multicenter retrospective cohort study evaluated patients with metastatic MSI-H/dMMR CRC who received either pembrolizumab monotherapy (PE cohort) or bevacizumab combined with modified FOLFOX6 chemotherapy (BF cohort). Treatment protocols were structured as follows: pembrolizumab regimen (PE): Patients received intravenous pembrolizumab at a dose of 500 mg/m2 administered over 1 hour every 2 weeks (q2w), consistent with the dosing schedule outlined in the KEYNOTE-164 trial (13); bevacizumab plus modified FOLFOX6 (BF): Patients were administered 5 mg/kg intravenous bevacizumab over 30 minutes (q2w) (15), followed by the modified FOLFOX6 regimen comprising 85 mg/m² oxaliplatin, 200 mg/m² leucovorin infused over 2 hours, and 2400 mg/m² fluorouracil delivered via continuous 48-hour infusion, repeated every 2 weeks as per established protocols, as described by Venook et al. (16) and Cremolini et al. (15)). Treatment continuation was contingent upon disease progression, intolerable toxicity, or death, with no predefined maximum duration. Routine clinical management, including dose modifications and supportive care, adhered to institutional guidelines under the supervision of the treating oncology team.





Outcomes and evaluations

The primary endpoints of this study included overall survival (OS) and progression-free survival (PFS). OS was defined as the duration from the initiation of treatment until the time of death from any cause, while PFS was measured from the first dose until the occurrence of disease progression or death, whichever occurred first. Disease progression and treatment response were assessed using contrast-enhanced CT scans, with tumor measurements performed at baseline and every 8 weeks (±1 week) thereafter, according to mRECIST v1.1 criteria.

Following the initial treatment dose, survival data were collected and monitored at intervals of four weeks. Safety profiles were continuously evaluated using the Common Terminology Criteria for Adverse Events (CTCAE version 4.0), with assessments conducted at least every two weeks during the first 24 weeks of treatment, and subsequently every eight weeks until the final follow-up or the patient’s death. Tumor mutation status was assessed through both immunohistochemistry and polymerase chain reaction (PCR) methods. The dMMR was established based on the loss of expression of at least one mismatch repair protein, as determined via immunohistochemistry (17). The identification of MSI-H was conducted using PCR, following previously reported methodologies (18). The expression levels of tumor PD-L1 were quantified using the combined positive score (CPS) method, consistent with established protocols in the literature (19). Tumor mutation burden (TMB) was also measured in this study. We performed a post hoc analysis using available next-generation sequencing (NGS) data for a subset of patients. Patients were stratified into high TMB (≥10 mutations/megabase) and low TMB (<10 mutations/megabase) subgroups based on established thresholds for MSI-H/dMMR CRC (20, 21).





Statistical analysis

Descriptive statistics summarized baseline characteristics and toxicities, with categorical variables expressed as frequencies (%) and continuous variables as medians (IQR) or means (SD). Median follow-up was calculated using the reverse Kaplan-Meier method. Survival outcomes (OS, PFS) were analyzed via Kaplan-Meier curves and log-rank tests. Cox proportional hazards models estimated hazard ratios (HR) with 95% CIs, adjusting for age, sex, BMI, ECOG PS, tumor location, PD-L1 expression (CPS ≥1 vs. <1), and comorbidities (e.g., uncontrolled diabetes). Continuous variables were modeled linearly unless nonlinearity was detected. Proportional hazards assumptions were validated using Schoenfeld residuals (all p > 0.05). Treatment was analyzed as a time-dependent variable. Sensitivity analyses excluded patients with missing data (n=3). Two-sided p-values <0.05 were considered significant. Analyses used SAS 9.4 and R 4.4.2.






Results




Demographic characteristics

Among the 79 individuals diagnosed with metastatic MSI-H/dMMR CRC included in this study, 21 were excluded based on predetermined criteria, resulting in a final sample size of 58 patients (PE cohort: n=30; BF cohort: n=28), as illustrated in Figure 1. The demographic and baseline characteristics of these individuals, for whom complete baseline data were accessible, are presented in Table 1. Overall, comparable demographic variables were observed between the cohorts, independent of potential comorbidities.

[image: Flowchart showing the selection process for 79 patients with metastatic MSI-H/dMMR CRC undergoing PE or BF treatment from January 2017 to August 2024. Among them, 21 were excluded for reasons such as poor baseline data, other tumors, prior treatments, and more. Groups formed include 30 patients in Group PE and 28 in Group BF.]
Figure 1 | Flow diagram demonstrating the methods used to identify objects to evaluate the efficacy and safety of pembrolizumab versus bevacizumab plus modified FOLFOX6 in patients with metastatic, microsatellite instability–high/mismatch repair–deficient colorectal cancer.

Table 1 | Patient characteristics at baseline between two cohorts.


[image: Table comparing clinical variables between PE (n = 30) and BF (n = 28) groups. Variables include age, sex, BMI, ECOG PS, tumor location, FOLFOX6 cycles, PD-L1 expression, specimen origin, time since diagnosis, and treatment duration. P-values indicate statistical significance tests with values ranging from 0.127 to 0.971.]
At baseline, the median age in the PE group was 63.0 years (range 34–82 years), while the median age in the BF group was 63.5 years (range 32–84 years). The ECOG PS distribution among the PE cohort was 30.0% at 0 and 70.0% at 1, compared to the BF cohort, which had 39.3% at 0 and 60.7% at 1 (p=0.461). The primary tumor sites predominantly localized to the right colon (from the caecum to the transverse colon), comprising 60.0% in the PE group and 57.1% in the BF group (p=0.751). PD-L1 expression levels, as indicated by CPS values, showed that in the PE group, 50.0% had a CPS ≥ 1, 33.3% were within the 20-50 range, and 16.7% exceeded 50, whereas the BF group had 57.1% with CPS ≥ 1, 28.6% in the 20-50 range, and 14.3% exceeding 50 (p=0.605).





Efficacy

The median follow-up duration for the study was 18.0 months (range 1.0–24.0 months). The tumor responses observed between the two cohorts are summarized in Table 2. In the PE cohort, 40.0% (95% CI, 34.3-42.6) of individuals achieved an objective response, which included 6.6% with complete responses and 33.3% with partial responses, while 16.7% demonstrated stable disease according to investigator assessment; 40.0% presented with progressive disease, and tumor response was unclear in 3.3% of cases. In contrast, the BF cohort exhibited an objective response rate of 17.8% (95% CI, 12.5-20.6), with 3.6% achieving complete responses and 10.7% partial responses, alongside 25.0% reaching stable disease; 53.6% had progressive disease, and 7.1% had unclear responses. Statistically significant differences were identified in the objective response rates between the cohorts, with 12 individuals (40.0%) in the PE group versus 4 individuals (17.8%) in the BF group (p=0.030). Notably, partial responses were more prevalent in the PE group compared to the BF group.

Table 2 | Tumor response between two cohorts.


[image: Table comparing tumor response between two groups, PE (n=30) and BF (n=28). ORR is 40% for PE and 17.8% for BF with a p-value of 0.030. Confidence intervals are 34.3-42.6% for PE and 12.5-20.6% for BF. Overall response shows CR: 6.6% (PE) vs 3.6% (BF), PR: 33.3% (PE) vs 14.3% (BF), SD: 16.7% (PE) vs 25.0% (BF), PD: 40.0% (PE) vs 53.6% (BF), and Unclear: 3.3% (PE) vs 7.1% (BF). Overall response significance has a p-value of 0.024.]
Although a significant distinction in tumor size reduction was not observed (58.6% [17 of 29] in the PE cohort versus 42.3% [11 of 26] in the BF cohort; p=0.231), as depicted in Figures 2 and 3, the median overall survival (OS) was significantly greater in the PE-treated cohort at 12.0 months (95% CI, 10.2-14.1) compared to 8.8 months (95% CI, 7.1-9.6) in the BF-treated cohort (HR 0.55, 95% CI 0.29-0.56; p=0.02), as illustrated in Figure 4. Furthermore, the median progression-free survival (PFS) was extended in the PE cohort to 7.0 months (95% CI, 5.3-9.3) versus 3.7 months (95% CI, 2.2-5.4) in the BF cohort (HR 0.46, 95% CI 0.24-0.89; p<0.001) (Figure 5).

[image: Bar chart showing percentage change from baseline for multiple categories. Bars on the left indicate positive changes, while bars on the right show negative changes, with many exceeding a 60% decrease. Red dashed lines mark -40% and -100% thresholds.]
Figure 2 | Percentage change from baseline in sums of diameters of target lesions by mRECIST in patients with metastatic MSI-H/dMMR CRC who experienced PE therapy (n = 29).

[image: Bar chart showing percentage change from baseline. Bars extend to about 40 percent below baseline and 40 percent above, with a mix of positive and negative values. Two red horizontal dashed lines mark negative thresholds at -40 percent and -100 percent.]
Figure 3 | Percentage change from baseline in sums of diameters of target lesions by mRECIST in patients with metastatic MSI-H/dMMR CRC who experienced BF therapy (n = 26).

[image: Kaplan-Meier survival curve comparing two treatment groups, PE (blue) and BF (orange), over 24 months. PE shows a median survival of 12 months and BF shows 8.8 months. Hazard ratio is 0.55 with a p-value of 0.02. Below the curve, a table displays the number at risk for each group at six-month intervals.]
Figure 4 | Kaplan-Meier curves for OS. The median OS was 12.0 months (95% CI, 10.2-14.1) for PE and 8.8 months (95% CI, 7.1-9.6) for BF (HR 0.55, 95% CI 0.29-0.56; p=0.02). *HR was calculated using a Cox proportional hazards model, with the age, sex, BMI, ECOG PS, primary tumor location, and PD-L1 expression level used as covariates and therapy as time-dependent factor. OS, overall survival; CPS, combined positive score; CI, confidence interval; PE, pembrolizumab; BF, bevacizumab plus modified FOLFOX6; HR, hazard ratio; BMI, body mass index; ECOG PS, Eastern Collaborative Oncology Group performance status; PD-L1, programmed cell death ligand-1.

[image: Kaplan-Meier survival curve comparing two groups: PE (blue) with a median survival of 7.0 months and BF (orange) with a median survival of 3.7 months. Hazard ratio is 0.46 with a p-value of less than 0.001. The x-axis represents time in months, and the y-axis shows survival probability. Below, the number at risk is indicated at specific time points for each group.]
Figure 5 | Kaplan-Meier curves for PFS. The median PFS was 7.0 months (95% CI, 5.3-9.3) for PE and 3.7 months (95% CI, 2.2-5.4) for BF (HR 0.46, 95% CI 0.24-0.89; p<0.001). *HR was calculated using a Cox proportional hazards model, with the age, sex, BMI, ECOG PS, primary tumor location, and PD-L1 expression level used as covariates and therapy as time-dependent factor. OS, overall survival; CPS, combined positive score; CI, confidence interval; PE, pembrolizumab; BF, bevacizumab plus modified FOLFOX6; HR, hazard ratio; BMI, body mass index; ECOG PS, Eastern Collaborative Oncology Group performance status; PD-L1, programmed cell death ligand-1.

A post hoc analysis was performed using available NGS data for 45 patients (PE cohort, n=24: High TMB, n=17, and Low TMB, n=7; BF cohort, n=21: High TMB, n=12, and Low TMB, n=9). High TMB patients in the PE cohort showed superior median OS (14.1 months [95% CI: 12.3–16.8] vs. 9.2 months [95% CI: 7.4–10.1] in high TMB BF patients; HR=0.41, 95% CI 0.32-0.67; p=0.006), as shown in Figure 6. Low TMB patients exhibited no significant OS benefit between cohorts (PE: 8.5 months vs. BF: 7.9 months; HR=0.79, 95% CI 0.61-1.25; p=0.32). These results suggest that pembrolizumab’s survival advantage may be more pronounced in high TMB subgroups. Figure 7 illustrates superior efficacy of PE therapy in high TMB patients compared to BF, with significant tumor shrinkage (e.g., mean Δvolume: −65% vs. −22%) and hounsfield unit reduction (ΔHU: −25 vs. −12) at 6-month follow-up, corroborating the survival advantage observed in Figure 6.

[image: Kaplan-Meier survival curves show survival probability over 24 months for four groups based on tumor mutational burden (TMB) and treatment: BF-High TMB, BF-Low TMB, PE-High TMB, and PE-Low TMB. High TMB groups show better survival, notably PE-High TMB. The chart includes hazard ratios (HR) and p-values comparing PE versus BF. Below the graph, a table indicates the number of participants at risk at various time points for each group.]
Figure 6 | Kaplan-Meier curves for OS based on tumor mutation burden (TMB). The median OS was 14.1 months (95% CI, 12.3-16.8) for PE-high TMB patients and 9.2 months (95% CI, 7.4-10.1) for BF-high TMB patients (HR 0.41, 95% CI 0.32-0.67; p=0.006); The median OS was 8.5 months (95% CI, 6.5-9.8) for PE-low TMB patients and 7.9 months (95% CI, 6.4-9.7) for BF-low TMB patients (HR 0.79, 95% CI 0.61-1.25; p=0.32).

[image: Four CT scan images show cross-sectional views of the pelvic area with arrows indicating specific areas. The top-left image is labeled PE-A0, the top-right as BF-A0, the bottom-left as PE-A1, and the bottom-right as BF-A1, highlighting differences in tissue density.]
Figure 7 | Comparative radiographic response of PE vs. BF in high TMB patients: tumor volume and Hounsfield unit calue changes at 6 months. Contrast-enhanced CT: PE-A0 (pre-treatment), PE-A1 (6-month post-PE); BF-A0 (pre-treatment), BF-A1 (6-month post-BF).





Safety

Table 3 outlines the incidence of grade ≥ 3 drug-related AEs. The safety profiles of the PE and BF cohorts were comparable, with no statistically significant intergroup differences noted in the rates of grade ≥ 3 drug-related AEs consistent with the monitored toxicity profiles. The adverse events observed aligned with the established safety profiles of both treatments. Hypertension was reported in one individual (3.3%) in the PE group, occurring within the first 12 months, while three individuals (10.7%) in the BF group experienced hypertension within the first 6 months. A dose reduction due to grade ≥ 3 drug-related AEs occurred in 4 individuals (2 individuals [6.7%] in the PE group and 2 individuals [7.1%] in the BF group; p=0.943).

Table 3 | Treatment-related ≥ grade 3 AEs in patients who experienced PE or BF.


[image: Table showing adverse events (AEs) in percentages for PE (n=30) and BE (n=28) with corresponding p-values. Conditions like hypertension, arthralgia, and fatigue are listed. p-values indicate statistical significance, with most below 0.961, suggesting non-significant differences between groups. Analysis was conducted using the Mann-Whitney U test.]





Discussion

This study comprehensively evaluated the clinical outcomes of pembrolizumab versus bevacizumab in combination with modified FOLFOX6 in patients with metastatic MSI-H/dMMR CRC, with a median follow-up period of 18 months. To our knowledge, this retrospective analysis may represent the largest study conducted to date on the efficacy of PD-1 blocking antibodies versus anti-VEGF therapy specifically in Asian individuals with metastatic MSI-H/dMMR CRC. Our findings indicate that pembrolizumab therapy is a viable treatment option for this patient population. However, as a retrospective study, our results establish associations rather than causality. Caution is warranted in interpreting the observed superiority of pembrolizumab, and future prospective randomized trials are needed to validate these findings.

The results of this study corroborate findings from previous analogous studies (2, 22, 23), which explored the effectiveness of PD-1 inhibitors in patients with advanced MSI-H/dMMR CRC. For example, a multicenter study (24) involving pembrolizumab combined with chemotherapy demonstrated a median PFS of 8.8 months among patients with metastatic CRC, although the median OS was not reached. Similarly, a phase II trial (17) assessing the antitumor activity of nivolumab reported that 31.1% of patients experienced an objective response, with 68.9% achieving disease control for 12 weeks or longer. In that trial, the 9-month and 12-month PFS rates were 54% and 50%, respectively, alongside OS rates of 78% and 73%. Notably, the median follow-up in our study (18 months) may underestimate long-term survival benefits, particularly for pembrolizumab, given the potential “tail effect” of immunotherapy. Extended longitudinal follow-up is critical to assess the durability of responses.

The superior efficacy of pembrolizumab in MSI-H/dMMR CRC is rooted in the unique immunobiology of these tumors (6). MSI-H/dMMR tumors exhibit deficient DNA mismatch repair, leading to hypermutated genomes and the accumulation of neoantigens (1, 2, 7). These neoantigens serve as immunogenic targets, promoting cytotoxic T-cell infiltration and activation (12, 24–26). Pembrolizumab, a PD-1 inhibitor, disrupts the PD-1/PD-L1 axis, which is frequently hijacked by tumors to evade immune surveillance (27). By blocking this checkpoint, pembrolizumab restores T-cell-mediated tumor killing, as evidenced by increased CD8+ T-cell density and clonal expansion in responders (8, 26).

Recent studies (28–30) highlight the dynamic interplay between MSI-H status and the tumor microenvironment. For instance, MSI-H tumors are characterized by a “hot” immune phenotype, marked by elevated interferon-γ signaling, upregulated antigen-presenting machinery, and enhanced PD-L1 expression (31, 32). These features create a permissive environment for PD-1 inhibitors, whereas microsatellite stable (MSS) tumors often exhibit an immunosuppressive TME dominated by regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) (19, 33). However, even within MSI-H/dMMR CRC, heterogeneity exists. High tumor mutational burden (TMB ≥10 mutations/Mb) correlates with increased neoantigen load and improved pembrolizumab response (34, 35). Conversely, low TMB or high tumor burden may foster an immunosuppressive niche via hypoxia-driven upregulation of VEGF and other angiogenic factors, which inhibit dendritic cell maturation and T-cell trafficking (25, 27). This aligns with our findings that bevacizumab—an anti-VEGF agent—combined with chemotherapy may transiently benefit high tumor burden patients by normalizing aberrant vasculature and reducing immunosuppressive cytokines (12, 36).

While pembrolizumab enhances adaptive immunity, bevacizumab primarily targets the TME’s vascular infrastructure (37). Bevacizumab inhibits VEGF-A, reducing angiogenesis and vascular permeability, which may transiently improve drug delivery and alleviate tumor hypoxia (4, 13, 26). However, prolonged VEGF blockade can paradoxically induce immunosuppression by promoting Treg infiltration and impairing dendritic cell function (2, 11, 34). In contrast, pembrolizumab sustains T-cell activation and memory responses, potentially explaining its prolonged survival benefits despite lower initial response rates in high tumor burden settings (12, 18).

Emerging evidence (13, 17) suggests synergistic potential when combining PD-1 inhibitors with anti-angiogenic agents. Preclinical models demonstrate that VEGF inhibition can reprogram the TME by reducing Tregs and enhancing CD8+ T-cell infiltration (14, 19, 38), while PD-1 blockade prevents T-cell exhaustion (12). Clinical studies (13, 39, 40) exploring this combination in MSI-H/dMMR CRC are ongoing and may address the limitations of monotherapy in high-risk subgroups.

As with all observational studies, several limitations of the current investigation should be acknowledged. First, the retrospective design inherently introduces challenges, including unmeasured confounding variables (e.g., tumor microenvironment heterogeneity, treatment preferences) and selection bias, which may affect causal interpretations. Second, our cohort exclusively comprised Asian patients, limiting generalizability to other ethnic populations where genetic, environmental, or immunological differences (e.g., HLA diversity, gut microbiota) may influence outcomes. Third, the lack of systematic quantification of tumor burden—such as metastatic lesion count, total tumor volume, or ctDNA dynamics—represents a critical gap, as high tumor burden is strongly associated with immunotherapy resistance and may have biased efficacy comparisons between regimens (34, 35). Fourth, TMB was retrospectively assessed in only 77.6% of patients (45/58), and its predictive utility requires prospective validation. Additionally, other biomarkers—including driver mutations (e.g., KRAS/BRAF), immune cell infiltration, and tumor microenvironment features—were not evaluated but may further elucidate response heterogeneity. Finally, the median follow-up of 18 months may underestimate long-term survival benefits, particularly for pembrolizumab, given the delayed responses characteristic of immunotherapy.





Conclusion

This study demonstrates superior survival outcomes with pembrolizumab versus bevacizumab-based chemotherapy in metastatic MSI-H/dMMR CRC, alongside manageable toxicity. TMB stratification revealed pronounced benefits in TMB-high (≥10 mut/Mb) patients, while low-TMB/high-burden subgroups may require combination therapies targeting immune and angiogenic pathways. The efficacy of PD-1 inhibition aligns with MSI-H tumors’ neoantigen-driven immunogenicity, enabling T-cell activation through checkpoint blockade. These findings support pembrolizumab as a standard therapy for this population. Future randomized trials should prioritize multidimensional biomarkers (TMB, ctDNA, tumor burden) to refine patient selection and validate long-term outcomes across diverse cohorts.
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Adenosquamous cell carcinoma (ASC) is a rare and aggressive malignant tumor which consists of both adenocarcinoma (AC) and squamous cell carcinoma (SCC) component types. Although ASC can sometimes develop in the stomach, pancreas, gallbladder and thyroid, it rarely occurs in the liver. As such, primary ASC of the liver remains a poorly understood malignancy due to both the paucity of reported cases and scarcity of available published data. As such, while the use of immune checkpoint inhibitors (ICIs), including PD-1 and PD-L1 antagonists, has profoundly changed the treatment paradigm and outcomes in most tumors, there is virtually no previous documentation for the application of ICIs in the treatment of primary hepatic adenosquamous carcinoma. Herein, we report a clinical case of a 54-year-old woman with metachronous double primary tumors, one of which was dMMR ASC of the liver and received 8 cycles of single-agent immunotherapy using sintilimab. The post-treatment response was evaluated as a pathological complete response (pCR).
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1 Introduction

Adenosquamous cell carcinoma (ASC) of the liver is a rare variant of cholangiocarcinoma and an even less commonly encountered malignancy (1, 2). Owing to the paucity of ASC of the liver, the diagnosis and treatment of this rare tumor remains elusive, the treatment response using immunotherapy has previously never been documented in the literature (3). Here, we report a case of a 54-year-old female whose diagnosis of ASC of the liver was confirmed through biopsy pathology and whose immunohistochemistry reveals a mismatch repair deficiency (dMMR). After receiving 8 cycles of single-agent immunotherapy, the patient underwent laparoscopic partial hepatectomy, the postoperative pathology of which indicated a pathological complete response (pCR).




2 Case report

The patient is a 54-year-old female who was admitted to the hospital due to the presence of a liver mass that had been discovered six months prior. In reviewing the patient family history, it was found that the patient’s father had passed away due to colon cancer. In addition, the patient was previously diagnosed with atypical endometrial hyperplasia in 2021, due to having an increased menstrual flow which led to receiving a curettage biopsy at another hospital. On August 8th 2021, the patient underwent a radical hysterectomy for uterine cancer, which included a complete removal of the uterus and its accessory organs. Pathological findings confirmed a moderately differentiated endometrioid carcinoma of the uterus, FIGO Grade II. Immunohistochemistry (IHC) showed negative results for MLH1 and PMS2, and positive results for MSH2 and MSH6, indicating a mismatch repair deficiency (dMMR) in the tumor tissue. The patient was then discharged after recovery and has since underwent regular follow-up exams post-surgery.

During a routine follow-up in January 2023, elevated CA19–9 levels (276.9 U/ml) along with abdominal distension was noted. An abdominal CT scan (as shown in Figure 1) revealed an irregular low-density lesion in the left liver, measuring approximately 47mm×33mm×27mm with multiple satellite lesions, and lymph node metastasis in the hepatogastric ligament which could not be ruled out (Figures 1A, C, E). The outpatient multidisciplinary team (MDT), including experts from oncology, hepatobiliary and pancreatic surgery, and pathology, recommended a liver biopsy be performed so as to clarify the origin of the liver mass along with additional immunohistochemical testing to determine its MMR status.

[image: CT scans showing liver lesions before and after treatment. Panels A and C show larger lesions with arrows pointing to their locations. Panels B and D show reduced lesion size post-treatment. Panels E and F provide closer views of the lesions, illustrating the decrease in size.]
Figure 1 | Comparison of CT Imaging changes, prior to and following immunotherapy in patients. (A) Prior to treatment, a low-density mass can be observed in the left lobe of the liver at the site indicated by the arrow (white). (B) After treatment, tumor regression can be observed in the left lobe of the liver. (C) Prior to treatment, satellite lesions can be observed at the edge of the main tumor in the left lobe of the liver. (D) After treatment, the satellite lesions have completely regressed. (E) Enlarged lymph nodes can be observed in the hepatogastric ligament. (F) The size of the previously enlarged lymph nodes are completely reduced.

On March 15th 2023, an ultrasound-guided liver mass biopsy was performed, and the pathology confirmed a diagnosis of ASC of the liver. Immunohistochemistry results showed: P40 (+), CK19 (+), CK7 (+), Ki67 (40%), P53(mutant expression), MLH1 (+), MSH2 (-), MSH6 (-), PMS2 (+) (Figures 2A–E). Given the patient’s family history of colorectal cancer, the presence of two metachronous primary tumors (endometrial carcinoma and hepatic ASC), and immunohistochemical evidence of mismatch repair deficiency in both tumors, the multidisciplinary team (MDT) made a clinical inference of Lynch syndrome. However, due to financial reasons, the patient refused further genetic testing. Given the presence of multifocal lesions and enlarged lymph nodes indicating a high risk of recurrence following surgery, the dMMR status, and likelihood of Lynch Syndrome, the MDT experts concurred that immunotherapy would be the patient’s best treatment choice. The recommended treatment plan included 200 mg of sintilimab every 3 weeks intravenously and 8 mg of lenvatinib every day orally. Sintilimab is an engineered PD-1 inhibitor which has shown greater PD-1 binding affinity in vitro than either nivolumab and pembrolizumab, and superior PD-1 occupancy and antitumor effects in humanized mouse models (4). Furthermore, it has exhibited efficacy in both adenocarcinoma and squamous cell carcinoma pathological types and therapeutic potential in a wide range of malignant liver and biliary tract tumors (5, 6). Treatment using Sintilimab was ultimately chosen based on several factors such as its relatively lower cost compared to other ICIs and its demonstrated efficacy in cases of biliary tract malignancies (7, 8). However, due to gastric discomfort in the first week of neoadjuvant therapy, oral lenvatinib use was discontinued. Ultimately, the patient only received 8 cycles of single-agent sintilimab neoadjuvant therapy prior to surgery. Post-treatment, serum CA19–9 levels decreased from 276.9 U/ml to 26.34 U/ml (normal range). As shown in Figures 1A, C, a low-density shadow and satellite lesions can be observed in the left lateral lobe of the liver prior to treatment. Both the tumor lesions and satellite lesions had almost completely disappeared after the neoadjuvant therapy (Figures 1B, D). Even the previously suspected metastatic lymph nodes in the hepatogastric ligament showed significant shrinkage in comparison to prior (Figures 1E, F). Therefore, the patient underwent laparoscopic partial liver resection and regional lymph node dissection. As shown in Figure 2F, the postoperative pathology results revealed diffuse and complete necrosis of the neoplasm,
indicating a pathological complete response (pCR) to treatment. A 16-month follow up found no tumor
recurrence. The patient’s clinical workup, including medical history, diagnostic and therapeutic procedures, and follow-up, is illustrated in Supplementary Figure 1.
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Figure 2 | Pathological imaging of the patient tumor. (A) The pre-operative biopsy revealed the tumor was composed of adenocarcinoma with tubular pattern (the dashed arrow) and squamous cell carcinoma with nest architecture (the solid arrow). The tumor cells were positive for MLH1 (B) and PMS2 (E), and negative for MLH2 (C) and MSH6 (D). (F) Microscopic examination of the post-operative specimens revealed diffuse and complete necrosis of the neoplasm (the dashed arrow), indicating a pathological complete response (pCR). Scale bar, 100 mm.




3 Discussion

The current consensus dictates that ASC of the liver is a rare variant of intrahepatic cholangiocarcinoma (9). It was reported by the National Cancer Center Hospital in Japan that from 2016 to 2017, the incidence of rare intrahepatic bile duct tumors was 0.736%. ASC of the liver accounted for 4.96% (30/605) of rare intrahepatic bile duct tumors (10). Likewise, according to the SEER (Surveillance Epidemiology and End Results) database, the average annual incidence of ASC in the United States was only 1.77/100,000 from 1973 to 2015. Among these, the total cases of ASC of liver was 18 or 0.6% of all cholangiocarcinoma cases, thus confirming the rarity of primary ASC of liver occurrence on a multinational scale (11).

While most published reports have been presented as either singular case reports or a series of small scale studies, we have provided detailed tables consisting of comprehensive patient information obtained from case reports conducted in the last 30 years (Table 1) and which also summarize the results of a series of small case studies (Table 2).

Table 1 | A summary of reported cases of ASC of liver of the past 30 years.
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Table 2 | A summary of a series of small case studies of ASC of the liver.
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Clinicopathological characteristics: Based on the summary of the above literature, clinicopathological information profiling of patients with ASC of the liver reveals a higher incidence in males and that the most commonly presented symptoms are upper abdominal discomfort, fever, and other (3, 9, 12, 13, 33, 34). However, it is difficult to distinguish ASC of the liver from other primary liver tumors like hepatocellular carcinoma (HCC) or intrahepatic cholangiocarcinoma (ICC) solely through analysis of clinical symptoms, laboratory tests, and imaging examinations. Similarly, due to the limited sample size, the reported elevated levels of CA19–9 and CEA in ASC of the liver patients tend to vary across different studies. In spite of this, it was found that the elevation rate of CA19–9 in ASC of the liver patients to be relatively high, based on series of small case studies by various researchers such as Gou Q (3), and Yeh CN (9). Although this seems promising, CA19–9 alone cannot distinguish ASC of the liver from ICC. A few other reports have indicated elevated SCC antigen levels in patients with ASC of the liver (18, 19, 28, 32). SCC antigen can be theoretically used as a potential marker to distinguish ASC of liver from HCC/ICC. However, whether or not low detection rate of SCC antigen is due to its inherently low levels in ASC patients or is simply due to insufficient testing remains inconclusive. In other words, it is highly recommended that SCC antigens are simultaneously tested to further support differential diagnosis.

Pathogenesis and treatment strategies: A few studies have reported that ASC of the liver can be associated with conditions such as primary sclerosing cholangitis (PSC) (26), and hepatolithiasis (24). As shown in Table 1, ASC of the liver typically has a tumor diameter which exceeds 5 cm and imaging results including rim-enhanced, low-density masses sometimes accompanied by satellite lesions (13, 21), regional (12, 13, 17) and distant (17, 22, 28) lymph node metastasis, and invasion of adjacent organs or distant metastases (19, 21, 28). Since ASC of the liver is a rare condition, there is a limited understanding of its pathogenesis and optimal treatment strategies. The prognosis of ASC of the liver is commonly known to be poor and surgery is the preferred treatment. Sasaki et al. (13) reported a median survival of 8.7 months for patients who underwent surgery and 2.2 months for those who did not. The basic surgical principles for ASC should be similar to the treatment algorithm for ICC given their similar rapid proliferation and high invasiveness. The best treatment strategy for most ASC patients should be established by a multidisciplinary team. Similarly to ICC, the first step is assessment of tumor resectability, typically evaluated using CT and/or MRI with MRCP. PET and/or EUS-guided fine-needle aspiration/biopsy is often necessary to confirm or exclude metastasis, given the high incidence of lymph node metastases (35). Surgical resection is preferred specifically when there is only one tumor and no regional lymph node metastases are present. In addition, regional lymphadenectomy should be a standard procedure during liver resection (36).

Similarly to ICC, if regional LNM or multiple tumors are present in ASC patients, the choice between resection and drug therapy should depend on the extent of metastasis and the number of tumors. In spite of this, systemic and local treatment effects for ASC of the liver remain uncertain. Nosaka T (19). reported a case of ASC of the liver with distant metastasis that initially responded to gemcitabine-cisplatin therapy, but tumor marker levels rebounded once again after only six months. Hepatic arterial infusion chemotherapy (HAIC) with cisplatin (CDDP) and 5-fluorouracil (5-FU) was then administered, leading to tumor shrinkage. The patient ultimately died 14 months following initial treatment. Demir G (29) reported an ASC patient who underwent segmentectomy followed by cisplatin-based chemotherapy and survived for more than eight years. Suzuki E (20) described another ASC patient who experienced rapid postoperative recurrence with multiple metastases within three months. This patient’s disease was controlled with cisplatin and 5-fluorouracil and passed away 14 months after surgery. Reports by Nakai T (28), Yokota H (31) also demonstrated that HAIC could effectively control tumor progression and improve patients’ quality of life. Based on these case reports, which provide detailed descriptions of treatment strategies and outcomes, chemotherapy or HAIC are also potentially effective treatment options for ASC of the liver. However, past treatment strategies for ASC of the liver have predominantly involved systemic chemotherapy or local therapies such as HAIC and radiotherapy, while the efficacy of targeted therapy and immunotherapy has been rarely reported in the literature. Sintilimab, a type of ICIs, has demonstrated significant therapeutic potential in the management of malignant hepatobiliary tumors (37–40). The therapeutic effect of sintilimab in this case reveals the potential of ICIs in the treatment of ASC of the liver. In the management of ASC of the liver with immune checkpoint inhibitors (ICIs), it is essential to monitor not only treatment efficacy but also the occurrence of immune-related adverse events (irAEs), including immune-mediated pneumonitis, colitis, and hepatitis. As far as we know, this is the first reported case in which one of the two primary malignancies of the patient is ASC of the liver. This is also the first report on the application of ICIs in primary ASC of the liver, although there are some recent studies which show that ICIs can achieve good results in metastatic hepatic ASC (41, 42). The precise mechanism underlying the response of hepatic ASC to immune checkpoint inhibitors (ICIs) remains to be elucidated—particularly whether such efficacy is driven by tumor-intrinsic mismatch repair deficiency or a germline predisposition such as Lynch syndrome. While sporadic case reports have described adenosquamous carcinoma in patients with Lynch syndrome (43, 44), there is currently no established evidence indicating a common association between ASC and Lynch syndrome. To optimize treatment strategies, prospective studies are essential to identify predictive biomarkers and define which patients are most likely to benefit from immunotherapy. In addition, Hong et al. (45) has recently published a case report of a woman with ASC of the extrahepatic biliary tract with multiple lymph node metastases which is characterized by HER-2 amplification. This patient received a chemotherapy regimen consisting of gemcitabine, cisplatin, and trastuzumab, displaying a progression-free survival (PFS) of 5 months. Gou et al. reported an inoperable ASC patient with intrahepatic metastasis who received sorafenib-targeted therapy and survived for 9 months (3).

In conclusion, ASC patients may benefit greatly from systemic chemotherapy, HAIC therapy, targeted and immune therapy. We should make greater efforts to explore these treatment approaches in order to improve patients’ quality of life or extend their survival in order to further develop the most optimal treatment of ASC of the liver.




4 Conclusions

This case presents the first reported instance of a patient with primary hepatic adenosquamous carcinoma (ASC) that achieved a pathological complete response (pCR) following immunotherapy. This outcome highlights the potential of immune checkpoint inhibitor use in treating ASC of the liver, particularly in tumors with dMMR status, providing many valuable insights for the future management of this rare malignancy.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by Ethics Committee of Beijing Tsinghua Changgung Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

ZB: Conceptualization, Data curation, Investigation, Writing – original draft, Writing – review & editing. Y-AC: Conceptualization, Data curation, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. YX: Conceptualization, Supervision, Validation, Writing – original draft. JPS: Formal analysis, Investigation, Methodology, Writing – review & editing. JWS: Investigation, Writing – review & editing. CX: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1578368/full#supplementary-material

Supplementary Figure 1 | Timeline of treatment and follow-up. Clinical timeline of diagnosis, treatment, and follow-up. The patient underwent a radical hysterectomy for uterine cancer in August 2021. In January 2023, a low-density liver lesion was detected during routine follow-up. A liver mass biopsy in March 2023 confirmed adenosquamous carcinoma (ASC) of the liver. The patient received eight cycles of sintilimab as neoadjuvant immunotherapy from March to October 2023, followed by laparoscopic partial liver resection. As of March 2025, no evidence of tumor recurrence has been observed.


References
	1. Nam, KH, and Kim, JY. Primary adenosquamous carcinoma of the liver: A case report. Clin Mol Hepatol. (2016) 22:503–8. doi: 10.3350/cmh.2016.0077
	2. Park, SY, Cha, EJ, and Moon, WS. Adenosquamous carcinoma of the liver. Clin Mol Hepatol. (2012) 18:326–9. doi: 10.3350/cmh.2012.18.3.326
	3. Gou, Q, Fu, S, Xie, Y, Zhang, M, and Shen, Y. Treatment and survival patterns of primary adenosquamous carcinoma of the liver: A retrospective analysis. Front Oncol. (2021) 11:621594. doi: 10.3389/fonc.2021.621594
	4. Wang, J, Fei, K, Jing, H, Wu, Z, Wu, W, Zhou, S, et al. Durable blockade of pd-1 signaling links preclinical efficacy of sintilimab to its clinical benefit. mAbs. (2019) 11:1443–51. doi: 10.1080/19420862.2019.1654303
	5. Liu, X, and Yi, Y. Recent updates on sintilimab in solid tumor immunotherapy. Biomark Res. (2020) 8:69. doi: 10.1186/s40364-020-00250-z
	6. Zhou, N, Li, X, Yang, Y, Tan, S, Zhang, S, Huang, Q, et al. Sintilimab plus nab-paclitaxel as second-line treatment for advanced biliary tract cancer: Study protocol for an investigator-initiated phase 2 trial (Napasinti trial). BMC Cancer. (2023) 23:729. doi: 10.1186/s12885-023-11188-4
	7. Zeng, TM, Yang, G, Lou, C, Wei, W, Tao, CJ, Chen, XY, et al. Clinical and biomarker analyses of sintilimab plus gemcitabine and cisplatin as first-line treatment for patients with advanced biliary tract cancer. Nat Commun. (2023) 14:1340. doi: 10.1038/s41467-023-37030-w
	8. Jin, S, Zhao, R, Zhou, C, Zhong, Q, Shi, J, Su, C, et al. Feasibility and tolerability of sintilimab plus anlotinib as the second-line therapy for patients with advanced biliary tract cancers: an open-label, single-arm, phase ii clinical trial. Int J Cancer. (2023) 152:1648–58. doi: 10.1002/ijc.34372
	9. Yeh, CN, Jan, YY, and Chen, MF. Adenosquamous carcinoma of the liver: Clinicopathologic study of 10 surgically treated cases. World J Surg. (2003) 27:168–72. doi: 10.1007/s00268-002-6585-0
	10. Satake, T, Morizane, C, Rikitake, R, Higashi, T, Okusaka, T, and Kawai, A. The epidemiology of rare types of hepatobiliary and pancreatic cancer from national cancer registry. J Gastroenterol. (2022) 57:890–901. doi: 10.1007/s00535-022-01920-5
	11. Li, HS, He, T, and Yang, LL. Adenosquamous carcinoma of the digestive system: A literature review. Scand J Gastroenterol. (2020) 55:1268–76. doi: 10.1080/00365521.2020.1832571
	12. Takahashi, H, Hayakawa, H, Tanaka, M, Okamura, K, Kosaka, A, Mizumoto, R, et al. Primary adenosquamous carcinoma of liver resected by right trisegmentectomy: Report of a case and review of the literature. J Gastroenterol. (1997) 32:843–7. doi: 10.1007/bf02936966
	13. Sasaki, H, Hayashi, M, Miyahara, S, Shimomura, M, Takahashi, H, and Kawarada, Y. Adenosquamous carcinoma of the liver: Case report. J Bepato-Biliary-Pancreatic Surg. (1994) 1:179–83. doi: 10.1007/BF01222246
	14. Liu, YM, Lei, YL, and Liu, F. Adenosquamous carcinoma of the liver: the challenge of diagnosis. Liver Int. (2023) 43:2320–2. doi: 10.1111/liv.15708
	15. Zhou, SY, Qiao, ZG, Li, CL, and Chen, TB. Primary adenosquamous carcinoma of the liver. Kaohsiung J Med Sci. (2020) 36:857–8. doi: 10.1002/kjm2.12252
	16. Gao, S, Chen, D, Huang, L, Wu, L, Dai, R, and Shan, Y. Primary adenosquamous carcinoma of the liver: A case report and review of the literature. Int J Clin Exp Pathol. (2015) 8:9687–92.
	17. Watanabe, Y, Osaki, A, Kimura, K, Yakubo, S, Takaku, K, Sato, M, et al. Unresectable primary hepatic adenosquamous carcinoma successfully treated with systemic and transcatheter hepatic arterial injection chemotherapies followed by conversion surgery: A case report and literature review. BMC Gastroenterol. (2021) 21:491. doi: 10.1186/s12876-021-02070-3
	18. Hayashi, T, Mizuki, A, Yamaguchi, T, Hasegawa, T, Kunihiro, T, Tsukada, N, et al. Primary adenosquamous carcinoma of the liver which produces granulocyte-colony-stimulating factor and parathyroid hormone related protein: Association with leukocytosis and hypercalcemia. Internal Med (Tokyo JP). (2001) 40:631–4. doi: 10.2169/internalmedicine.40.631
	19. Nosaka, T, Ohtani, M, Namikawa, S, Takahashi, K, Naito, T, Ofuji, K, et al. Advanced primary adenosquamous carcinoma of the liver with a small cell carcinoma component: an autopsy case report. Clin J Gastroenterol. (2021) 14:1496–502. doi: 10.1007/s12328-021-01474-8
	20. Suzuki, E, Hirai, R, Ota, T, and Shimizu, N. Primary adenosquamous carcinoma of the liver: Case report. J hepato-biliary-pancreatic Surg. (2002) 9:769–73. doi: 10.1007/s005340200108
	21. Kwon, OS, Lee, HS, Koh, DW, Cho, YJ, Park, YH, Park, DK, et al. A case of primary adenosquamous carcinoma of the liver presented with liver abscess. KR J Internal Med. (2001) 16:270–3. doi: 10.3904/kjim.2001.16.4.270
	22. Yeung, JT, Fan, WC, and Cheng, RL. Adenosquamous carcinoma presenting as liver abscess. Singapore Med J. (2012) 53:e110–3.
	23. Kang, GH, Lee, BS, and Kang, DY. A case of primary adenosquamous carcinoma of the liver. KR J Hepato-Biliary-Pancreatic Surg. (2013) 17:38–41. doi: 10.14701/kjhbps.2013.17.1.38
	24. Harino, T, Tomimaru, Y, Noguchi, K, Nagase, H, Ogino, T, Hirota, M, et al. a rare case of adenosquamous carcinoma in the liver with hepatolithiasis. Gan Kagaku Ryoho Cancer Chemo. (2019) 46:772–4.
	25. Wei, D, Lu, L, Ying, C, Qingsong, K, Dongbo, L, and Feibo, L. Primary hepatic adenosquamous carcinoma: A rare case report. Indian J Pathol Microbiol. (2021) 64:S140–s2. doi: 10.4103/ijpm.Ijpm_785_18
	26. Daiku, K, Fukuda, K, Morimoto, O, Takiuchi, D, Shimakoshi, H, Kegasawa, T, et al. Primary adenosquamous carcinoma of the liver detected during cancer surveillance in a patient with primary sclerosing cholangitis. Clin J Gastroenterol. (2020) 13:1273–9. doi: 10.1007/s12328-020-01204-6
	27. Wu, PH, Su, YC, and Kuo, KK. A rare case of primary adenosquamous carcinoma of the liver with gallbladder metastasis. Kaohsiung J Med Sci. (2020) 36:561–2. doi: 10.1002/kjm2.12227
	28. Nakai, T, Ono, K, Terayama, K, Yamagami, T, and Nishimura, T. Case report: Adenosquamous carcinoma of the liver successfully treated with repeated transcatheter arterial infusion chemotherapy (Tace) with degradable starch microspheres. Br J Radiol. (2004) 77:516–8. doi: 10.1259/bjr/63282776
	29. Demir, G, Yanmaz, T, Celik, AF, Ozbay, G, and Serdengecti, S. Primary adenosquamous carcinoma of the liver: Case with the longest survival. J Clin Gastroenterol. (2005) 39:924–5. doi: 10.1097/01.mcg.0000180805.56952.04
	30. Shimizu, S, Oshita, A, Tashiro, H, Amano, H, Kobayashi, T, Tanaka, M, et al. Synchronous double cancers of primary hepatic adenosquamous carcinoma and hepatocellular carcinoma: Report of a case. Surg Today. (2013) 43:418–23. doi: 10.1007/s00595-012-0346-y
	31. Yokota, H, Matoba, M, Tonami, H, Hasegawa, T, Saito, H, and Kurose, N. Imaging findings in primary adenosquamous carcinoma of the liver: A case report. Clin Imaging. (2007) 31:279–82. doi: 10.1016/j.clinimag.2007.01.007
	32. Yamao, K, Takenaka, M, Imai, H, Nakai, A, Omoto, S, Kamata, K, et al. Primary hepatic adenosquamous carcinoma associated with primary sclerosing cholangitis. Oncology. (2017) 93 Suppl 1:76–80. doi: 10.1159/000481236
	33. Kobayashi, M, Okabayashi, T, Okamoto, K, Namikawa, T, and Araki, K. A clinicopathologic study of primary adenosquamous carcinoma of the liver. J Clin Gastroenterol. (2005) 39:544–8. doi: 10.1097/01.mcg.0000165705.74079.fc
	34. Isa, T, Kusano, T, Muto, Y, Furukawa, M, Kiyuna, M, and Toda, T. Clinicopathologic features of resected primary adenosquamous carcinomas of the liver. J Clin Gastroenterol. (1997) 25:623–7. doi: 10.1097/00004836-199712000-00015
	35. Alvaro, D, Gores, GJ, Walicki, J, Hassan, C, Sapisochin, G, and Komuta, M. EASL-ILCA clinical practice guidelines on the management of intrahepatic cholangiocarcinoma. J Hepatol. (2023) 79:181–208. doi: 10.1016/j.jhep.2023.03.010
	36. Kubo, S, Shinkawa, H, Asaoka, Y, Ioka, T, Igaki, H, Izumi, N, et al. Liver cancer study group of Japan clinical practice guidelines for intrahepatic cholangiocarcinoma. Liver Cancer. (2022) 11:290–314. doi: 10.1159/000522403
	37. Zeng, TM, Pan, YF, Yuan, ZG, Chen, DS, Song, YJ, and Gao, Y. Immune-related rna signature predicts outcome of pd-1 inhibitor-combined gemcis therapy in advanced intrahepatic cholangiocarcinoma. Front Immunol. (2022) 13:943066. doi: 10.3389/fimmu.2022.943066
	38. Ding, X, Li, G, Sun, W, Shen, Y, Teng, Y, Xu, Y, et al. Sintilimab combined with lenvatinib for advanced intrahepatic cholangiocarcinoma in second-line setting-a multi-center observational study. Front Oncol. (2022) 12:907055. doi: 10.3389/fonc.2022.907055
	39. Wang, K, Xiang, YJ, Yu, HM, Cheng, YQ, Liu, ZH, Qin, YY, et al. Adjuvant sintilimab in resected high-risk hepatocellular carcinoma: A randomized, controlled, phase 2 trial. Nat Med. (2024) 30:708–15. doi: 10.1038/s41591-023-02786-7
	40. Zhu, M, Liu, Z, Chen, S, Luo, Z, Tu, J, Qiao, L, et al. Sintilimab plus bevacizumab combined with radiotherapy as first-line treatment for hepatocellular carcinoma with portal vein tumor thrombus: A multicenter, single-arm, phase 2 study. Hepatol (Baltimore Md). (2024) 80:807–15. doi: 10.1097/hep.0000000000000776
	41. Liu, Q, Li, R, Zhu, W, and Zheng, P. Case report: Microsatellite instability-high pancreas adenosquamous carcinoma with postoperative liver metastasis recurrence treated with multimodality therapy achieving complete pathological response. Front Immunol. (2024) 15:1456343. doi: 10.3389/fimmu.2024.1456343
	42. Xu, Y, Li, Q, Zhao, J, Ni, X, Li, P, and Hu, W. Case report: Complete response to pembrolizumab in a liver metastatic colon adenocarcinoma patient with a novel likely pathogenic germline msh2 mutation. Front Immunol. (2022) 13:1064488. doi: 10.3389/fimmu.2022.1064488
	43. Ching, D, Amanuel, B, and Khor, TS. Primary adenosquamous carcinoma in a patient with lynch syndrome. Pathology. (2019) 51:534–7. doi: 10.1016/j.pathol.2019.02.007
	44. Duncan, VE, Harada, S, and Stevens, TM. Primary colon adenosquamous carcinoma in a patient with lynch syndrome: A new histologic subtype associated with microsatellite instability? Int J Surg Pathol. (2016) 24:653–5. doi: 10.1177/1066896916659539
	45. Hong, Y, Li, X, and Cao, D. Case report: Trastuzumab treatment in adenosquamous carcinoma of the extrahepatic biliary tract with her-2 amplification. Front Oncol. (2021) 11:538328. doi: 10.3389/fonc.2021.538328




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Bai, Chen, Xiao, Song, Song and Xiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 08 May 2025

doi: 10.3389/fimmu.2025.1551259

[image: image2]


High expression of CXCL13 predicts a favorable response to immunotherapy by upregulating CXCR5+CD8+ T-cell infiltration in gastric cancer
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Introduction

Identifying predictive biomarkers for immune checkpoint inhibitor (ICI) treatment is critical for gastric cancer (GC) prognosis. C-X-C motif chemokine ligand 13(CXCL13) plays an important role in immune regulation by binding exclusively to its receptor CXCR5. However, its role, underlying mechanisms, and prognostic significance in ICI-treated GC patients remain controversial.





Methods

This study investigated the clinical significance of CXCL13 and its potential immunomodulatory function in GC patients. A total of 144 GC patients from two cohorts, who received a combination of chemotherapy and anti-PD-1 antibody, were analyzed. The expression of CXCL13 was assessed using immunohistochemistry (IHC) and enzyme-linked immunosorbent assay. Associations between CXCL13, CXCR5, CD8, and CD4 were assessed by IHC and immunofluorescence. Survival analysis was performed using the Kaplan–Meier method and Cox proportional hazards model. The treatment response to CXCL13 and anti-PD-1 antibody was investigated using a subcutaneous xenograft tumor mouse model.





Results

The results suggested that patients with high CXCL13 expression had prolonged survival. High CXCL13 expression exhibited increased infiltration of CXCR5+CD8+ T cells and was associated with better outcomes. The combined assessment of CXCL13, CXCR5, and CD8+ T cells served as an independent predictor of prognosis. Additionally, CXCR5 and CD8+ T cells were enriched in tertiary lymphoid structures (TLSs), which conferred a prognostic benefit in the presence of high CXCL13 expression. CXCL13, in combination with anti-PD-1 therapy, retarded tumor growth in vivo, resulting in increased infiltration of CXCR5+CD8+ T cells.





Discussion

This study identified CXCL13 as a prognostic factor in GC patients receiving ICI therapy, emphasizing its critical role in the antitumor microenvironment via CXCR5+CD8+ T cells.
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Introduction

Gastric cancer (GC) ranks fifth in terms of incidence and fourth in mortality among cancers worldwide (1). Approximately 70% of patients in China are diagnosed with advanced or metastatic GC at initial presentation (2). Immune checkpoint inhibitors (ICIs) have transformed the treatment paradigm for advanced GC. The combination of anti-PD-1 antibodies and chemotherapy improves the survival of patients with advanced GC (3–5). Extensive research has been conducted on molecular markers associated with ICIs. In GC, HER-2 positivity (6), PD-L1 CPS ≥ 1 (7), microsatellite instability-high/mismatch repair protein deficiency (8, 9), tumor mutational burden-high (10), and Epstein–Barr virus(EBV) positivity (11) are good prognostic factors for immunotherapy. Unfortunately, the overall response rate of GC patients to immunotherapy remains below 15% (12). Consequently, the identification of biomarkers that predict immunotherapeutic responsiveness is of urgent importance.

The tumor microenvironment (TME) plays a crucial role in the immunotherapy response, particularly in individualized precision treatment strategies (13, 14). In our previous study, we assessed intratumoral transcriptomic changes in the TME at the single-cell level in GC patients receiving neoadjuvant anti-PD-1 antibody combined with mFOLFOX6. The results indicated that C-X-C motif chemokine ligand 13 (CXCL13)+CD8+ T cells were specifically enriched in responder patients (15). CXCL13 is a member of the chemokine CXC subfamily. Chemokines can be classified into CC, CXC, CX3C, and C subfamilies. They are predominantly 8- to 12-kDa secreted proteins that regulate directed cell migration (chemotaxis), adhesion, cell positioning, and cell–cell interactions by binding to chemokine receptors (16). In the TME, chemokines regulate immune cell trafficking and exert both pro- and antitumorigenic functions (17–19).

CXCL13 exerts antitumor effects by binding exclusively to the C-X-C motif chemokine receptor 5 (CXCR5) (20, 21) and plays a critical role in immune responses. Accumulating evidence has demonstrated that the CXCL13–CXCR5 axis significantly influences immune cell infiltration in the TME. Subpopulations of CD8-CXCL13 and CD4-CXCL13 T cells were significantly increased in liver metastatic samples of colon cancer, which exhibited high proliferative ability and tumor-activating characteristics, contributing to a better prognosis for patients (22). In ovarian cancer (23), high CXCL13 expression is associated with prolonged survival by shaping the anti-TME by facilitating the maintenance of CXCR5+CD8+ T cells. Nevertheless, the effects of CXCL13–CXCR5 maintenance on the TME of GC and its prognostic significance in ICI treatment remain unclear.

In this study, we aimed to elucidate the prognostic significance of CXCL13 and its functional association with CXCR5-expressing immune cells in GC patients. High expression of CXCL13 was associated with prolonged survival, and CXCL13 exerted its antitumor activity by recruiting CXCR5+CD8+ T cells in GC patients. Therefore, CXCL13 may serve as a valuable prognostic indicator and a potential therapeutic target for ICI treatment of GC.





Materials and methods




Patients and specimen collection

This study was conducted on two independent cohorts of GC patients from Tianjin Medical University Cancer Institute and Hospital and The Affiliated Cancer Hospital of Zhengzhou University. Formalin-fixed paraffin-embedded (FFPE) tumor tissues collected prior to ICI treatment from cohort 1 were used for immunohistochemical (IHC) and immunofluorescence staining. Serum samples were obtained from peripheral blood pre- and post-treatment (8–9 weeks following the first treatment) of patients in cohort 2. The selected patients received anti-PD-1 antibody combined with chemotherapy as a neoadjuvant or first-line treatment between 2020 and 2023. None of the enrolled patients had an autoimmune disease or a history of cancer, and none had received immunotherapy, chemotherapy, radiation, or any other antitumor therapy prior to the initiation of neoadjuvant or first-line treatment. Progression-free survival (PFS) was calculated from the first dose of first-line treatment to disease relapse, progression, or death. Overall survival (OS) was calculated from the first dose of first-line treatment to all-cause death or the last follow-up. Treatment responses were evaluated using the Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST 1.1) and the College of American Pathologists Tumor Regression Grading System. Informed consent was obtained from all patients.





IHC staining

FFPE specimens from pre-treatment tumor tissues in cohort 1 were prepared for IHC analysis. The following primary antibodies were used: CXCL13 (dilution 1:500; Abcam), CD4 (dilution 1:1200; Abcam, USA), CD8 (working solution; Zhongshan Jinqiao, China), CD20 (dilution 1:300; Invitrogen, USA), and CXCR5 (dilution 1:200; CST, USA). A complete list of antibodies is available in Supplementary Table S1. Normal lymph node tissue was used as a positive control, while an isotype antibody, instead of the primary antibody, served as the negative control. IHC results were independently evaluated by two pathologists who were blinded to the patient’s clinical data. CXCL13 and CXCR5 expression levels were scored by combining the proportion of positively stained cells with staining intensity. Staining intensity was graded on a scale of 0 to 3 (absent = 0, weak = 1, moderate = 2, and strong = 3), and the percentage of positive cells (range, 0%–100%) was determined using the Image J (NIH) algorithm. The average CXCL13 or CXCR5 H-score (range, 0–300) was calculated using the following formula: % positive cells × staining intensity, across five randomly selected high-power fields (HPFs) (×400). CD4 and CD8 expression levels were evaluated based on the number of positively stained tumor-infiltrating lymphocytes. Each sample was examined under high magnification (×400) across five randomly selected fields and the average count was recorded. Median protein expression levels were used as the cut-off values for defining high- and low-level expression. The cut-off values were 25 for CXCL13, 40 for CXCR5, 15 cells/HPF for CD8, and 22 cells/HPF for CD4. Tertiary lymphoid structures (TLSs) were identified as organized dense lymphocyte aggregates in hematoxylin and eosin (HE)-stained samples, with simultaneous positive IHC staining for CD20 within these regions.





Immunofluorescence staining

Immunofluorescence was performed on pre-treatment tumor samples from 22 patients in cohort 1. The slides were incubated with goat anti-human CXCR5, rabbit anti-human CD8, or rabbit anti-human CD4 antibodies. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG and AlexaFluor®488-conjugated goat anti-rabbit secondary antibodies were used. Endogenous peroxidase activity was blocked with 3% H2O2 at room temperature for 15 min. The slides were then incubated with a rabbit recombinant anti-CD8 or anti-CD4 alpha antibody overnight at 4°C, followed by incubation with an HRP-conjugated goat antirabbit IgG antibody at room temperature for 50 min in the dark. The slides were subsequently stained with the TSA-CY3 solution for 10 min in the dark. Thereafter, the slides were incubated with a second primary antibody (recombinant anti-CXCR5 alpha antibody) overnight at 4°C. The tissue was then covered with a secondary antibody (AlexaFluor®488-conjugated goat anti-rabbit IgG) and incubated at room temperature for 50 min in the dark. The nuclei were counterstained with DAPI, and fluorescence microscopy was used for detection and image acquisition.





Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was performed to detect the expression of CXCL13, interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), Granzyme B (GZMB), interleukin (IL)-17A, and IL-2 using a commercially available ELISA kit (Liankebio, China). All assays were performed according to the manufacturer’s instructions. Cytokine concentrations were calculated based on standard curves generated using a specialized program for ELISA results evaluation.





Public database analysis

The Cancer Genome Atlas (TCGA) GC and GSE66229 transcriptome profiles were downloaded from TCGA Data Portal (http://tcga-data.nci.nih.gov/tcga/) and the NCBI public data platform, respectively. Comparisons between tumor and normal samples were performed using the Wilcoxon rank-sum test, and comparisons between different tumor stages were conducted using nonparametric Kruskal–Wallis tests. The Kaplan–Meier survival analysis was performed to compare the prognoses of the two datasets.





Animal experiments




Preparation of peripheral blood mononuclear cells

Fresh whole blood from healthy adults was collected using EDTA tubes. Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll lymphocyte gradient separation at 400×g for 30 min without acceleration. The second layer of the column was collected and washed with phosphate-buffered saline (PBS). After washing, the concentration of PBMCs was measured and adjusted to 1.0 × 107 cells/ml. PBMCs were stored in a liquid nitrogen tank until use.





PBMC injection process in M-NSG mice

The animal experiments complied with ethical standards and were approved by the Ethical Committee of Zhengzhou University(2023-YYY-044). Female M-NSG is the a mouse strain, and the full name of the mice of this strain is NOD.Cg-PrkdcscidIl2rgem1Smoc. Mice were obtained from Shanghai Model Organisms Center Inc. and were used at 4 weeks of age. Mice were maintained under specific pathogen-free (SPF) conditions according to the SPF guidelines (room temperature, 40%–60% humidity). Experiments were initiated after 1 week of adaptive feeding. PBMCs from healthy adults were removed from liquid nitrogen storage and immediately thawed in a 37°C water bath. The PBMCs were then washed once with Hank's Balanced Salt Solution (HBSS) (Gibco, USA) and resuspended by mixing 1.0 × 107 PBMCs with 200 μl of HBSS for intravenous injection into the tail vein of recipient M-NSG mice at 5 weeks of age (24, 25). CD45 expression in the peripheral blood was measured, and mice with over 25% CD45-positive cells were considered engrafted and humanized. Humanized M-NSG mice derived from different PBMC donors with varying engraftment levels were randomly assigned to each treatment group (Supplementary Figure S1A).






GC cells for tumor engraftment

The human GC cell line MKN-28 was purchased from ATCC (ATCC; Manassas, VA, USA) and cultured in standard RPMI 1640 medium supplemented with 10% fetal bovine serum and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin) under standard culture conditions (5% CO2, 37°C). The MKN-28 cell line demonstrated high CXCR5 expression, as confirmed by polymerase chain reaction (PCR) analysis (Supplementary Figure S1B). The PCR primer sequences used were 5′-TCAGTGGGCCCTATGTAGGAA-3′ (upper strand) and 5′-TGATGGCCTTGGCTGACTTT-3′-(lower strand). Hu-PBMC-NSG mice were subcutaneously injected with 1.0 × 106 MKN-28 cells under anesthesia at 6 weeks of age. The size of the subcutaneous xenograft tumors was measured every 3 days following injection. Tumor volume was calculated using the following formula: tumor volume = length × width × width/2.





Tumor experiments

Treatment was initiated when the tumors reached a volume of 50–100 mm3. Hu-PBMC-CDX mice were randomly divided into four groups (control, CXCL13, anti-PD-1 antibody, and CXCL13 plus anti-PD-1 antibody), with each group containing six mice. Mice were administered peritumoral injections of CXCL13 (1.25 µg per mouse) every other day until the end of the experiment (26). Anti-PD-1 antibody (camrelizumab, Jiangsu Hengrui, China) was administered intraperitoneally (200 µg per mouse) every 3 days for a total of six doses. Mice in the control group received intraperitoneal PBS injection (200 µg per mouse) every 3 days. Mice were killed 2 days after the final anti-PD-1 antibody dose. Subcutaneous tumors, spleens, and peripheral blood were harvested and processed into single-cell suspensions for flow cytometry analysis.





Flow cytometry

Single-cell suspensions were prepared from the subcutaneous tumors, spleens, and peripheral blood of Hu-PBMC-CDX-mice for flow cytometry. The cell suspensions were stained with a panel of fluorochrome-conjugated monoclonal antibodies (Supplementary Table S1). Staining was performed according to the manufacturer’s instructions (Beckman Coulter, USA). Flow cytometry was conducted using a FACS flow cytometer (Beckman Coulter), and data were analyzed using CytExpert (Beckman Coulter) and FlowJo software (Tree Star, USA).





Statistical analysis

Data were analyzed using GraphPad Prism 9.0 and SPSS software (version 26.0). Differences between the two groups were assessed using an independent t-test. Statistically significant differences among multiple groups were determined by one-way analysis of variance (ANOVA) or two-way ANOVA. Differences were considered statistically significant at the following levels: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. Survival analysis was performed using the Kaplan–Meier method with the log-rank test, along with univariate and multivariate Cox proportional hazards models. A Chi-square test was conducted to assess the correlation between molecular marker expression and clinical features. Statistical significance was set at a p-value < 0.05.






Results




High expression of CXCL13 is associated with a good clinical response to immunotherapy in GC

A total of 144 patients were enrolled across two cohorts, with 89 patients in cohort 1 (between 2020 and 2022) and 55 patients in cohort 2 (between April 2023 and December 2023). All enrolled patients received anti-PD-1 antibodies combined with chemotherapy as first-line or neoadjuvant treatment. The median age was 63 years (range: 28–82) in cohort 1 and 66 years (range: 32–78) in cohort 2. Among the patients in cohort 1, 69 (77.5%) received platinum-based chemotherapy, and seven (7.9%) received taxane-based chemotherapy. Among cohort 2 patients, 53 (96.4%) received platinum-based chemotherapy, and one (1.8%) received taxane-based chemotherapy. The baseline clinical characteristics of the two cohorts are presented in Table 1.

Table 1 | Patient characteristics of the two clinical cohorts.


[image: Table comparing Cohort 1 and Cohort 2 across various medical variables. Cohort 1 includes 89 individuals with a median age of 63, while Cohort 2 includes 55 individuals, median age 66. Key sections cover demographics, HER-2 status, MMR status, histologic type, primary tumor location, tumor metastasis, treatment therapy, clinical stage, and efficacy. HER-2 status, MMR status, and histologic type percentages vary slightly between cohorts. Gastric tumor location predominates. Majority of Cohort 1 underwent platinum-based therapy, similar to Cohort 2, but with some receiving taxane-based and other treatments. Clinical stage predominantly IV. Efficacy shows higher CR+PR in Cohort 1.]
In cohort 1, patients were stratified into “high” and “low” expression groups based on the median IHC staining value for CXCL13 expression (Figure 1A). High CXCL13 expression was significantly correlated with longer PFS (median PFS: 20.0 months vs. 11.7 months, p = 0.042) and OS (median OS: 36.4 months vs. 18.7 months, p = 0.004) (Figure 1B). Furthermore, the evaluation of TGCA and GEO datasets confirmed that CXCL13 expression was higher in tumor tissues than in normal tissues. Upregulated CXCL13 expression was associated with prolonged survival in GC patients (Figure 1C).

[image: Histopathological images and data visualizations examining CXCL13 expression. Panel A shows tissue samples with high and low CXCL13 levels. Panel B presents survival curves correlating CXCL13 expression with patient prognosis. Panel C includes survival analysis and box plots from TCGA and GSE66229 datasets, showing significant differences in survival. Panel D compares cytokine levels between responders and non-responders. Panel E displays a dot plot measuring cytokine concentrations between these groups. Each panel illustrates the impact of CXCL13 and related factors on patient outcomes.]
Figure 1 | (A) Representative images showing high and low expression of CXCL13 by IHC staining. (B) Kaplan–Meier survival curves for PFS (top) and OS (bottom) in cohort 1 patients stratified by CXCL13 expression (n = 89; log-rank test, p-values shown). (C) Survival analysis of CXCL13 expression in TCGA and GEO datasets (left); expression of CXCL13 in tumor tissues vs. normal tissues (right). (D) Pre- and on-treatment (8–9 weeks from the first treatment) expression changes of CXCL13, GZMB, IFN-γ, IL-2, IL-17A, and TNF-α in serum samples between responders and non-responders in cohort 2 patients. (E) Baseline expression of CXCL13, GZMB, IFN-γ, IL-2, IL-17A, and TNF-α in responders and non-responders. (* p < 0.05; ***p < 0.001; **** p < 0.0001; ns, not significant).

In cohort 2, patients who achieved a complete response (CR), partial response (PR), or tumor regression grade (TRG) 0–1 were defined as the responder group (n = 21). Those with stable disease (SD), progressive disease (PD), or TRG 2–3 were defined as the non-responder group (n = 34). Among responders, CXCL13 expression was markedly elevated before treatment. Furthermore, an increase in the effector cytokine GZMB was observed in the responder group but not in the non-responders (Figure 1D). No statistically significant differences in baseline CXCL13 or effector cytokine expression levels were observed between responders and non-responders before treatment (Figure 1E). These results suggest that the upregulation of CXCL13 expression may enhance the efficacy and improve the survival outcomes of anti-PD-1 treatment in GC patients.





CXCL13 expression was significantly correlated with intratumoral infiltration of CXCR5+CD8+ T cells

CXCL13 is the exclusive ligand for CXCR5. Therefore, we hypothesized that CXCR5+ lymphocytes might participate in CXCL13-mediated immunotherapy responses. To investigate this, we first analyzed the correlation between CXCL13 expression and the presence of CXCR5+ immune cells. Simultaneous high expression of CXCR5 and CD8 was defined as the CXCR5HCD8H group, whereas simultaneous high expression of CXCR5 and CD4 was defined as the CXCR5HCD4H group. Low expression of both markers or high expression of only one marker was categorized as the “other expression” group. A strong correlation was observed between CXCL13 expression and both CXCR5HCD8H and CXCR5HCD4H expression. No significant associations were found between CXCR5HCD8H or CXCR5HCD4H and other clinical characteristics (Supplementary Table S2). Moreover, patients with CXCR5HCD8H expression demonstrated significantly better PFS (p = 0.027) and OS (p = 0.001) than those in the other expression group (Figure 2A). The same phenomenon was observed in the external databases. As single markers, neither CXCR5 nor CD8 expression was significantly associated with GC survival outcomes (Supplementary Figure S2). Patients with CXCR5HCD4H expression exhibited improved OS (p = 0.044) (Supplementary Figure S3A). Intriguingly, double-label immunofluorescence staining revealed that CXCR5-expressing cells colocalized with CD8 and CD4 in CR and PR patients (Figure 2B; Supplementary Figure S3B).

[image: Chart A shows survival curves for progression-free and overall survival based on CXCR5 CD8 expression, significant with p-values of 0.027 and 0.001, respectively. Panel B contains fluorescence microscopy images comparing responders and non-responders. Staining includes DAPI (blue), CXCR5 (green), and CD8 (red). Merged images highlight expression differences with scale bars indicating 50 and 20 micrometers.]
Figure 2 | (A) Kaplan-Meier survival curves for PFS (top) and OS (bottom) in cohort 1, comparing patients with simultaneous high expression of CXCR5 and CD8 (CXCR5HCD8H) to other expression groups (n = 89; log-rank test, p-values shown). (B) Representative IF staining of responders and non-responders. Samples were stained for CXCR5 (green), CD8 (red), and DAPI (blue).

Next, we investigated the prognostic significance of the combined expression of CXCL13, CXCR5, and CD8 or CD4. The results indicated that concurrent high expression of CXCL13, CXCR5, and CD8 (CXCL13HCXCR5HCD8H) predicted superior survival outcomes (Figure 3A). Concurrent high expression of these three markers was an independent prognostic factor, correlating with better PFS (HR: 0.475, 95% CI: 0.254–0.888) and OS (HR: 0.358, 95% CI: 0.177–0.723) in cohort 1 patients (Figure 3B). Patients with concurrent high expression of CXCL13, CXCR5, and CD4 (CXCL13HCXCR5HCD4H) demonstrated prolonged OS (HR: 0.481, 95% CI: 0.231–1.001) (Figures 3C, D).

[image: Graphs and tables analyzing CXCL13 CXCR5 expression in CD8 and CD4 cells. Panel A shows Kaplan-Meier curves for CD8, indicating significant differences in progression-free and overall survival. Panel B presents a forest plot with hazard ratios related to CD8 expression, highlighting various variables. Panel C depicts Kaplan-Meier curves for CD4 with less pronounced differences. Panel D offers a forest plot for CD4, illustrating hazard ratios and confidence intervals for multiple factors.]
Figure 3 | (A) Kaplan–Meier survival curves for PFS and OS according to concurrent high expression of CXCL13, CXCR5, and CD8 (CXCL13HCXCR5HCD8H vs. other expression). (B) Multivariate analysis based on clinicopathological characteristics and the expression of CXCL13, CXCR5, and CD8 in cohort 1 patients. (C) CXCL13, CXCR5, and CD4 (CXCL13HCXCR5HCD4H vs. other expression). (D) Multivariate analysis based on clinicopathological characteristics and the expression of CXCL13, CXCR5, and CD4 in cohort 1 patients (log-rank test for Kaplan–Meier curves. HR, hazard ratio; CI, confidence interval).





CXCR5 expression was correlated with the presence of TLSs in GC patients

Previous studies have demonstrated that TLSs may influence the efficacy of immunotherapy by regulating immune cell infiltration. The CXCL13–CXCR5 axis jointly contributes to the formation of TLSs in malignant melanoma, and the presence of TLSs is associated with increased benefits from ICI treatment (27). In our study, TLSs were identified in 51 of the 88 GC specimens. Survival analysis indicated that the presence of TLSs improved the immunotherapy outcomes. The median PFS was 16.1 months in patients with TLSs compared with 9.1 months in those without TLSs (p = 0.062). The median OS was 22.9 months vs. 17.0 months, respectively (p = 0.085) (Figure 4A). Among the patients with TLSs, 24 exhibited high CXCL13 expression and prolonged PFS (p = 0.039) and OS (p < 0.001) (Table 2). Of these 24 patients, 19 (79.2%) showed concurrent high expression of CXCR5 and CD8 (CXCR5HCD8H) (Figure 4C). IHC results further revealed significant enrichment of CXCR5 within TLSs (Figure 4B). In contrast, among patients with low CXCL13 expression, the proportion of CXCR5HCD8H was lower, regardless of the presence of TLSs (Figure 4C). These findings suggest that the CXCL13–CXCR5 axis may contribute to TLS formation, potentially regulating CD8+ T-cell infiltration and influencing clinical responses to immunotherapy in GC.

[image: Panel A shows two Kaplan-Meier survival curves for progression-free and overall survival, with p-values of 0.062 and 0.085, respectively. Panel B displays tissue images stained for HE, CD20, CD8, and CXCR5 at different magnifications. Panel C presents bar graphs comparing the frequency of CXCR5^+CD8^+ cells in TLS with and without CXCL13 expression, showing differences in proportion among groups.]
Figure 4 | (A) Kaplan–Meier survival curves for PFS (left) and OS (right) in cohort 1 patients stratified by the presence of TLSs. (B) Representative images of TLSs (H&E staining) and expression of CD20, CD8, and CXCR5 within TLSs. (C) Frequencies of CXCR5HCD8H and CXCR5HCD4H expression were compared to other expression groups, based on TLS presence and CXCL13 expression levels.

Table 2 | Analysis of the correlation between molecular marker expression with/without TLSs and survival.


[image: Table comparing the p-values of CXCL13 and CXCR5 expression in two scenarios: with and without Tumor-Associated Lymphoid Structures (TLSs). For CXCL13 with TLSs, p-values are 0.039 (PFS) and <0.001 (OS). Without TLSs, p-values are 0.261 (PFS) and 0.601 (OS). For CXCR5 with TLSs, p-values are 0.457 (PFS) and 0.004 (OS). Without TLSs, p-values are 0.47 (PFS) and 0.539 (OS).]




CXCL13 enhances the response to anti-PD-1 therapy in a humanized subcutaneous GC mouse model

Given our findings that concurrent high expression of CXCL13, CXCR5, and CD8+ T cells predicts a favorable clinical response to ICIs in patients with GC and that CXCR5+CD8+ T cells may play a pivotal role during ICI treatment, we further investigated the impact of CXCL13 on anti-PD-1 therapy. Xenograft tumor models were established using the GC cell line MKN-28 in immunodeficient NOD/SCID mice, which were humanized via the engraftment of PBMCs (Figure 5A). Combination treatment with CXCL13 and anti-PD-1 antibody significantly suppressed tumor growth compared to both the monotherapy and control groups (Figures 5B, C). Furthermore, the combination therapy increased the proportion of CXCR5+CD8+ T cells and reduced the ratio of PD-1+CD8+ T cells in the peripheral blood (Figures 6A, B). No significant differences in immune cell infiltration were observed in the spleen or tumor tissues across the groups. Additionally, combination treatment significantly promoted the expression of the effector cytokines GZMB and IFN-γ compared to other groups (Figure 6C). These findings suggest that CXCL13 may enhance the response to anti-PD-1 antibody therapy by expanding the population of CXCR5+CD8+ T cells.
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Figure 5 | (A) Schematic depiction of the animal experiments and treatment administration details. (B) Combined treatment with CXCL13 and anti-PD-1 antibody effectively suppressed subcutaneous tumor growth. (C) Tumor growth curves comparing different treatment groups. (*p < 0.05; ***p < 0.001; ****p < 0.0001).

[image: Flow cytometry data in panels A and B, showing plots for FITC CD3, APC CD45RA, and PE CD8 with related bar charts. Panel C contains scatter plots for GZMB, IFNγ, IL-2, IL-17A, and TNFα with statistical significance annotations. Charts compare different sample groups, highlighting variations in cell marker expression and cytokine levels.]
Figure 6 | (A) Percentage of CXCR5+CD8+ T cells and (B) PD-1+CD8+ T cells in peripheral blood, subcutaneous tumor, and spleen across the four indicated treatment groups (n = 5 per group). (C) Percentage of effector cytokines (GZMB, IFN-γ, IL-2, IL-17A, and TNF-α) in peripheral blood across the four indicated groups (n = 5 per group). (Bar plots represent mean ± SD; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant).






Discussion

This study identified the regulatory functions of CXCL13 in immune cell infiltration within the TME of GC patients and highlighted its potential role as a molecular marker for immunotherapy. Elevated CXCL13 expression was associated with prolonged survival. The combined evaluation of CXCL13, CD8, and CXCR5 was confirmed to be an independent prognostic factor in GC patients who received ICI therapy. Previous research has shown that, in EBV-positive GC patients, the clonal expansion of CXCL13+CD8+ T cells is substantially increased in responders after immunotherapy (28). CXCL13 has been identified as a critical regulator of immune cell recruitment and differentiation within the TME in GC patients with signet ring cell carcinoma (29). Additionally, CXCL13 may attract CXCR5+CD8+ T cells to the TME and enhance cytotoxic T-lymphocyte function by regulating the expression of GZMB, TNF-α, IFN-γ, and other cytokines (30). Concordantly, our study also observed significantly elevated GZMB and IFN-γ levels during immunotherapy, which may indicate the activation of CXCR5+CD8+ T cells. These results suggest that CXCL13 plays a vital role in PD-1-based therapies for GC.

CXCL13 influences the efficacy of ICI treatment by modulating immune cell infiltration in various solid cancers. High levels of pre-treatment CXCL13+ T cells are associated with pro-inflammatory macrophage activity and predict favorable responses in patients with triple-negative breast cancer receiving paclitaxel combined with a PD-L1 monoclonal antibody (31). Interactions between follicular helper T cells (CD4 TFH), tissue-resident T cells (CD8 TRM), and B cells mediated by the CXCL13–CXCR5 axis are crucial for anti-tumor immunity in EGFR-mutated non-small cell lung cancer (NSCLC). Dysregulation of TFH-B and TRM-B crosstalk may contribute to poor responses to PD-1 blockade in EGFR-mutated NSCLC (32). In ovarian cancer, combination therapy with CXCL13 and an anti-PD-1 antibody inhibited tumor growth in a CXCR5+CD8+ T-cell expansion-dependent manner (23). Similarly, tumor growth in NSCLC was effectively suppressed by combination treatment (26). In bladder cancer, data from the CheckMate-275 and IMvigor210 trials demonstrated that patients with ARID1A mutations and high CXCL13 expression had favorable outcomes following ICI treatment (33).

In addition to exerting anti-tumor functions through immunomodulatory effects on the TME, studies have reported that CXCL13 may directly affect tumor cells. In prostate cancer, activation of the nonclassical NF-κB signaling pathway promotes the secretion of CXCL13 in tumor cells. Elevated CXCL13 secretion, in turn, enhances tumor growth, migration, and invasion through CXCR5 on the tumor cell surface (34). Furthermore, CXCL13 increases the expression of EVT4 in pancreatic ductal adenocarcinoma (PDAC), and EVT4 promotes PDAC invasion and metastasis by binding to CXCR5 on the tumor cell surface (35). These results suggest that CXCL13 may exert a direct non-chemokine effect on tumor cells. However, further confirmation is needed due to inconsistencies between the study findings.

TLSs serve as prognostic and predictive biomarkers (36) and are linked to higher objective responses to PD-1 blockade in various solid tumors. During tumorigenesis, TLSs act as effective sites for tumor-immune interactions within the TME, triggering inflammatory responses by immune cell infiltration (37). In patients with stage IV GC, responders exhibited a higher percentage of TLSs and increased infiltration of CXCL13+CD160+CD8+ T cells following immunochemotherapy (38). Furthermore, upregulation of CXCL13 expression facilitates the recruitment of CXCR5+ B cells and the formation of TLSs. Alternatively, one study found that CXCL13+CD103+CD8+ Trm cells within TLSs were associated with a better response to anti-PD-1 therapy (39). This suggests a significant role for CXCL13-dependent TLS formation in the efficacy of ICI treatment (23, 40). In our study, patients with TLSs showed improved outcomes from immunotherapy. CXCL13 increased the expression of CXCR5 and CD8+ T cells, particularly in patients with TLSs. TLSs are composed of various immune cell types, and the characteristics of these cells are crucial for TLS maturation (41). Mature TLSs are more likely to show significant clinical benefits after ICI treatment (42). Therefore, multiple factors likely contribute to the antitumor immunity of TLSs, and the specific regulatory mechanisms underlying CXCL13-dependent TLS formation warrant further investigation.

This study has several limitations. First, the sample size is relatively small. Second, most of the patients had stage IV diseases, which led to clinically heterogeneous findings. Third, further mechanistic investigation is needed, including additional molecular biology experiments to verify the mechanism by which CXCL13 recruits CXCR5+CD8+ T cells to the TME and promotes the formation of TLSs, as well as the co-expression of the above indicators in GC. Despite these limitations, our findings highlight the clinical predictive value of CXCL13 in GC and suggest that its underlying mechanisms warrant further exploration.

In summary, our offer insights into how CXCL13 promotes the response of GC patients to ICI therapy. We identified CXCL13 as a prognostic marker for GC and demonstrated that its critical role in the antitumor microenvironment is mediated through CXCR5+CD8+ T cells.
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Colorectal squamous cell carcinoma (CSCC) is an exceedingly rare malignancy, accounting for approximately 0.41% of all colorectal cancers. This case report describes a 52-year-old male with a history of chronic bronchitis, varicose vein of the lower limb, diabetes, and Hepatitis B cirrhosis, who presented with worsening abdominal pain. The patient underwent a right hemicolectomy, and postoperative pathology revealed a moderately differentiated CSCC with proficient mismatch repair (pMMR) status. The patient was initially treated with the CAPEOX adjuvant chemotherapy regimen, the patient’s condition unfortunately progressed. Therefore, the treatment plan has been adjusted to include nab-paclitaxel and carboplatin, in combination with camrelizumab, an Anti-PD-1 therapy, for antitumor therapy. The combination therapy resulted in a partial response. This case highlights the potential efficacy of Anti-PD-1 therapy combined with chemotherapy in CSCC, suggesting a possible treatment approach for this rare cancer subtype.
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Introduction

Colorectal cancer (CRC) remains a significant global health challenge, ranking among the leading causes of cancer-related morbidity and mortality worldwide (1, 2). Over 90% of colorectal carcinomas are classified as adenocarcinomas, which arise from the epithelial cells of the colorectal mucosa. In contrast, colorectal squamous cell carcinoma (CSCC) represents a rare subset, accounting for approximately 0.41% of all colorectal cancers (3). Similar to colorectal adenocarcinoma, clinical presentations of CSCC may include rectal bleeding, abdominal pain, change in bowel habits and weight loss. However, there are reports in the literature that CSCC manifests primarily with intestinal perforation as its initial clinical presentation (4, 5). Consistent with the reports previously, we present a case in which the primary clinical manifestation was a perforation of the right colon.

The etiology of CSCC remains unclear, and its prognosis is generally poorer compared to that of typical adenocarcinomas (6). Currently, the primary modalities for treating colorectal cancer are surgery, chemotherapy, and immunotherapy. Due to the predominance of case report studies on CSCC, there is no consensus regarding the optimal management of SCC. Some studies suggested that rectal squamous cell carcinoma should be managed analogously to anal squamous cell carcinoma, rather than being approached as a rectal adenocarcinoma (7). In contrast, Surgery is the standard of treatment for the colon squamous cell carcinoma (8, 9). Recently, there have been reports suggesting that anti-PD-1 therapy with chemotherapy is a promising antitumor treatment for CSCC (10, 11). In our case, we document the therapeutic efficacy of anti-PD-1 therapy with chemotherapy on colonic squamous cell carcinoma.





Case report

A 52-year-old male with a history of chronic bronchitis, varicose vein of lower limb, diabetes, Hepatitis B cirrhosis presented to our department with progressively worsening abdominal pain for ten days. He presented to the ED (Emergency Department) with abdominal pain one day ago. Physical examination showed distension of the overall abdomen, hyperactive bowel sounds, and tenderness in the overall abdominal quadrant. Laboratory results revealed C-reactive protein of 301.90 mg/L (reference, <10); procalcitonin of 0.45ng/mL (reference, <0.5); hemoglobin of 105g/L(reference,120-160), CEA of 8.04 ng/mL (reference, <5), CA199 of 134.7U/ml (reference, <39). A CT scan of the abdomen revealed free gas subdiaphragmatic and peritoneal effusion, indicating a bowel perforation (Figures 1A, B). Consequently, the patient underwent an urgent exploratory laparotomy, during which the mesangial sourcea perforation measuring 2 cm×2 cm in the right colon was identified, necessitating the resection of the affected bowel segment. Intraoperatively, the tumor (5cm×5cm×3cm) was located in the right colon was about 5cm from the ileocecal valve. There were enlarged lymph nodes about 4cm×4cm×3cm in size at the root of ileocolal vessels. Finally, the right hemicolectomy was performed on July 24, 2023.
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Figure 1 | (A, B) Abdominal CT scans disclose free subdiaphragmatic gas and peritoneal effusion, suggestive of bowel perforation. (C, D) Histopathological examination of the right colon squamous cell carcinoma (SCC) with (H&E) staining at 20X and 2.5X magnification, respectively. (E, F) Immunohistochemical analysis of P63 (E) and CK5/6 (F) at a magnification of 20X.

The patient’s chronic bronchitis was stable without recent hormonal therapy. Glycemic control was effectively maintained throughout the treatment period, with a structured biphasic insulin aspart 30 regimen comprising 14 U via subcutaneous administration pre-breakfast and 10 U pre-dinner. The patient presented with a documented 10-year history of chronic hepatitis B virus (HBV) infection. Baseline virological assessment prior to antiviral therapy revealed an elevated HBV DNA load of 1.56×104 copies/mL (threshold <1,000 copies/ml), indicative of active viral replication. Following 5-year continuous entecavir therapy (0.5 mg once daily), treatment non-adherence led to self-discontinuation. Subsequent virological assessment at the 6-year follow-up revealed HBV DNA rebound to 1.37×10² IU/mL (reference, < 20 IU/mL), meeting EASL criteria for virological relapse. The patient maintained standard-dose entecavir therapy (0.5 mg daily), achieving sustained virological suppression.

The postoperative pathology revealed a moderately differentiated colonic squamous cell carcinoma with invasion into the muscularis propria and subserosal adipose tissue, but no vascular or neural invasion (Figures 1C, D). Significantly, the circumferential resection margin was free of carcinoma, suggesting the absence of microscopic residual disease at the surgical margins. No metastatic carcinoma was identified in the periintestinal lymph nodes (0 of 6), while lymph node metastasis was present in two of the twenty pericolonic lymph nodes examined (2 of 20). Pathological TNM staging was determined to be pT3N1bM0, stage IIIB according to the American Joint Committee on Cancer (AJCC) 8th edition criteria. Immunohistochemical (IHC) examination of the tumor cells demonstrated positive reactivity for P63 and CK5/6 (Figures 1E, F). The detailed IHC profile is as follows: P53 (-), Ki-67 (95% +), CD31 (tumor), D2-40 (lymphatic +), MSH 2 (+), MLH 1 (+), MSH 6 (+), PMS 2 (+), HER-2 (0), CK (+), P63 (+), CK5/6 (+), SMARCA4/Brg 1 (+), AFP (-), CgA (-), Syn (-), CD56 (-), SALL-4 (-).The IHC revealed that the patient’s tumor exhibited proficient mismatch repair (pMMR) status. The chest CT scan was completed after the operation, no mediastinal, axillary and right supraclavicular lymph node enlargement and metastasis were found (Figures 2A–C). Two weeks postoperatively, following a multidisciplinary team (MDT) consultation, the patient was administered the CAPEOX chemotherapy regimen as adjuvant chemotherapy based on the pathological staging of the postoperative disease. Between September 6, 2023, and January 2, 2024, the patient initiated treatment with the CAPEOX adjuvant chemotherapy regimen, which was followed by four cycles of therapy with an evaluation for progressive disease (PD) efficacy. On January 2, 2024, an enhanced CT scan of the chest and abdomen demonstrated enlargement of lymph nodes in the mediastinum, axilla, and right supraclavicular region (Figures 2D–F). On January 2, 2024, laboratory testing disclosed the following tumor marker levels: CEA at 5.65 ng/mL (reference range, <5 ng/mL), CA199 at 80.7 U/mL (reference range, <39 U/mL), and SCCA at 28 ng/mL (reference range, ≤1.5 ng/mL). January 4, 2024, the mediastinum mass was subjected to a fine aspiration needle biopsy. The biopsy pathology revealed a poorly differentiated cancer, and the results of combined immunohistochemical markers supported the diagnosis of SCC. The IHC results were as follows: CK7 (-), CK20 (-), P63 (+), P40 (+), CD5 (-), CD117 (-).
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Figure 2 | The CT imaging before the first chemotherapy (A-C). The CT imaging following adjuvant chemotherapy with the CAPEOX regimen (D-F). The enlargement of lymph nodes in the mediastinum (D), axilla (E), and right supraclavicular region (F). The CT imaging following nab-paclitaxel and carboplatin combined with camrelizumab (H-G). The regression of lymph nodes in the mediastinum (H), axilla (I), and right supraclavicular region (G).

Despite the patient exhibiting dMMR, considering the SCC diagnosis, the treatment plan has been adjusted to include nab-paclitaxel (400mg on D1, every 3 weeks) and carboplatin (60mg on D1, every 3 weeks) combined with camrelizumab (200mg on D1, every 3weeks) for antitumor therapy. Between January 9, 2024, and May 27, 2024, the patient received four cycles of treatment with an efficacy evaluation of partial response (PR). On May 27, 2024, an enhanced CT scan of the chest and abdomen demonstrated obvious regression of lymph nodes in the mediastinum, axilla, and right supraclavicular region (Figures 2H, G). Prior to camrelizumab administration, the IC (Immune Cell Score) testing revealed a baseline PD-1 expression level of 12.7% in total T lymphocytes. Notably, this biomarker demonstrated a remarkable decline to 0.1% following four treatment cycles, indicating significant pharmacodynamic modulation of PD-1 receptor expression. On May 27, 2024, laboratory testing disclosed the following tumor marker levels: CEA at 2.88 ng/mL (reference range, <5 ng/mL), CA199 at 14.70 U/mL (reference range, <39 U/mL), and SCCA at 1.4 ng/mL (reference range, ≤1.5 ng/mL). Subsequently, the patient underwent two cycles of antitumor therapy. The patient’s liver function was not significantly abnormal during the course of treatment but there was significant post-chemotherapy myelosuppression. On July 14, 2024, Hematologic evaluation revealed significant cytopenia: thrombocytopenia (platelet count: 67 × 109/L; reference range 125-350 × 109/L) and anemia (hemoglobin: 84 g/L; reference range < 130 g/L). The patient was treated with recombinant human thrombopoietin (rhTPO; Terbiao®, 300 U/kg/day via subcutaneous administration) for thrombocytopenia, accompanied by dietary counseling emphasizing iron-rich food, folate/vitamin B12 supplementation, and protein sources to support erythropoiesis and ameliorate anemia. According to the 2023 ASCO guidelines, chemotherapy therapy was suspended in order to reduce the risks of hemorrhagic complication.





Discussion

CSCC is an exceedingly rare clinical diagnosis with few cases reported in the literature (12). The development of CSCC is not well understood, with several hypotheses proposed. One of the most widely accepted theories is the squamous transformation of a pluripotent stem cell, which may occur in the context of chronic inflammation or other predisposing factors (9). In our patient, the history of liver cirrhosis may have contributed to the development of CSCC by being associated with a pro-inflammatory state and immune dysregulation, which are known to have an impact on carcinogenesis. Other reported that DNA damage repair, mismatch repair, and cell cycle pathways are implicated in CSCC development, while transcription factor analysis highlights TP63 and STAT1 as potentially crucial in CSCC pathogenesis (3).

CRC treatment is complex and varies according to the cancer stage, patient’s overall health, and personal choices. This present article showcases the case of a patient who initially obtained a diagnosis of pT3N1bM0, which is classified as stage IIIB. Depending on the stage, this patient needs to receive postoperative adjuvant chemotherapy. Currently, the accepted adjuvant therapy protocol for colon adenocarcinoma consists of the Capeox, mFOLFOX6 (oxaliplatin, fluorouracil, and leucovorin), etc. Because of the low incidence and lack of sufficient information about CSCC, it is treated in a similar manner as colorectal adenocarcinoma. Recent research has been reported that patients with CSCC subjected to surgery alongside chemotherapy demonstrated markedly enhanced overall survival (OS) in comparison to those who received surgery as a solitary intervention (median survival: 119 months vs. 4 months) (13). As a result, the patient was given adjuvant chemotherapy with Capeox for four cycles. However, the treatment has not been effective, and the condition has progressed.

Recently, the treatment of CRC patients with microsatellite instability-high (MSI-H) tumors have been marked by significant progress, particularly in the realm of immunotherapy. MSI-H CRC, characterized by a high tumor mutational burden and a robust immune response, is particularly responsive to immune checkpoint inhibitors (ICIs) (14). These therapies have shown deep and durable responses in advanced-stage disease, leading to their investigation in early-stage MSI-H CRC (15). Despite MSS CRC being less responsive to immune checkpoint inhibitors compared to MSI-H CRC, recent studies have explored combination therapies to enhance the efficacy of Anti-PD-1 treatments. Notably, the combination of Anti-PD-1 with other agents such as anti-angiogenic drugs, targeted agents, or chemotherapy has shown promise in enhancing the immunological response in MSS CRC patients (16).For instance, the CAPability-01 trial investigated the combination of the PD-1 monoclonal antibody sintilimab with the histone deacetylase inhibitor (HDACi) chidamide, with or without the anti-vascular endothelial growth factor (VEGF) monoclonal antibody bevacizumab, in patients with unresectable chemotherapy-refractory locally advanced or metastatic MSS/pMMR CRC (17). This trial met its primary endpoint, with a progression-free survival (PFS) rate at 18 weeks of 43.8%, indicating the potential of this combination therapy. These findings underscore the importance of exploring novel therapeutic combinations to overcome the resistance of MSS CRC to Anti-PD-1/PD-L1 therapy and to modify the tumor microenvironment to enhance treatment outcomes.

In addition, the treatment landscape for esophageal and lung cancers has been significantly impacted by the advent of Anti-PD-1 immunotherapies. Regarding esophageal squamous cell carcinoma (ESCC), the incorporation of Anti-PD-1 antibodies into chemotherapy has exhibited rather promising outcomes. A pivotal phase 3 trial has indicated that when pembrolizumab is combined with chemotherapy, it leads to an enhancement in overall survival and progression-free survival when compared to chemotherapy alone among patients with advanced ESCC (18). Similarly, in non-small cell lung cancer (NSCLC), Anti-PD-1 therapies have become a cornerstone of first-line treatment, particularly in patients with high tumor mutational burden or PD-L1 expression. The PERLA trial, a phase II study, compared dostarlimab and pembrolizumab in combination with chemotherapy and found both regimens to be effective, with dostarlimab showing numerically higher overall response rates in PD-L1-positive subgroups (19). These findings underscore the importance of Anti-PD-1 therapies in the management of squamous cell carcinoma. Therefore, we attempted to apply Anti-PD-1 treatment to this case patient. Given the patient’s colonic squamous cell carcinoma, the treatment plan has been adjusted to include nab-paclitaxel and carboplatin combined with camrelizumab for antitumor therapy.

Following the combination therapy of chemotherapy and Anti-PD-1 treatment for this patient, subsequent enhanced CT scans revealed a partial remission in treatment response. Given that the chemotherapy protocol was altered concurrently with the introduction of Anti-PD-1 treatment, the primary contribution of Anti-PD-1 treatment to the therapeutic outcome remains uncertain. Nonetheless, this case’s treatment narrative indicates that the synergy of chemotherapy and Anti-PD-1 treatment exerts a definitive impact on colon squamous cell carcinoma, potentially offering a valuable therapeutic reference for future cases with analogous profiles.
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Background

Due to the low efficacy rates, effective biomarkers are desperately needed to determine populations of advanced esophageal squamous cell carcinoma (ESCC) that may benefit from immune checkpoint inhibitor (ICI) treatment.





Objectives

To explore the relationship between IL-6 and the esophageal cancer tumor immune microenvironment using online databases and esophageal cancer tissue microarrays and to investigate the predictive role of IL-6 for immunotherapy in esophageal squamous carcinoma patients through clinical study data.





Methods

RNA-seq datasets of ESCC patients were obtained from TCGA, and the relationship between IL-6 and immune cells was discovered using TIMER 2.0 databases. CD8, IL-6, and PD-L1 expression in ESCC tissue microarrays were measured using immunohistochemistry, and then the tumor microenvironment was classified. Furthermore, blood specimens were collected from advanced ESCC patients before they received PD-1 inhibitors, and follow-up was conducted to gather clinical survival data. Based on IL-6 levels. We divided the population into the high and low IL-6 groups, comparing the efficacy and survival of the two groups.





Results

IL-6 positively correlated with mRNA levels of PD-L1, negatively correlated with immune cells, and positively correlated with immunosuppressive cells. High IL-6 expression in tissues might make PD-1/L1 blockade therapy less effective. Individuals with higher baseline plasma IL-6 levels had significantly lower objective remission rates and inferior PFS and OS. Elevated baseline IL-6 was demonstrated to be an independent risk factor for the prognosis of advanced ESCC patients using PD-1 inhibitors, according to COX regression analysis.





Conclusion

IL-6 overexpression correlates with the immunosuppressive tumor microenvironment in ESCC, and it can be a predictive biomarker in ESCC patients received with PD-1 inhibitors.





Keywords: esophageal squamous cell carcinoma, IL-6, PD-1 inhibitor, tumor microenvironment, prognosis





Introduction

As per the 2020 global cancer statistics, esophageal cancer is the seventh most prevalent form of cancer worldwide (1). The most common pathological subgroup among Asians is esophageal squamous cell carcinoma (ESCC), which constitutes approximately 90% of new cases annually (2). In China, the incidence and mortality of ESCC rank sixth and fourth among all malignant tumors, respectively, which poses a huge economic and public health burden. Although early diagnosis and advancements in surgery, radiotherapy, chemotherapy, and targeted therapy have greatly improved survival rates for ESCC patients, effective treatment options remain limited for those with poor chemotherapy sensitivity or who cannot tolerate chemotherapy toxicity in advanced or metastatic stages (3).

As research in anti-tumor therapy advances, immunotherapy has become a mainstream treatment option. The discovery of immune checkpoint inhibitors (ICIs) has brought about a new wave of promising anti-cancer therapies. Most of these are PD-1 inhibitors, which obstruct the interaction between PD-1 receptors and their ligands, restoring T cells’ ability to identify and eradicate tumor cells (4). This approach has demonstrated promising therapeutic effects in treating solid tumors.

Patients with recurrent or metastatic ESCC are now treated with PD-1 inhibitors as the first line of therapy in China. Despite this, the efficacy rate for esophageal cancer remains suboptimal. Effective biomarkers are desperately needed to increase patient selection and ICI treatment accuracy, thereby improving the efficacy of immunotherapy for ESCC. The expression of programmed death receptor ligand 1 (PD-L1) in tumor tissues is a widely used criterion for choosing immunotherapy regimens, yet its predictive value for esophageal cancer outcomes is still debatable. Not all patients positive for PD-L1 benefit from immunotherapy, as effective responses can also occur in some PD-L1 negative patients (5). Furthermore, biomarkers, including microsatellite instability (MSI) and tumor mutation burden (TMB), have limited application due to their low positivity rates and high costs. Therefore, it is imperative to identify additional practical and reliable prognostic biomarkers.

Elevated cytokine levels are often detected in patients with inflammation and tumors. IL-6 is a common cytokine and a major mediator of inflammation, predominantly released by stromal cells, immune cells, and tumor cells in the tumor microenvironment. Through its downstream signaling pathway, tumor cells are encouraged to proliferate, survive, and invade (6). Numerous investigations have underscored the connection between increased IL-6 expression and a worse prognosis, as well as chemotherapy resistance, in patients with pancreatic cancer, non-small cell lung cancer (NSCLC), ovarian cancer, and other malignancies (7–10). Researchers believe that this may be due to the close relationship between IL-6 and tumor immunity. Research on IL-6 and tumor immunity has also significantly progressed in recent years. IL-6 can down-regulate the expression of MHC class II on dendritic cells through the STAT3 signaling pathway, inhibit their maturation, and weaken Th1 immunity (11). Xiao-Long Fu et al. (12) proved that IL-6 can induce the differentiation of normal macrophages into M2 type by activating STAT3 phosphorylation. Kun Fan et al. (13) confirmed that tumor-derived IL-6 in pancreatic cancer can promote FoxP3 expression and Treg differentiation. Therefore, IL-6 in the tumor microenvironment may affect the efficacy of tumor immunotherapy by affecting anti-tumor immunity.

Studies have shown that patients with high baseline plasma IL-6 levels have a worse response in patients with advanced non-small cell lung cancer (14) and liver cancer (15) treated with PD-1/PD-L1 inhibitors. When Alissa Keegan et al. studied cytokine changes in NSCLC patients treated with PD-1 inhibitors, they found that decreased IL-6 levels were associated with better PFS (16). However, the specific role that IL-6 plays in patients with advanced ESCC undergoing PD-1 inhibitor therapy is not yet known.





Materials and methods




Study design and patients

A total of 141 patients were included as study subjects. Our inclusion criteria were patients with advanced esophageal cancer who received at least 2 cycles of PD-1 inhibitors at the Huai’an Second People’s Hospital from August 2020 to August 2023. The patients listed below were excluded: I. Concurrent presence of other tumors; II;. Co-occurrence with inflammation, severe infection, or abnormal liver and kidney function; III. Coexistence with other conditions influencing IL-6 levels, such as autoimmune diseases, myocardial injury, heart failure, type 2 diabetes, or burn trauma; IV. Use of medications affecting IL-6 levels, such as statins; V. Lack of pre-treatment blood specimens and pre- and post-treatment imaging data. Baseline blood samples and clinical data, encompassing the age and gender of inclusion, Eastern Cooperative Oncology Group (ECOG) score, smoking history, tumor stage and site, number of metastatic organs, previous treatments, etc., were collected. Based on IL-6 levels. We divided the population into a high and low IL-6 group, comparing the efficacy and survival of the two groups.

All patients underwent a minimum of 2 cycles of PD-1 inhibitor therapy as per the drug’s guidelines, continuing until disease progression, intolerable toxicity, or at the patient’s request for termination. Treatment response was assessed using imaging techniques (CT or MRI) every two treatment cycles according to RECIST 1.1 criteria. Patients who were included underwent surveillance for disease remission and death and to record their progression-free survival (PFS) and overall survival (OS). PFS was defined as the amount of time from the start of PD-1 inhibitor therapy until the progression of the disease, death from any cause, or the follow-up cutoff date. OS was defined as the period of time between starting a PD-1 inhibitor treatment and either the follow-up cutoff date or death from any cause. The Huai’an Second People’s Hospital Institutional Review Board approved this study.





Sample collection and measurement of serum cytokines

Blood samples were taken in EDTA tubes prior to patients receiving PD-1 inhibitor treatment. After being collected, all samples were processed within two hours and centrifuged for ten minutes at 4°C at 3000 rpm. The top plasma fraction was maintained at -80°C until analysis. The manufacturer’s instructions for measuring plasma IL-6 levels were followed when using an enzyme-linked immunosorbent assay (ELISA) kit with an anti-IL-6 antibody (nb600-1131, Novus).





Tissue microarrays and immunohistochemistry

Tissue microarrays (TMAs) were procured from Shanghai Outdo Biotech Co., Ltd, and comprised tissues obtained from 110 esophageal cancer patients. The microarrays underwent incubation for 1 hour at 60°C (baked chips), followed by dewaxing in xylene twice and dehydration in graded alcohols, and then rinsed thrice with purified water. Subsequently, the chips were placed in a Citric acid antigen retrieval solution for antigen retrieval, followed by blocking with a blocking agent. The primary antibody used was rabbit polyclonal anti-IL-6 (Cat# nb600-1131, Novus), diluted in phosphate-buffered saline (PBS) at a ratio of 1:400. After diluting the microarray, the chip was first incubated with the main antibody for a whole night at 4°C. The chip was treated with an anti-rabbit secondary antibody for half an hour at room temperature following a PBS wash. Subsequently, diluted DAB was applied to the chip for color development. After rinsing, the slice was briefly stained with Haar Hematoxylin for 1 minute, dehydrated, air-dried at room temperature, and then sealed. Rabbit anti-human PD-L1 antibody (Cat# GT228002, GeneTech, China) and Rabbit anti-human CD8 antibody (Cat# PA577, Abcarta) were used to detect the expression levels of PD-L1 and CD8 in tissue microarrays, and the immunohistochemical steps were the same as above.

The PD-L1 Tumor Proportion Score (TPS) was used to measure PD-L1 expression. The formula used to determine the PD-L1 IHC score was: percentage of positive tumor cells × staining intensity ×100. Three groups based on PD-L1 expression levels were identified: <1%(low), 1-49% (moderate), and ≥50% (high). A three-tiered grading system based on cell density was used to assess the proportion of CD8+ lymphocytes to all nucleated cells in the stromal compartment: <1% (low), 1–10% (moderate), ≥10% (high). The proportion of positive tumor cells × staining intensity × 100 equals the IL-6 IHC score. The median score was used to categorize the results into two groups: high and low IL-6. Unaware of the patient’s clinical features, two pathologists independently evaluated each segment based on the evaluation criteria.





Analysis of public databases

The TCGA database was used to get RNA-Seq data and clinical survival statistics for ESCC patients. TIMER 2.0 was used to analyze immune cell infiltration in the TCGA ESCC dataset (http://timer.cistrome.org) (accessed July 17, 2023), and the CIBERSORT algorithm is further verified. Using Spearman’s correlation coefficients, we assessed the level of correlation between immune cells infiltrating tumors and IL-6 gene expression.





Statistical methods

Software such as GraphPad Prism 9 and SPSS 26.0 were used for statistical analysis. Frequencies and percentages of the count data were displayed. The Fisher’s exact or chi-square test was used to compare variables between groups. Kaplan-Meier survival curves were produced, and variations in survival were assessed using the log-rank test. The parameters that were independently associated with the patients’ OS and PFS were evaluated using Cox proportional hazards regression. Initially, a univariate analysis was performed, followed by including variables in the univariate analysis deemed clinically relevant and significant (P < 0.05) in a multivariable Cox regression model. Using R 4.2.1’s survminer package’s surv_cutpoint function, the optimal IL-6 cut-off value was ascertained. (https://www.r-project.org). Statistics were deemed significant when P <0.05.






Results




Relationship between IL-6 and tumor immunity

From the TCGA database, transcriptome data for 79 ESCC patients was obtained. PD-L1, overexpressed on tumor cell surfaces, interacts with PD-1 on activated T cells, which causes cytotoxic T lymphocyte (CTL) dysfunction and T cell suppression, facilitating immune evasion and often correlates with poor clinical outcomes. A substantial positive correlation (r=0.259, P=0.021, Figure 1A) was found when we analyzed the connection between CD274 (PD-L1 transcription gene) and IL-6 mRNA levels. Using the TIMER 2.0 online database, we observed negative correlations of IL-6 expression with CD8+ T cells (r=-0.177, P=0.017) and B cells (r=-0.161, P=0.030) but positive correlations with immune-suppressing cells like M2 macrophages (r=0.279, P<0.001) and regulatory T cells (r=0.246, P=0.001). However, no significant correlations were found with neutrophils (r=0.101, P=0.175), NK cells (r=0.022, P=0.774), and MDSC cells (r=0.141, P=0.059) (Figure 1B). Consistent with previous findings, there was a notable positive association between IL-6 and cancer-associated fibroblasts (CAFs) (r=0.443, P<0.001, Figure 1B). Subsequently, we used the CIBERSORT algorithm to analyze more immune cells and obtained the same results; that is, IL-6 expression was negatively correlated with CD8 + T cells and B cells but positively correlated with immunosuppressive cells M2 macrophages and regulatory T cells. No significant correlation was found between IL-6 and other immune cells (Figure 2). Therefore, overexpression of IL-6 in the tumor tissues may contribute to immunosuppression within the tumor microenvironment of ESCC patients.
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Figure 1 | Relationship between IL-6 and tumor immunity. (A) Correlation between CD274 (PD-L1 transcription gene) and IL-6 expression in ESCC tumor tissues; (B) Correlation between tumor immune cells, immunosuppressive cells, and cancer-associated fibroblasts and IL-6 expression. The solid blue line indicates the regression curve, and the shaded area indicates the best-fit 95% confidence interval band.

[image: Box plot comparing cell proportion across two groups, labeled high and low, indicated by blue and red colors. Categories include B cells, T cells, monocytes, and others. Proportion values range from 0 to 0.8 on the y-axis. Outliers are represented by dots.]
Figure 2 | The relationship between IL-6 and 22 immune cells was calculated by the CIBERSORT algorithm.





Elevated IL-6 expression in ESCC tissues could be a predictive factor for ESCC patients

IL-6 expression levels were assessed in ESCC TMAs (n=110) using immunohistochemistry (Figure 3A). The representative images of IL-6 staining tumor tissues (Figure 3B) and para-cancerous tissues (Figure 3C) in ESCC TMAs are shown in the figure. Compared to para-cancerous tissues, ESCC tissues exhibited significantly higher IL-6 expression levels (P < 0.001, Figure 3D), consistent with findings in other cancers. Patients were categorized into groups with low and high IL-6 levels depending on the median IL-6 expression in tumor tissues. When Kaplan-Meier survival curves were used to examine OS, it was shown that the group of high IL-6 had a shorter OS than the low IL-6 group (P=0.009, Figure 3E). The median OS values were 12.0 months (95% CI: 6.35-17.65) and 27.0 months (95% CI: 18.83-35.18). High levels of IL-6 in tumor tissues were found to be a risk element for ESCC patients’ prognosis by Cox regression analysis (HR=1.72, 95%CI: 1.13-2.61, P=0.011).
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Figure 3 | Expression of IL-6 in microarrays of ESCC tissues and correlation with prognosis. (A) Microarray scans of ESCC tissues after immunohistochemical staining for IL-6; IL-6 staining cancer tissues (B) and para-cancerous tissues (C) in ESCC TMAs; (D) Expression of IL-6 in ESCC tissues and para-cancerous tissues; (E) K-M survival curves of OS of ESCC patients based on IL-6 expression levels. ***P < 0.001.





Elevated IL-6 levels in ESCC tissues correlate with Type I (PD-L1+TILs+) tumors

According to the expression of tumor-infiltrating lymphocytes (TILs) and PD-L1, Michele W. L. Teng et al. categorized the tumor microenvironment into four types, and the efficacy of ICI treatment can be initially assessed based on various tumor microenvironment types, allowing for a personalized treatment approach (17). Single-agent anti-PD-1/L1 blockade therapy is most likely beneficial for type I (PD-L1+ TILs+) cancers, which have been found to be highly responsive to immune checkpoint blockade therapy. Based on these results, we used immunohistochemistry to evaluate the expression levels of CD8+ T and PD-L1 cells in ESCC TMAs (Figure 4A). Our analysis revealed a higher incidence of high PD-L1 expression among patients with elevated IL-6 levels (P=0.008, Figure 4B), consistent with TCGA database results. Concurrently, CD8+ T cell infiltration was considerably lower in the high IL-6 group than in tissues in low IL-6 (P=0.015, Figure 4C), in line with the negative correlation observed in our TIMER 2.0 database. Additional analysis of the tumor microenvironment based on the expression of CD8+ T and PD-L1 showed that the high Compared to the low IL-6 group, the IL-6 group had a reduced percentage of type I (PD-L1+TILs+) tumors (P=0.012, Figure 4D). This suggests that elevated IL-6 expression may correlate with reduced responsiveness to immunotherapy in ESCC patients, potentially indicating a poorer prognosis.
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Figure 4 | Relationship between IL-6 and tumor immune microenvironment type in ESCC tissues. (A) Representative samples stained for PD-L1, IL-6, and CD8 in ESCC TMAs; correlation of IL-6 expression levels in ESCC TMAs with PD-L1 expression (B), CD8+ TIL infiltration (C), and tumor immune microenvironment type (D).





Patient characteristics and clinical outcomes

Using ELISA, we measured the pretreatment baseline plasma IL-6 levels in 141 patients with advanced ESCC receiving PD-1 inhibitor treatment at our institution. The cutoff value of 9.35 pg/ml for predicting PFS was determined using the surv_cutpoint function of the survminer package for R. Based on this cutoff value, the patients were categorized into high and low IL-6 groups, and Table 1 shows their initial characteristics from two groups, which including age, gender, ECOG scores, smoking history, tumor stage, lesion site, metastatic organ involvement, history of radiotherapy and surgery, number of prior immunotherapy lines, type of PD-1 inhibitor used, and combination with chemotherapy and targeted therapy, showed no statistically significant differences between the groups (P > 0.05). Following RECIST1.1 evaluation criteria, patients underwent imaging assessments after every 2 treatment cycles to determine the best overall response (BOR): of the patients, 37 had progressive disease (PD), 79 had stable disease (SD), and 25 had a partial response (PR). The median PFS for all patients was 8.8 months (95% CI: 6.57-11.03), and the median OS was 22.6 months (95% CI: 11.11-34.03). Table 1 displays patient characteristics.

Table 1 | Baseline demographics of included patients with advanced ESCC.
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Relationship between baseline plasma IL-6 and the prognosis of ESCC patients received with PD-1 inhibitors

When we examined the two groups’ survival results, we discovered that PFS (P < 0.001, Figure 5A) and OS (P = 0.002, Figure 5B) were poorer in individuals with greater IL-6 levels. The median PFS was 5.93 months (95% CI: 5.11-6.75) for patients with high IL-6 levels and 11.0 months (95% CI: 7.00-14.93) for those with low IL-6 levels. During our study period, individuals with high IL-6 levels had a median overall survival of 9.2 months (95% CI: 4.00-14.47), but individuals with low IL-6 levels did not attain a median OS.
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Figure 5 | Relationship between plasma IL-6 levels and best of response and prognosis in patients with advanced ESCC. K-M survival curves for PFS (A) and OS (B) based on grouping of plasma IL-6 levels; forest plots showing the results of multifactorial analyses of PFS (C) and OS (D) performed by the number of metastatic organs, ECOG scores, the number of lines of immunotherapy, and plasma IL-6 levels; and (E) comparison of the best overall outcomes between the two groups of patients. ECOG, Eastern Cooperative Oncology Group; HR, Hazard Ratio; PR, Partial Response; SD, Stable Disease; PD, Progressive Disease.

Subsequently, we conducted univariate COX regression analysis of variables potentially influencing the prognosis of ESCC patients, including age, gender, number of metastatic organs, ECOG score, number of immunotherapy lines, chemotherapy or targeted therapy combination, and baseline plasma IL-6 levels. We discovered that the baseline plasma IL-6 levels, number of distant metastatic organs at the start of PD-1 inhibitor treatment, ECOG score, and number of treatment lines were associated with PFS in advanced ESCC patients. We calculated the correlation coefficients between each pair of variables using correlation analysis, all of which were less than 0.5, indicating no collinearity (Table 2). We then included these four variables in multifactorial COX regression analysis, revealing that high ECOG scores (HR=1.95; 95% CI: 1.23-3.10; P=0.005), more distant metastatic organs before treatment (HR=1.90; 95% CI: 1.12-3.23; P=0.017), and elevated plasma IL-6 levels (HR=2.83; 95% CI: 1.77-4.52; P<0.001) independently predicted poorer PFS in ESCC patients (Table 3, Figure 5C). Similarly, we identified associations between baseline IL-6 plasma levels and ECOG score with OS in patients with advanced ESCC through univariate analysis. Subsequently, these two variables were concurrently analyzed in a multivariate model, revealing that ECOG score (HR=2.32; 95% CI: 1.34-4.04; P=0.003) and IL-6 (HR=2.13; 95% CI: 1.21-3.75; P=0.009) independently predicted OS in ESCC patients (Table 4, Figure 5D).

Table 2 | Coefficient of correlation for each pair of variables chosen using univariate analysis.
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Table 3 | Univariate and multivariate analysis of factors influencing PFS in patients with advanced ESCC.
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Table 4 | Univariate and multivariate analysis of factors influencing OS in patients with advanced ESCC.
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We also compared the BOR between the two groups of ESCC patients who received PD-1 inhibitors. Compared to the low IL-6 group, a greater percentage of patients in the high IL-6 group experienced disease progression (PD) (P=0.035, Figure 5E). The ORR (CR+PR) was 10.3% in the high IL-6 group, but it was 20.6% in the low IL-6 group, indicating that PD-1 inhibitor therapy had a better effect on patients whose baseline plasma IL-6 levels were lower.






Discussion

The preliminary results from online databases and microarray exploration of esophageal cancer tissues suggest that IL-6 may regulate the tumor microenvironment and contribute to immunosuppression. High IL-6 expression appears to correlate with immunotherapeutic insensitivity. Our clinical study confirms that individuals with higher baseline plasma IL-6 experienced worse PFS, OS, and lower ORR. High IL-6 independently predicts unfavorable results in patients using PD-1 inhibitor treatment for advanced ESCC.

Currently, Less than 30% of ESCC patients receiving PD-1/PD-L1 blockers experience an overall remission rate, and although most patients initially respond to ICIs, acquired resistance can develop over time (18). Drug resistance is often related to an immunosuppressive tumor microenvironment (TME) and interactions between tumor cells and the TME. Therefore, it is crucial to identify reliable biomarkers that appropriately reflect the immune status of the tumor microenvironment.

The tumor immune microenvironment (TIME) comprises immune cells, tumor cells, and various cytokines, with their interactions dictating the trajectory of anti-tumor immunity. An immunosuppressive TME is a key barrier for tumor cells to achieve immune evasion, and immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), and tumor-associated macrophages are abundant in it, and immunosuppressive molecules including PD-L1 and PD-1 are increased. Ming-Shao Tsai et al. (19) discovered a direct association between the IL-6 expression and PD-L1 in immunohistochemical studies of 248 tumor samples taken from individuals with squamous cell carcinoma of the head and neck. Further cellular tests confirmed that IL-6 affects the PD-L1 expression through the IL-6/JAK2/STAT3 pathway. The transcriptional data obtained from TCGA validated a direct association between IL-6 mRNA levels and PD-L1 expression in ESCC tumor tissues, and it was further validated by immunohistochemistry on ESCC TMAs. Specifically, a greater percentage of those with high IL-6 also had raised PD-L1 expression levels and subsequently experienced poorer OS, as observed in our ESCC tissue microarray immunohistochemistry results. Consequently, high IL-6 levels and up-regulated PD-L1 expression in ESCC tissues facilitated immune evasion by tumor cells.

Treg cells exhibit substantial immunosuppressive effects by regulating the activity of dendritic cells (DCs), NK cells, macrophages, and B cells through both humoral and intercellular processes (20). M2 macrophages promote tumor cell proliferation and metastasis by inhibiting T cell-mediated anti-tumor immune responses. The analysis conducted using the TIMER database demonstrated a direct association between IL-6 and M2 macrophages and Tregs in ESCC. Conversely, the expression of IL-6 exhibited an inverse association with the numbers of B cells and CD8+ T cells, also known as cytotoxic T lymphocytes, which have a vital function in the defense of malignancies by the immune system. Yosuke Ohno et al. (21) constructed an IL-6-deficient colon cancer mouse model and found significantly reduced tumor growth, which CD8+ T cell depletion eliminated. Under IL-6 deficiency, cytotoxic T cells accumulated at the tumor site, with more IFN-γ-producing T cells, indicating that IL-6 mediates CD8+ T cell exhaustion and affects their quantity. Furthermore, this study did not observe a statistically significant link between the NK cell numbers and IL-6. However, previous research has shown that IL-6 suppresses NK cell activity by downregulating surface-activated receptors such as NKp30 and NKG2D. reducing granzyme B secretion (22). As observed in prior studies, CAFs are significantly correlated with IL-6 levels in ESCC tissues. Takuya Kato et al. (23) demonstrated that CAFs influence intra-tumoral TIL (CD8+TIL and FoxP3+TIL) cells through IL-6 secretion. This indicates that the primary IL-6 producers in the ESCC tumor microenvironment are CAFs. IL-6 upregulates immunosuppressive cells, inhibits anti-tumor immune cells, or reduces their infiltration, constructing a highly immunosuppressive tumor microenvironment, potentially leading to ESCC progression and treatment resistance.

Tumor microenvironment types were first proposed by Michele W. L. Teng et al. Type I (PD-L1+TILs+) tumors exhibit pre-existing evidence of intra-tumor T cell inactivation due to PD-L1 binding, thus enhancing their PD-L1 blockade treatment responsiveness. We found a decreased proportion of Type I tumors in patients with high IL-6 compared to those with low IL-6 when the tumor microenvironment in ESCC TMAs was classified. This implies that in spite of the high level of PD-L1 expression, IL-6 may also contribute to the low response rate to immunotherapy in ESCC patients by mediating CD8+ T depletion, which prevents PD-L1 blockers from fully exerting their effects. Therefore, we initially hypothesized that IL-6 may be a prognostic indicator for ESCC patients undergoing ICIs.

Andressa S. Laino et al. showed that patients with malignant melanoma receiving ICIs had a poorer survival rate when they had greater levels of IL-6 at the beginning or increased IL-6 levels during treatment (24). Recognizing the role and potential of IL-6 in tumors, we collected blood specimens from 141 advanced ESCC patients before treating them with PD-1 inhibitors at our institution, and further analysis found that PFS and OS were lower in those with greater baseline IL-6 levels. and lower ORR. Subsequent COX regression analysis identified plasma IL-6 represents an independent risk factor for OS and PFS in advanced ESCC patients treated with PD-1 inhibitors after correcting for confounding variables, including the number of distant metastatic organs, ECOG scores, and treatment lines, which can be used to predict patient prognosis. Compared to currently used prognostic biomarkers, IL-6 can be directly detected in plasma without invasive sampling, making it easy to monitor dynamically and cost-effective. Therefore, it can be widely utilized in clinical practice to guide physicians’ decision-making.

ICI treatment resistance is often attributed to inadequate production and anti-tumor T cell function, compromised T cell memory development, and an immunosuppressive microenvironment with exhausted T cells, reducing the effectiveness of ICIs (25). Our study observed high IL-6 expression in ESCC, which correlated closely with immune cells and PD-L1 expression, contributing to a significantly suppressed tumor immune microenvironment. Blocking IL-6 and its downstream signaling pathway could potentially reverse this highly suppressed tumor immune microenvironment. Considering the close relationship between IL-6 and tumors, several drugs targeting IL-6/JAK/STAT3 signaling pathways are available on the market. These include IL-6 blocker stuximab, IL-6R receptor blocker tolizumab, JAK inhibitor ruxolitinib, and STAT3 inhibitors, which have been shown in preclinical experiments to significantly inhibit tumor growth, increase immune cell numbers, and improve the immunosuppressive microenvironment. Stuximab has demonstrated good clinical efficacy and safety in several clinical trials of prostate cancer (26, 27) and renal cancer (28, 29). The combined targeting of immune checkpoints and the IL-6/JAK/STAT3 signaling pathway represents a promising therapeutic strategy for ESCC patients with poor responses to ICIs. A preclinical investigation proved that inhibiting IL-6 effectively reestablished the mice’s resistance to anti-PD-L1 treatment in hepatocellular cancer models. Following combined IL-6 blockade, tumors exhibited improved responses to anti-PD-L1 therapy, leading to higher life periods and lower tumor sizes in mice (30). However, an open-label, multicenter, randomized Ib/II trial for platinum-refractory metastatic urothelial carcinoma did not demonstrate additional benefits in terms of ORR, PFS, or OS compared to atalizumab monotherapy, despite the tolerability of the combination treatment (31). This lack of benefit might be attributed to tumor heterogeneity and the involvement of IL-6 in multiple complex regulatory mechanisms, requiring validation in numerous clinical trials.

Compared with previous studies, the current research confirmed the association between baseline IL-6 and advanced ESCC patient prognosis and revealed IL-6’s close relationship with tumor immune cell expression and the immunosuppressive molecule PD-L1 within the tumor microenvironment. In ESCC, it was discovered that IL-6 regulated the immunosuppressive tumor microenvironment, partially explaining the poor reaction of immunotherapy in patients with elevated IL-6 levels. These findings also establish a foundation for a new therapeutic strategy that focuses on the IL-6 pathway and combines it with immunotherapy to potentially enhance treatment efficacy in ESCC.

There are various constraints to the investigation. Initially, the investigation was carried out as a retrospective study at a single center, potentially introducing bias that needs validation in a larger, multi-center cohort. Secondly, many patients receiving PD-1 inhibitors were concurrently treated with other medications, including second-line therapies, which could influence IL-6 levels. Although efforts were made to exclude patients during inflammatory periods, hidden inflammation or variations in liver function could still impact results. Lastly, while this study established an association between IL-6 and the ESCC tumor microenvironment, further basic experiments are necessary to elucidate IL-6’s specific regulatory mechanisms within the ESCC tumor immune microenvironment in the future.

In summary, our work affirms the strong connection between IL-6 and the immunosuppressive tumor microenvironment in ESCC. Our suggests that IL-6 may be a viable therapeutic target to improve the effectiveness of ICIs treatment in combating tumors. Furthermore, plasma IL-6 levels can serve as a biomarker to evaluate the effectiveness and prognosis of patients with advanced ESCC who are receiving PD-1 inhibitor therapy.
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Case Report: Metastatic small bowel adenocarcinoma with DNA mismatch repair deficiency in an organ transplant recipient treated with anti-PD-1 immunotherapy
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We present a case of a 65-year-old woman with a history of kidney and pancreas transplants for type 1 diabetes mellitus who presented with small bowel obstruction and was found to have a poorly differentiated small bowel adenocarcinoma with multifocal osseous and nodal metastases. Plasma-based next generation circulating tumor deoxyribonucleic acid (DNA) sequencing revealed mismatch repair deficiency and an exceptionally high tumor mutational burden (TMB) of 1069 mutations/megabase (mut/Mb). Initial management consisted of cytotoxic chemotherapy (FOLFOX; 5-fluorouracil, leucovorin, and oxaliplatin) given the urgent need for a clinical response. Following multidisciplinary discussion and shared decision-making, nivolumab was added with cycle 3 of FOLFOX. Transplant-related immunosuppression was adjusted, and pancreas and kidney transplant function were monitored closely. Potential organ rejection was monitored using donor-derived cell-free DNA. Immune-related adverse events were not observed. After 5 cycles of treatment (3 cycles involving nivolumab), she achieved a complete clinical, molecular, and radiographic response. There was minimal evidence of allograft rejection without signs of dysfunction. Treatment was discontinued and subsequent surveillance imaging suggested durable remission for at least 9 months following treatment cessation. This case highlights the importance of genomic testing and targeting actionable molecular alterations in patients with rare cancers, as well as the role of multidisciplinary care.
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Introduction

Small bowel adenocarcinoma (SBA) is a relatively uncommon, but aggressive, malignancy with dramatically rising incidence (1). Patients with metastatic disease are initially managed with multiagent cytotoxic chemotherapy. Though actionable mutations are rare, targeted agents are preferred in the second-line setting when available (2, 3). Additionally, a subset of SBA patients are eligible for immunotherapies, including immune checkpoint inhibitors (ICI). Specifically, ICI can be applied to patients with SBA tumors harboring DNA mismatch repair deficiencies (MMRd), high microsatellite instability (MSI-H), and/or elevated TMB. Approximately 15% of SBA tumors are MMRd/MSI-H, while ~10% have high TMB defined as ≥ 10 mutations/megabase (mut/Mb) (3, 4). While ICIs are ineffective in unselected SBA patients, response rates of 40-50% have been observed in MMRd/MSI-H patients (5–7). Pembrolizumab, a programmed death-1 (PD-1) inhibitor, gained tumor-agnostic approval for patients with TMB ≥10 mut/Mb based on KEYNOTE-158, though the trial did not specifically include patients with SBA (8). Rare cancer patients with “ultrahigh” TMB, defined as TMB ≥100 mut/Mb, have been described and are somewhat enriched in endometrial, colorectal, and other malignancies characterized by genomic instability (9–11). These tumors are often MMRd/MSI-H and/or harbor mutations in polymerase-encoding genes, such as DNA polymerase ϵ (POLE) or δ1 (POLD1) (9–12). However, such ultramutated cases have not been described in SBA.

Application of immunotherapies, including ICI, can be complicated by patient comorbid conditions, including autoimmune disorders and/or solid organ transplantation. Approximately half of patients with pre-existing autoimmune disorders will experience disease recurrence and/or symptom progression upon initiation of cancer treatment with ICI (8, 13–16). Likewise, nearly half of patients with solid organ transplants experience allograft rejection following ICI treatment (17). However, recent advances have defined immunosuppressive regimens that lower the risk of complications while maintaining ICI efficacy (18).

Here, we present a unique case of a patient with kidney and pancreas transplants with newly diagnosed metastatic, poorly differentiated small bowel adenocarcinoma and an exceptionally high blood TMB (>1000 mut/Mb) who was successfully treated with anti-PD-1 immunotherapy.





Case description

A 65-year-old woman with a history of hypertension, hyperlipidemia, type 1 diabetes, and kidney and pancreas transplants presented to the emergency department with abdominal pain and vomiting. Simultaneous kidney and pancreas transplantation was performed approximately 15 years prior to presentation due to progressive diabetic complications, including neuropathy, retinopathy, diabetic coma, and worsening nephropathy with impending need for dialysis. Her chronic immunosuppression regimen prior to the index hospitalization included tacrolimus (goal 5–8 micrograms/liter), mycophenolic acid (360 mg every 12 hours), and prednisone (5 mg daily). There was a strong family history of cancer, including colorectal cancer in her father (diagnosed in his 60s), gastric cancer in her mother (diagnosed in her 40s), hepatocellular carcinoma in her brother (diagnosed in his 60s), a maternal uncle with pancreatic cancer (diagnosed in his 60s), and a maternal aunt with breast cancer (diagnosed in her 40s).

A computed tomography (CT) scan of the abdomen and pelvis with intravenous contrast revealed a small bowel mass with associated intussusception and mesenteric lymphadenopathy (Figure 1), along with diffuse sclerotic osseous lesions and retroperitoneal lymphadenopathy. A retroperitoneal lymph node core biopsy revealed atypical epithelial cells arranged in nests and as single cells, with rare glandular differentiation, consistent with a poorly differentiated adenocarcinoma (Figure 2). Immunohistochemistry was positive for cytokeratin 7 (CK7) and Caudal-related Homeobox gene 2 (CDX-2), a profile most suggestive of an upper gastrointestinal primary neoplasm. Negative staining for a broad panel of other markers – including cytokeratin 20 (CK20), GATA-3, special AT-rich sequence-binding protein 2 (SATB2), paired-box gene 8 (PAX8), SRY-box transcription factor 17 (SOX17), synaptophysin, chromogranin, hepatocyte paraffin 1 (HepPar-1), arginase, and human melanoma black 45 (HMB-45), further excluded neoplasms from other common primary sites. Her diagnosis was most consistent with metastatic poorly differentiated small bowel adenocarcinoma. Evaluation of MMR proteins: MutL homolog 1 gene (MLH1), MutS homolog 2 (MSH2), MutS homolog 6 (MSH6), and postmeiotic segregation increased 2 (PMS2) by immunohistochemistry, as well as somatic molecular testing, including next generation sequencing (NGS) was unsuccessful due to insufficient amount of tissue. Thus, NGS was conducted via Guardent360® plasma-based liquid biopsy (Guardant Health, Redwood City, CA). The assay reports single nucleotide variants, insertion and deletion variants (indels), fusions and copy number in up to 83 genes, as well as MSI status, and blood-based TMB (bTMB) (19–23). This test revealed pathogenic mutations in MSH2 and MSH6, MSI-H status, and an exceptionally high TMB of 1069 mut/Mb, as well as a POLE E1977* variant detected with a mean allele fraction (MAF) of 0.67%. A full list of all pathogenic mutations detected by the Guardent360® liquid-biopsy test is included in Supplementary Table 1. Subsequent germline testing was performed with Invitae Multi-Cancer Panel (Invitae, San Francisco, CA), which performs full-gene sequencing and deletion and duplication analysis using NGS to test 70 genes associated with cancers of varying organ systems. This did not reveal pathogenic inherited gene mutations, thus excluding Lynch syndrome.

[image: CT scan of the abdomen showing various organs and structures. Black and white arrows point to areas of interest, notably the highlighted regions, including dark and light areas marked with asterisks.]
Figure 1 | Coronal contrast enhanced portal venous phase CT image showing an enhancing lobulated intraluminal mass (white asterisk) measuring 4.6 x 4.0 x 4.1 cm arising from the small bowel wall acting as a lead point (intussusceptum) for an intussusception into the lumen of the right lower quadrant transplant pancreas duodenal cuff (i.e., intussuscipiens, black asterisk). Metastatic mesenteric lymphadenopathy is present in the left mid abdomen (white arrows). A small portion of the head of the transplant pancreas is observed in the right lower quadrant as well as a portion of the left lower quadrant renal transplant (black arrows), both of which demonstrate no radiographic abnormality.

[image: Panel A shows a low-magnification micrograph of a tissue section with dense purple and pink staining, indicating cellular structures. Panel B presents a higher magnification, highlighting specific cellular details with a red arrow pointing to a particular area. Panels C and D exhibit different staining patterns with brown highlights against a light background, indicating different protein expressions in the tissue samples.]
Figure 2 | Representative sections of the retroperitoneal lymph node biopsy. (A) Fibroconnective tissue, infiltrated by atypical epithelial cells arranged in nests and single cells (Hematoxylin and Eosin stain, 20x magnification). (B) Rare focus of glandular differentiation (highlighted by the arrow) is also appreciated, confirming the diagnosis of metastatic poorly differentiated adenocarcinoma (Hematoxylin and Eosin stain, 40x magnification). To determine the potential site of origin, a panel immunohistochemical analysis was performed. The neoplastic cells were positive for Cytokeratin 7 (CK7; 40 x magnification) and Caudal-related Homeobox gene 2 (CDX-2; 40x magnification), shown in (C, D) respectively. Additionally, the lesional cells were negative for CK20, GATA-3, SATB2, PAX-8, SOX017, synaptophysin, chromogranin, HepPar-1, arginase, and HMB-45 (not shown).

Due to unremitting small bowel obstruction (SBO) despite nasogastric decompression and conservative measures, inpatient cytotoxic chemotherapy with FOLFOX was initiated to induce rapid cytoreduction. She received two doses of FOLFOX and subsequently developed evidence of anterograde bowel function resulting in hospital discharge. Extensive multidisciplinary discussions with the patient, medical oncology, and her transplant providers were completed, with conversations centered on the risks and benefits of adding immunotherapy to her regimen given her MMRd/MSI-H status and elevated TMB. The patient noted that she was not afraid of her cancer diagnosis or even mortality, but rather she was afraid of “not living life to the fullest.” For her, recurrent abdominal pain and complications from cancer significantly reduced her quality of life and kept her hospitalized and away from family. As there was a consensus for pursuing immunotherapy, intravenous nivolumab 240 mg every 2 weeks was added to coincide with FOLFOX treatments. Prior to receiving immunotherapy, donor-derived cell-free DNA (dd-cfDNA) was measured using the blood-based Prospera™ test (Natera, Austin, TX). This assay is used for solid organ transplant recipients and discriminates donor and patient DNA using single-nucleotide polymorphisms to report percentage of dd-cfDNA in the patient’s blood (24). The patient’s baseline dd-cfDNA prior to receiving immunotherapy was <0.08% [reference range: dd-cfDNA ≥ 1% associated with increased risk for transplant rejection]. This test would help serve as a reference point so that we could estimate how dd-cfDNA, and therefore the patient’s potential risk for allograph rejection, may change after receiving anti-PD1 immunotherapy.

In anticipation of immunotherapy, her transplant team adjusted her immunosuppression regimen and tacrolimus and mycophenolic acid were replaced with everolimus (goal 4–6 micrograms/liter). Prednisone was also increased from 5 mg to 10 mg daily. After 2 cycles of FOLFOX, she received 3 cycles of chemoimmunotherapy with FOLFOX and nivolumab. A repeat liquid biopsy using Guardent360 Response® (Guardant Health, Redwood City, CA) was performed after 4 cycles of treatment (including 2 cycles with nivolumab), which was approximately 2 months after starting systemic treatment. This assay is similar to Guardent360® and also provides a molecular response score compared to a baseline test. This molecular response score is calculated as a ratio of mean variant allele frequencies between two timepoints, based on somatic single nucleotide variants, small insertion and deletion variants, and gene fusions (25). Testing revealed a 100% decrease in circulating tumor DNA (ctDNA), and the initial MSH2 and MSH6 mutations were undetectable. Furthermore, a repeat computer tomography (CT) scan of the chest, abdomen, and pelvis without intravenous contrast after a total of 5 cycles of treatment, showed resolution of her prior small bowel intussusception, decreased size and conspicuity of the associated small bowel mass, and resolved mesenteric and retroperitoneal lymphadenopathy (Figure 3). While increased sclerotic appearing osseous lesions were noted, a subsequent positron emission tomography (PET) with CT scan showed no evidence of metabolically active disease in the bone or other prior sites of disease, so these changes were felt to reflect treatment effect and bone healing. Together, these data were indicative of clinical, molecular, and radiographic complete response. An overview of the patient’s treatment, laboratory, and imaging milestones is provided in Figure 4.

[image: CT scan shows abdominal organs with arrows indicating specific areas of interest. A white arrow points to the upper right, while two black arrows point to the lower section. An asterisk marks a feature in the center.]
Figure 3 | Follow-up coronal non-contrast CT image after 5 cycles of FOLFOX with 3 doses of nivolumab shows resolution of the small bowel mass and intussusception (white asterisk), resolution of the small bowel obstruction, and resolution of the mesenteric lymphadenopathy (white arrow). The renal and pancreas transplants demonstrated no new abnormality (black arrows).

[image: Timeline diagram showing a medical treatment plan over six months. Month 1: Diagnosis using Guardant360, liquid biopsy reveals TMB of 1069 mutations per megabase, starts Cycle 1 FOLFOX. Month 2: Prospera indicates dd-cfDNA at 0.08%, Nivolumab added to FOLFOX in Cycle 3. Month 3: Guardant360 shows a 100% decrease in cfDNA, completes Cycle 5 with FOLFOX and Nivolumab. Month 4: Prospera reports dd-cfDNA at 0.81%, PET/CT shows no disease evidence. Month 5: Prospera shows dd-cfDNA at 0.19%. Month 6: Guardant360 reveals VAF less than 1%, PET/CT shows no disease evidence.]
Figure 4 | Timeline of treatment milestones and laboratory studies. Mut/Mb, mutations per megabase; dd-cfDNA, donor-derived cell-free DNA; cfDNA, cell-free DNA; VAF, variant allele fraction.

Given the patient’s dramatic clinical and molecular response, multidisciplinary discussions with the patient then centered on the risks and benefits of further cancer-directed treatments. To aid in decision-making, Prospera™ testing was repeated after 5 cycles of treatment, which showed a dd-cfDNA of 0.81% [reference range: dd-cfDNA ≥ 1% associated with increased risk for transplant rejection]. Though remaining below the manufacturer’s 1% reference range for increased risk for rejection, dd-cfDNA was increased compared to the patient’s baseline of <0.08% prior to immunotherapy. Following repeat Prospera™ testing, her transplant team decided to increase immunosuppression by adding tacrolimus (goal 4–6 micrograms/liter), along with a reduction in prednisone to 5 mg daily, and continuing everolimus (goal 4–6 micrograms/liter). Following further discussions with the patient and her transplant team, in the context of evidence of subclinical allograft rejection and complete response, the decision was made to discontinue further cancer-directed therapies in favor of close surveillance.

Prospera™ dd-cfDNA testing was again performed three months after cessation of chemoimmunotherapy, which showed a decrease in dd-cfDNA to 0.19% suggestive of reduced risk of allograft rejection in the setting of chemoimmunotherapy cessation. Repeat PET/CT was completed four months after the final dose of chemoimmunotherapy and did not reveal evidence of recurrent disease. A repeat Guardant360® (Guardant Health, Redwood City, CA) assay was performed four months after therapy complication. This is a 740-gene panel, which had been updated since her initial testing, that reports a methylation-based tumor fraction and identifies alterations in up to 740 genes associated with treatment decision-making. The Guardant360® results showed no detection of MSH2 and MSH6 mutations and a negative MSI-H status. The somatic variants GNAS Q227H and ESR1 R269C were both detected at a VAF below 1%. Guardant360® also includes a novel classifier that combines genomics, methylation, and fragmentomics to distinguish variants of potential clonal hematopoiesis in plasma samples with >98% specificity. The variants DNMT3A W709* (VAF 0.3%), GNAS R201H (VAF 0.09%), NF1 D2346G (VAF 0.2%), and SMO N309S (VAF 0.2%) were all reported as variants of potential clonal hematopoiesis. The patient continues to have no evidence of disease at the time of publication (9 months after cessation of systemic therapy). In the interim, the patient regained significant physical capacity, has resumed part-time employment, and is living a full life. Continued surveillance is anticipated, including repeat PET/CT and Guardant Health liquid biopsy every 3 months.





Discussion

While the rarity of SBA has limited collective knowledge, recent studies have begun to characterize the molecular drivers of SBA tumorigenesis, some of which are clinically actionable (3, 4). These studies have also revealed that signatures of genomic instability, including MMRd/MSI-H and high TMB, are relatively common in SBA. Reported MMRd/MSI-H incidence rates are similar to those noted in colorectal cancer and gynecological cancers, where these deficiencies are most frequent (26, 27). These genomic instabilities are thought to increase expression of neoantigens, which can be detected by the immune system (28). Tissue or histology agnostic treatment options have become increasingly relevant, especially among gastrointestinal malignancies (29, 30). Notably, pembrolizumab first gained Food and Drug Administration (FDA) accelerated tumor-agnostic approval for MMRd/MSI-H malignancies in 2017 based on results from KEYNOTE-016 (31). Full FDA approval was subsequently granted in 2023. Dostarlimab, which also targets PD-1, gained initial FDA approval for MMRd/MSI-H patients in 2021 based on the GARNET trial (6). Both trials demonstrated approximately 40% objective response rates (ORR).

Pembrolizumab is also approved for patients with high TMB based on results from the KEYNOTE-158 trial. SBA was not represented in the trial, and ICI responses in SBA patients with high TMB have not been reported. However, a subset (~10%) of SBA patients appear to harbor tumors with high TMB (3). MMRd/MSI-H malignancies are associated with high TMB (9). Mutations in DNA repair pathways such as BRCA1/2 also result in slight increases in TMB (32, 33). A representative case report of this finding describes a patient with a metastatic ampullary cancer with BRCA2 germline mutation and TMB of 11 mut/Mb, who actually had a marked response to chemotherapy (34). There is also early research that certain medications can influence MMRd or increased TMB expression (35). More striking elevations in TMB have been noted in patients with mutations in POLE and POLD1. These genes, which encode DNA polymerases, contain polymerase and exonuclease domains, the latter of which performs a proofreading function that is essential to maintain DNA fidelity during DNA replication. Loss of function mutations, which usually occur in the exonuclease domain, abrogate this proofreading function. The resultant accumulation of mutations can result in markedly elevated TMB >100 mut/Mb, often referred to as ultrahigh TMB (9–11). Elevated levels of TMB in this range are rare in cancer – even among MMRd bowel cancers there are typically less than 5% with a TMB >100 mut/Mb and less than 1% with TMB >500 mut/Mb (9, 36).

To our knowledge, the case detailed herein is the first reported case with a TMB greater than 100 mut/Mb in SBA. The patient’s SBA harbored an exceptional TMB of 1,069 mut/Mb in the setting of both MMRd/MSI-H disease and a variant in POLE. Notably, while MMRd/MSI-H status alone is associated with high TMB, levels higher than 100 mut/Mb are rare (6). This raises the possibility that the patient’s remarkable mutational burden resulted from a combination of MMRd/MSI-H and loss of function in POLE, as has been reported previously (9, 10, 37). However, the POLE E1977* variant has only been reported in a single additional instance and was associated with a TMB of 182 mut/Mb, though its rarity precluded classification as a pathogenic variant (9). Indeed, large cohorts are required to validate rare POLE variants as pathogenic. Further, this variant does not lie within the proofreading (exonuclease) domain that helps maintain genome integrity and where most pathogenic mutations occur, and in this patient’s case was identified with a low MAF of 0.67% (10). Thus, the mechanisms underlying development of such profoundly elevated mutational burden remain unclear. Notably, though blood-based TMB (bTMB) measurements performed on ctDNA are positively correlated with tissue-derived TMB (tTMB), concordance is limited and some studies estimate that bTMB can be 2–3 times higher than tTMB (38–41). Though the patient therefore could not be classified as ultrahigh TMB, the elevated TMB and dramatic response to an ICI are in line with other reports of immunotherapy for patients with high TMB (12).

Patients with organ transplants are a vulnerable population who must balance appropriate levels of immunosuppression and risk for infection and other complications. Treatment with ICI carries significant risk for allograft rejection. One retrospective study reported allograft rejection in 41% of patients after receiving an ICI (17). Relatedly, a systematic review encompassing reports between 2014 and 2017 reported evidence against the use of ICI due to the high risk of allograft rejection, although this included a relatively small number of patients (20 cases with 12 allograft rejections) (42).

The intersectionality between oncology and solid organ transplantation can be difficult to navigate as the goals for immunosuppression required for organ retention and immune stimulation required for anticancer efficacy conflict with one another. One literature review showed that in patients with solid organ transplants who received immunotherapy, less than one third (30.8%) of patients achieved the preferred outcome of effective immunotherapy with retained transplant (43). As such, oncologists are often hesitant to use ICI in patients with solid organ transplants, preferring to save immunotherapy for situations without suitable alternative treatment options. For this patient, we were initially hesitant to add an ICI to her systemic therapy regimen, preferentially treating with chemotherapy. However, given recurrent small bowel obstructions resulting in prolonged hospitalization and poor quality of life, our decision calculus and the patient’s preference shifted in favor of incorporating immunotherapy. This decision was also influenced by the detection of MMRd/MSI-H status and high TMB.

Once the decision is made to treat a patient with a solid organ transplant with immunotherapy, the question arises about how to detect allograft rejection. An area of research being pioneered in fields such as oncology and obstetrics involves evaluating cfDNA, which is fragmented extracellular DNA that is released into the bloodstream from cells undergoing apoptosis. In transplantation medicine, dd-cfDNA uses this concept to measure fragmented DNA from the donor allograft as an early indicator for organ rejection. Recent studies have shown growing evidence that increased dd-cfDNA is associated with organ rejection, with increased levels of dd-cfDNA being predictive of decline in estimated glomerular filtration rate (eGFR), and increase risk for developing donor specific antibodies or T-cell mediated rejection (44, 45). In practice, there is not yet a gold standard dd-cfDNA level that should provoke a clinical change in management. Early studies indicate that a dd-cfDNA level <1% suggests an absence of active rejection, while a level >1% indicates a higher probability of active rejection (46, 47). In the presented case, dd-cfDNA was measured prior to immunotherapy initiation as well as two months later, after receiving three cycles of chemotherapy with nivolumab. On both occasions, the dd-cfDNA was below the reference target of <1%, however there was a noticeable rise in her dd-cfDNA from <0.08 to 0.81 percent, which led to alterations in the patient’s immunosuppressive regimen.

Since we would expect that the risk for allograft rejection would increase with prolonged ICI treatment, we utilized molecular and radiographic approaches to identify residual disease following initial ICI treatment. A repeat liquid biopsy (Guardant360® assay, assessing up to 740 genes) after the patient’s fourth cycle of treatment showed continued decline of ctDNA and undetectable MSH2 and MSH6 mutations. Studies have suggested that ctDNA can help characterize the molecular profile of a tumor and be utilized to screen for early recurrence (48, 49). Additionally, longitudinal testing may help screen for clonal changes and risk for treatment resistance (50). Relatedly, molecular response assessment based on ctDNA can predict improved progression-free survival and overall survival compared to patients without a molecular response (51, 52). Notably, molecular studies correlated with multiple imaging evaluations, and concordant evidence for this patient was suggestive of a complete response. Furthermore, this response was achieved rapidly, within 2–3 months of starting immunotherapy. Thus, in the context of potential further risks to allograft maintenance, we ultimately opted to stop cancer-directed therapies in favor of close surveillance. There is limited data and no formal protocol defining optimal management of patients in this situation. Surveillance will be completed with PET/CT and Guardant Health liquid biopsy NGS testing every 3 months. Thus far, more than 11 months after her initial diagnosis, she continues to be in complete clinical and molecular remission.

Findings from our single patient case report are difficult to generalize more broadly to SBA patients with high TMB. Additionally, there are limited formal quantitative analyses as part of this study. While many of the concepts discussed and rationale for clinical changes may be informative, the specifics may not necessarily be applicable to other patients. Although this patient experienced a complete response, a positive outcome was not guaranteed and a separate patient may have faced significant adverse effects from anti-PD-1 immunotherapy and/or lack of immunotherapy efficacy. Moreover, we were unable to perform DNA mutational signature analyses which could define the relative contributions of MMRd/MSI-H and mutated POLE to the observed elevated TMB (53). Nevertheless, this case highlights how molecular testing has the potential to expand unique treatment options for patients in difficult clinical situations, particularly when malignant tissue is unavailable or insufficient. Future studies will focus on characterizing the impact of rare POLE and POLD1 mutations, such as the described POLE E1977* variant, to somatic hypermutation in cancer. Interestingly, many of the POLE and POLD1 mutations that appear to contribute to mutation accumulation do not encode DNA within the exonuclease domains (54). Further research is also needed to develop guidelines for use of immunotherapy in patients with allografts and to accurately assess risk for transplant rejection.





Conclusion

We present a case of a patient with aggressive, metastatic, poorly differentiated small bowel adenocarcinoma who had recurrent episodes of small bowel obstruction. She was found to have MMR deficiency, microsatellite instability, and high TMB (>1000 mut/Mb) as reported from liquid biopsy. Thus, in addition to standard-of-care chemotherapy (FOLFOX), she was a unique candidate for anti-PD-1 immunotherapy. However, her history of kidney and pancreas transplants made this a perilous proposition due to concerns for allograph rejection. Despite initiating chemotherapy, she had a prolonged hospitalization with recurrent episodes of abdominal pain due to small bowel obstruction, which prompted the addition of nivolumab at cycle 3. Although collective knowledge on dd-cfDNA is still evolving, it was used here to inform on potential risk for allograft rejection in this unique scenario. She had an excellent response after 5 cycles of systemic therapy (2 cycles with FOLFOX, 3 cycles with FOLFOX plus nivolumab) and achieved a complete remission with this chemoimmunotherapy regimen. While there are certainly risks involved with using immunotherapy in the organ-transplant setting, the reward can be especially advantageous for individuals with MSI-H status and/or high TMB.
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Background

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most aggressive malignancies, with poor outcomes despite therapeutic advancements. Immune checkpoint inhibitors (ICIs) have transformed cancer care, but their efficacy in PDAC is limited due to the tumor’s immunosuppressive microenvironment.





Methods

We systematically reviewed and meta-analyzed clinical outcomes of ICI therapy in PDAC using studies from PubMed, CINAHL, Cochrane Library, and Google Scholar, published up to February 28, 2024. Eligible studies reported objective response rate (ORR), progression-free survival (PFS), or overall survival (OS). Risk of bias was assessed using RoB 2.0 and ROBINS-I. Random-effects models estimated pooled effect sizes.





Results

Fifty-four studies (n = 2,364) were included. ORR ranged from 0% to 67%. ICI-based combinations showed a modest ORR benefit (OR = 1.10; 95% CI: 1.02–1.18) and improved OS when combined with chemotherapy (HR = 0.82; 95% CI: 0.78–0.87). However, ICIs plus radiotherapy were associated with increased mortality (HR = 1.18; 95% CI: 1.04–1.34). PFS improved in select subgroups, particularly in patients with high tumor mutational burden or mismatch repair deficiency.





Conclusion

ICIs combined with chemotherapy may modestly improve survival in PDAC. Outcomes remain heterogeneous and limited, underscoring the need for better biomarker-driven patient selection and more effective combination strategies.
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1 Introduction

Pancreatic adenocarcinoma (PDAC) is among the most lethal and challenging cancers to treat, with limited improvements in survival despite decades of research and clinical advancements [see (1–3)]. Epidemiological studies, such as that by Neoptolemos et al. (4), highlight the poor prognosis associated with PDAC, with five-year survival rates remaining below 2%. This underscores the critical need for effective therapeutic strategies to address this devastating disease.

The molecular and genetic underpinnings of PDAC have been extensively studied, revealing key drivers such as mutations in KRAS, TP53, and CDKN2A [see (5, 6)]. These genetic alterations contribute to the aggressive biology of PDAC, including its dense stromal microenvironment and immunosuppressive characteristics (7, 8). The tumor microenvironment (TME), characterized by high collagen density, fibrotic stroma, and abundant immunosuppressive cells (e.g., regulatory T cells, myeloid-derived suppressor cells), further complicates treatment by promoting therapy resistance, excluding effector immune cells, and limiting drug delivery (7, 9). This “cold” immune milieu with low antigen presentation and limited T-cell infiltration is a key reason for the poor response to immune checkpoint blockade in PDAC. These factors collectively hinder the efficacy of traditional therapies, including surgery, chemotherapy, and radiation, and present a substantial challenge for immunotherapy strategies.

The emergence of immunotherapy, particularly immune checkpoint inhibitors (ICIs), has revolutionized the treatment of various cancers by harnessing the immune system to target and destroy tumor cells [see (10, 11)]. However, in pancreatic cancer, single-agent immunotherapies have generally yielded limited success. Royal et al. (12) showed that the immunosuppressive tumor microenvironment and low mutational burden are major barriers to the efficacy of ICIs in PDAC. Similarly, Quintanilha et al. (13) found that tumor mutational burden and genomic alterations play a critical role in predicting the effectiveness of ICIs. Despite these challenges, there is growing interest in combination therapies that integrate ICIs with other modalities, such as chemotherapy, radiation, targeted therapies, and immunomodulators [see (14, 15)]. These approaches aim to prime the immune system, disrupt tumor defense mechanisms, and overcome resistance to immunotherapy.

Early-phase clinical trials have shown some encouraging results, suggesting that combination therapies may enhance the efficacy of ICIs in PDAC. For example, Anderson et al. (16) demonstrated that combining ICIs with chemotherapy could improve clinical outcomes in certain patient subgroups. Similarly, O’Reilly et al. (17) reported that perioperative chemotherapy significantly enhances survival outcomes for resectable PDAC. However, conflicting outcomes persist, often influenced by variations in study designs, patient populations, and treatment regimens [see (18)]. This underscores the need for a systematic appraisal of the evidence to evaluate the effectiveness of ICIs in PDAC, clarify their role in clinical practice, and guide future research directions.

This study systematically investigates the impact of immune checkpoint inhibitors on key clinical outcomes—specifically progression-free survival (PFS), overall survival (OS), and objective response rate (ORR)—in patients with pancreatic adenocarcinoma. By synthesizing the available evidence, this review aims to provide a comprehensive understanding of the current state of immunotherapy in PDAC, identify gaps in the literature, and offer insights into optimizing treatment strategies for this challenging disease.




2 Methods



2.1 Literature search

A systematic search of PubMed, Embase, Scopus, Web of Science, and ClinicalTrials.gov was conducted from inception to February 28, 2024. The search combined MeSH and free-text terms related to “pancreatic cancer” and “immune checkpoint inhibitors” (ICIs). Full search strings used for each database are provided in Supplementary Table 1.




2.2 Study design

This systematic review and meta-analysis adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (19). The study aimed to evaluate the clinical outcomes of immune checkpoint inhibitors (ICIs) in pancreatic adenocarcinoma (PDAC), focusing on progression-free survival (PFS), overall survival (OS), and objective response rate (ORR).




2.3 Search strategy

A comprehensive literature search was conducted across multiple databases, including PubMed, CINAHL Open Research, Cochrane Library, and Google Scholar, up to [insert date of search]. The search strategy utilized a combination of keywords and Medical Subject Headings (MeSH) terms related to immune checkpoint inhibitors, pancreatic adenocarcinoma, and clinical outcomes (see Supplementary Table 1 for the full search strings). The Rayyan tool (20) was employed to manage and screen the search results.




2.4 Inclusion and exclusion criteria

Studies were selected based on predefined eligibility criteria, modified from the PICOS framework (21):

	Population: Patients diagnosed with pancreatic adenocarcinoma (PDAC).

	Intervention: Immune checkpoint inhibitors (ICIs), either as monotherapy or in combination with other treatments (e.g., chemotherapy, radiotherapy).

	Comparison: Standard treatments (e.g., chemotherapy alone) or placebo.

	Outcomes: Progression-free survival (PFS), overall survival (OS), and objective response rate (ORR).

	Study Design: Randomized controlled trials (RCTs), phase Ib/II/III trials, retrospective studies, and observational studies.



Studies were excluded if they were reviews, meta-analyses, conference abstracts, letters, editorials, or opinion pieces. Additionally, studies involving animal models or non-human subjects were excluded.




2.5 Study selection and data extraction

The study selection process followed the PRISMA flow diagram (see Figure 1). Two independent reviewers screened titles and abstracts for eligibility, followed by full-text review of potentially relevant studies. Discrepancies were resolved through discussion or consultation with a third reviewer. Data extraction was performed using a standardized form, capturing study characteristics (e.g., author, year, study design, sample size), intervention details (e.g., type of ICI, combination therapies), and clinical outcomes (e.g., PFS, OS, ORR).

[image: Flowchart detailing study selection for review. The process includes Identification, Screening, and Inclusion stages. Initially, 545 records were identified. After removing duplicates and ineligible records, 449 records were screened, of which 318 were excluded. Out of 129 reports sought, 127 were assessed, and 54 studies and reports were included. Reasons for exclusion include deviant outcomes, expression investigations, combination with other cancers, and murine models.]
Figure 1 | PRISMA flow diagram illustrating the process of study selection for inclusion in the systematic review and meta-analysis.




2.6 Quality assessment and risk of bias

Risk of bias was assessed using the Cochrane Risk of Bias 2.0 (RoB 2.0) tool for randomized controlled trials (22) and the Risk of Bias in Non-Randomized Studies of Interventions (ROBINS-I) tool for non-randomized studies (23). These tools evaluate key domains of bias, including randomization, deviations from intended interventions, missing data, and outcome measurement. The overall quality of evidence was assessed using the Grading of Recommendations, Assessment, Development, and Evaluations (GRADE) framework (24). Assessment results were visualized using traffic-light plots and considered in the interpretation of pooled results.




2.7 Data analysis

Meta-analyses were conducted using RStudio (version 4.4.2) with the meta package Schwarzer (25). Pooled effect sizes for PFS, OS, and ORR were calculated using random-effects models to account for heterogeneity across studies. Heterogeneity was quantified using the Higgins I2 statistic, with values of 25%, 50%, and 75% indicating low, moderate, and high heterogeneity, respectively. Forest plots were generated to visualize the pooled effect sizes and their 95% confidence intervals. Sensitivity analyses were performed using the leave-one-out method to assess the robustness of the results. Publication bias was evaluated using funnel plots and Egger’s test (26). A p-value of less than 0.05 was considered statistically significant.




2.8 Ethical considerations

This study utilized publicly available data from published studies and did not involve direct human or animal subjects. Therefore, ethical approval was not required.





3 Results



3.1 Study selection process and characteristics

The literature search identified a total of 545 records from PubMed (n = 331), Cochrane Library (n = 42), CINAHL (n = 35), and Google Scholar (n = 137). After removing 95 duplicate records and 1 record marked as ineligible by automation tools, 449 records were screened. Of these, 318 records were excluded based on title and abstract review, leaving 129 reports sought for retrieval. Two reports were not retrieved, and 127 reports were assessed for eligibility. After excluding studies with deviating outcomes (n = 15), those investigating expression (n = 27), studies combining PDAC with other types of cancers (n = 14), and studies involving murine models (n = 17), a total of 54 studies were included in the review. The study selection process is summarized in Figure 1.

The included studies comprised 3 single-center open-label trials, 31 phase II/1b trials, and 14 multi-center randomized studies, with a total participant population of 2,364. The sample sizes of the included studies ranged from 3 to 312 participants, reflecting the heterogeneity in trial phases and study designs. The studies compared various immune checkpoint inhibitor (ICI) dosing regimens with standard chemotherapy (e.g., Paclitaxel, Gemcitabine), other ICIs (e.g., Nivolumab/Ipilimumab), and radiotherapy or other modalities such as vaccines. The data estimation point was 12 months after the targeted drug therapy, with varying follow-up periods. Detailed characteristics of the included studies are presented in Table 1.


Table 1 | Detailed search strategy used for the systematic review across PubMed, CINAHL, Cochrane Library, and Google Scholar.
	Study
	Study design
	Sample size
	Intervention
	Key findings



	Ahnert et al. (27)
	Phase II
	35
	Avelumab + Binimetinib
	No objective responses observed.


	Bassani-Sternberg et al. (28)
	Phase Ib
	3
	Personalized vaccine + Nivolumab
	Safe and immunogenic.


	Beatty et al. (29)
	Open-label
	22
	CP-870,893 + Gemcitabine
	ORR of 19%.


	Bockorny et al. (30)
	Phase II
	43
	Motixafortide + Pembrolizumab + Chemo
	ORR of 13.2%.


	Byrne et al. (31)
	Phase I
	16
	Selicrelumab + Chemo
	1-year OS rate of 100%.










3.2 Risk of bias assessment

The risk of bias in the included studies was assessed using the Cochrane Risk of Bias 2.0 (RoB 2.0) tool for randomized controlled trials (RCTs) and the Risk of Bias in Non-Randomized Studies of Interventions (ROBINS-I) tool for non-randomized studies. The results of the risk of bias assessment are summarized in Figures 2, 3.

[image: Table showing risk of bias assessment for studies ranging from 2013 to 2024 across five domains. Green plus circles indicate low risk, and yellow minus circles indicate some concerns. Most studies show low risk in all domains. Exceptionally, Tsujikawa et al. and Zhou et al., both have some concerns in multiple domains. The overall bias is generally low for all studies.]
Figure 2 | Summary of risk of bias across domains for randomized controlled trials, assessed using the Cochrane RoB 2.0 tool.

[image: Bar chart showing the risk of bias across six categories: overall risk, selection of reported result, measurement of outcome, missing outcome data, deviations from interventions, and randomization process. Each category is mostly green, indicating low risk, while yellow areas indicate some concerns. A key shows green as low risk and yellow as some concerns.]
Figure 3 | Traffic light plot showing domain-level risk of bias judgments for each included randomized controlled trial.



3.2.1 Randomized controlled trials

For RCTs, the RoB 2.0 tool evaluated five domains of bias:

	Bias arising from the randomization process (D1),

	Bias due to deviations from intended interventions (D2),

	Bias due to missing outcome data (D3),

	Bias in measurement of the outcome (D4), and

	Bias in selection of the reported result (D5).



The overall risk of bias for each RCT is visualized in Figure 3. Most RCTs were judged to have a low risk of bias across all domains, although some studies raised concerns in specific areas, such as deviations from intended interventions (D2) and missing outcome data (D3).




3.2.2 Non-randomized studies

For non-randomized studies, the ROBINS-I tool assessed seven domains of bias:

	Bias due to confounding (D1),

	Bias due to selection of participants (D2),

	Bias in classification of interventions (D3),

	Bias due to deviations from intended interventions (D4),

	Bias due to missing data (D5),

	Bias in measurement of outcomes (D6), and

	Bias in selection of the reported result (D7).



The overall risk of bias for non-randomized studies is presented in Figure 4. While many studies were judged to have a moderate risk of bias, some exhibited significant concerns, particularly in the domains of confounding (D1) and selection of participants (D2).

[image: A risk of bias table for multiple studies, listing studies in rows and bias domains labeled D1 to D7 in columns. Each cell contains a circle indicating the risk: green for low risk, yellow for moderate risk. Overall assessment is also shown. Bias domains include confounding, participant selection, intervention classification, deviations, missing data, outcome measurement, and result reporting.]
Figure 4 | Summary of risk of bias across domains for non-randomized studies, assessed using the ROBINSI tool.

The risk of bias assessment revealed that the majority of RCTs had a low risk of bias, whereas non-randomized studies more frequently had a moderate risk of bias, particularly in domains such as confounding and selection of participants. No studies were rated as having a high overall risk of bias. These findings highlight the importance of considering study design when interpreting the results of this meta-analysis. Detailed risk of bias assessments for individual studies are provided in Figures 4, 5.

[image: Bar graph depicting risk of bias across various categories, with most showing low risk (green) and some moderate risk (yellow). Categories include measurement of outcomes, missing data, and selection of participants.]
Figure 5 | Traffic light plot showing domain-level risk of bias judgments for each included non-randomized study.





3.3 Assessment of study quality and risk of bias

The risk of bias in the included studies was assessed using the Risk of Bias 2.0 (Rob 2.0) tool for randomized studies and the Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I) tool for non-randomized studies. The results of the Rob 2.0 assessment are visualized in Figures 2, 3, while the ROBINS-I assessment results are shown in Figures 4, 5.

For randomized studies, the Rob 2.0 tool evaluated five domains of bias: bias arising from the randomization process, bias due to deviations from intended interventions, bias due to missing outcome data, bias in measurement of the outcome, and bias in selection of the reported result. The overall risk of bias was categorized as low, some concerns, or high. The majority of the randomized studies showed a low risk of bias, with some concerns in specific domains such as deviations from intended interventions and missing outcome data [see (32–34)].

For non-randomized studies, the ROBINS-I tool assessed seven domains of bias: bias due to confounding, bias due to selection of participants, bias in classification of interventions, bias due to deviations from intended interventions, bias due to missing data, bias in measurement of outcomes, and bias in selection of the reported result. The overall risk of bias was categorized as low, moderate, serious, or critical. Most non-randomized studies exhibited a moderate risk of bias, with some studies showing serious bias in domains such as confounding and selection of participants (see (27–29)].




3.4 Study characteristics

The study characteristics of the included trials are summarized in Table 2. The table provides details on the study design, sample size, pathology, drugs used, and findings for each of the 54 studies included in this review.



Table 2 | Characteristics of included studies: authorship, year, treatment type, study design, ICI regimen, biomarker status, and treatment line.
	Study
	Study design
	Sample size
	Pathology
	Drug used
	Findings



	Ahnert et al. (27)
	Phase II
	35
	Metastatic PDAC
	Avelumab + binimetinib, Talazoparib + binimetinib
	No objective responses were observed.


	Bassani-Sternberg et al. (28)
	Phase Ib clinical trial
	3
	PDAC
	Personalized autologous dendritic cell vaccine, Aspirin, Gemcitabine, Capecitabine and Nivolumab
	Combination treatment exhibited safety, tolerability and immunogenicity in treating PDAC.


	Beatty et al. (29)
	Open-label, dose-escalation
	22
	PDAC
	CP-870,893 + gemcitabine 
(1,000 mg/m2)
	The overall response rate based on RECIST 1.0 was 19%.


	Bockorny et al. (30)
	Single arm phase II
	43
	PDAC
	Motixafortide and pembrolizumab combined with chemotherapy (nano liposomal irinotecan, fluorouracil, and leucovorin)
	The confirmed ORR was 13.2%, and the incidence of higher neutropenia and infection was 7% lower than expected for the chemotherapy regimen.


	Byrne et al. (31)
	Phase I trial
	16
	Resectable PDAC
	Selicrelumab (0.2 mg/kg)
	Selicrelumab and Gemcitabine plus Nab-paclitaxel showed a one-year OS rate of 100%, while selicrelumab alone showed a survival rate of 81.8% ± 11.8%.


	Callahan et al. (32)
	Open-label, two-stage, phase 1/2 clinical trial
	69
	Advanced/metastatic PDAC
	Nivolumab alone, nivolumab + ipilimumab, nivolumab + ipilimumab + cobimetinib
	Nivolumab with or without ipilimumab did not elicit objective responses, while there were three confirmed partial responses in triplet therapy.


	Chen et al. (35)
	RCT
	84
	Metastatic PC
	Nivolumab with or without Ipilimumab in combination with SBRT
	ORR was 2.4% for treatment with SBRT/nivolumab while ORR was 14.0% following treatment by SBRT/nivolumab/ipilimumab.


	Chen et al. (33)
	Open-label phase 2 clinical trial
	26
	Metastatic PC (24 PDAC, one mucinous carcinoma, one unspecified carcinoma)
	Ipilimumab, nivolumab and tocilizumab
	Combined treatment resulted in a median PFS of 1.6 months (95% CI 1.4–1.7) and a median OS of 5.3 months (95% CI 2.3–8.0).


	Chen et al. (36)
	Single-center 
study
	98
	Advanced PC
	Nivolumab, Cintilimab and pembrolizumab
	NLR and LDH are good prognostic biomarkers in Advanced PC.


	Chen et al. (37)
	Retrospective study
	104
	Advanced PC
	Nivolumab, Cintilimab and pembrolizumab
	PC patients treated with PD-1 may experience hyperprogressive disease (HPD) associated with poor prognosis.


	Chen et al. (38)
	Retrospective Single-Center Study
	27
	Advanced PC
	Anti-PD-1 antibody and gemcitabine plus nab-paclitaxel (GnP)
	GnP with anti-PD-1 antibodies exhibits potential for managing Advanced PC. 
Chen et al. (38)


	Cheng et al. (39)
	Retrospective study
	53
	Unresectable stage III/IV PC
	Gemcitabine and nab-paclitaxel
	The treatment showed superior efficacy to chemotherapy alone in PC.


	Christensen et al. (40)
	Phase II study
	312
	PDAC
	Nivolumab alone and combination of Ipilimumab and nivolumab
	Gal-1 was significantly associated with longer PFS in multivariable Cox regression analysis.


	Du et al. (41)
	Exploratory, phase II trial
	29
	Locally advanced or borderline resectable pancreatic adenocarcinoma
	Tislelizumab and AG
	PD-1 inhibitors and neoadjuvant chemoradiotherapy are effective in managing PC.


	Gong et al. (42)
	Retrospective study
	104
	Advanced PC
	Cintilimab, pembrolizumab, camrelizumab, toripalimab, sintilimab and tislelizumab
	Combined therapy was safe and effective.


	
Storandt et al. (43)
	Observational
	21932
	PDAC
	Pembrolizumab or Nivolumab (monotherapy)
	Longer survival observed in patients with high-TMB receiving ICI compared with those with low-TMB.


	Kamath et al. (44)
	Phase Ib, 3 + 3 dose-escalation 
design
	21
	PDAC
	Gemcitabine with Implicinab
	A combination of gemcitabine with Implicinab showed an ORR of 14%, median PFS of 2.78 months and median OS of 6.90 months.


	Katz et al. (45)
	RCT
	37
	PDAC
	Pembrolizumab + chemoradiotherapy (capecitabine and radiation)
	Median OS was 27.8 months following treatment by Pembrolizumab plus chemoradiotherapy, while chemoradiotherapy exhibited a median OS of 24.3 months.


	Ko et al. (34)
	RCT
	108
	PDAC
	Atezolizumab plus PEGPH20
	A combination of Atezolizumab plus PEGPH20 exhibited an ORR of 6.1%, while Gemcitabine plus nab-paclitaxel showed an ORR of 2.4%.


	Le et al. (46)
	RCT
	30
	PDAC
	Ipilimumab 10 mg/kg and Ipilimumab 10 mg/kg + 
GVAX
	Ipilimumab alone showed a median OS of 3.6 months (95% CI, 2.5–9.2) while treatment with Ipilimumab plus GVAX showed a median OS of 5.7 months (95% CI, 4.3–14.7).


	Lemech et al. (47)
	Open-label phase Ib clinical trial
	58
	Metastatic colorectal cancer and PDAC
	Pixatimod (25mg or 50mg) plus Nivolumab (240mg)
	Pixatimod, in combination with nivolumab, is well tolerated at 25mg and achieved a disease control rateof 44%.


	Liu et al. (48)
	Retrospective study
	66
	PDAC
	Nab-paclitaxel plus S1 (NPS) with Sintilimab (combination group)
	Median OS: 16.8 months (combination group) vs. 10.0 months (NPS group).


	Liu et al. (49)
	Retrospective study
	52
	Advanced PC
	Cintilimab and camrelizumab
	Combined therapy exhibited higher efficacy with manageable adverse reactions.


	Luo et al. (50)
	Retrospective cohort
	359
	PDAC
	Chemotherapy combined with immune checkpoint inhibitors (ChIM)
	In patients without PEI, ChIM improved 1-year OS (70.8% vs 47.2%) and median OS (22.0 months vs 11.0 months).


	Ma et al. (51)
	Retrospective study
	58
	Advanced PC
	Nivolumab, pembrolizumab and atezolizumab
	Immune checkpoint inhibitors with chemotherapy are effective and safe.


	Ma et al. (52)
	Retrospective study
	103
	Locally Advanced PC
	Nivolumab, Atezolizumab, toripalimab, camrelizumab and pembrolizumab
	PD-1 blockage with IRE and chemotherapy improved antitumor immunity and survival.


	Ma et al. (52)
	Retrospective study
	126
	Advanced PC
	Nivolumab, Cintilimab and pembrolizumab
	Median OS of 12.1 months, and median PFS of 4.6 months.


	Mahalingam et al. (53)
	Phase II
	34
	Pancreatic adenocarcinoma
	Pelareorep and gemcitabine
	Combination treatment of Pelareorep and gemcitabine was well tolerated with manageable non-hematological toxicities and exhibited a median OS of 10.2 months and PFS of 3.4 months.


	Mahalingam et al. (54)
	Phase Ib, Single-arm
	11
	PDAC
	Pelareorep, Pembrolizumab, 
Chemotherapy
	Pelareorep in combination with pembrolizumab and chemotherapy yielded a median PFS of 2.0 months and a median OS of 3.1 months.


	Melisi et al. (55)
	Phase 1 B study
	32
	Advanced Refractory metastatic PC (ARPC)
	Durvalumab and galunicertib
	The treatment was tolerable with limited clinical activity.


	O’Hara et al. (56)
	RCT
	30
	Metastatic pancreatic adenocarcinoma
	Sotigalimab, gemcitabine, nab-paclitaxel and nivolumab
	Combination treatment of gemcitabine plus nab-paclitaxel and APX005M in cohorts B1 and B2 exhibited an ORR of 67% and 33%.


	O’Neill et al. (57)
	Phase 1b, open-label
	10
	PDAC
	Nivolumab
	Mean PFS was 6.8 months, and median estimates of OS were 18.0 months.


	Overman et al. (58)
	RCT
	77
	PDAC
	Acalabrutinib 100 mg twice daily
	Median PFS was 1.4 months in both the monotherapy and combination treatment groups.


	Padron et al. (59)
	RCT
	105
	mPDAC
	Nivolumab, Sotigalimab, Gemcitabine/nab-paclitaxel
	1-year OS: nivo/chemo 57.7%, sotiga/chemo 48.1%, sotiga/nivo/chemo 41.3%. Median OS: nivo/chemo 16.7 months, sotiga/chemo 11.4 months, sotiga/nivo/chemo 10.1 months.


	Randolph et al. (60)
	Open-label phase 1b trial
	39 patients (29 PDAC)
	Advanced metastatic PDAC
	Pegilodecakin plus flurouracil/leucovorin/oxaliplatin (FOLFOX)
	A combination of pegilodecakin and FOLFOX resulted in an overall response rate of 13.6%,a median PFS of 2.6 months, and a median OS of 6.8 months.


	Reddy et al. (61)
	Retrospective review
	68
	PDAC
	Anti-PD-1 antibody + SBRT
	Post-SBRT NLR 3.2 is associated with a median OS of 15.6 months vs. 27.6 months in patients with post-SBRT NLR ¡3.2.


	Reiss et al. (62)
	RCT
	91, 44 = niraparib/nivolumab, 
40 = niraparib/
pilimumab)
	Advanced PC
	Nivolumab, ipilimumab and niraparib
	Noncytotoxic maintenance therapies have potential in Advanced PC patients.


	Renouf et al. (63)
	RCT
	180
	Metastatic PDAC
	Gemcitabine, Nab-Paclitaxel, Durvalumab, Tremelimumab
	Chemotherapy alone exhibited superior OS compared to combination immunotherapy (median OS: 9.8 months vs. 8.8 months).


	Royal et al. (12)
	Phase II clinical trial
	27
	PDAC
	Ipilimumab
	No responders by RECIST criteria; the majority experienced rapid progression and severe side effects following treatment of PDAC with Ipilimumab.


	Song et al. (64)
	Retrospective study
	18
	Advanced PC
	Pablizumab, sindilizumab and tirelizumab
	Combination therapy is safe and effective.


	Sun et al. (65)
	Retrospective study
	43
	Advanced PC
	Pembrolizumab, atezolizumab, nivolumab and ipilimumab
	Immune checkpoint inhibitors showed efficacy in the treatment of advanced PC.


	Taieb et al. (66)
	Retrospective study
	31
	Advanced PDAC
	Anti-PD-1 antibodies, a combination of nivolumab and ipilimumab, immunotherapy + 
chemotherapy
	The median PFS was 26.7 months, the median OS was not reached, and objective response was only evident in 48.4% of the patients.


	Tsujikawa et al. (67)
	RCT
	93
	Metastatic PC
	Arm A: Cy/GVAX/CRS-207 + 
Nivolumab, Arm B: Cy/GVAX/CRS-207
	Objective responses were only achieved in 4% of patients in Arm A and 2% of patients in Arm B, and the median OS was 5.9 months in Arm A and 6.1 months in Arm B.


	Van Laethem et al. (68)
	Single-arm, phase 1b/2
	70
	Metastatic PDAC
	Mitazalimab (450 μg/kg or 900 μg/kg), mFOLFIRINOX (oxaliplatin, leucovorin, irinotecan, fluorouracil)
	Treatment using mitazalimab with mFOLFIRINOX resulted in an ORR greater than 30%.


	Wainberg et al. (69)
	Phase 1 trial
	50
	Advanced PC
	Nivolumab
	Combination therapy safety was favourable.


	WangGillam et al. (70)
	Multicenter, open-label, phase I study
	30
	PDAC
	Defactinib, pembrolizumab, gemcitabine
	Refractory cohort: PFS 3.6 months, OS 7.8 months; Maintenance cohort: PFS 5.0 months, OS 8.3 months.


	Xie et al. (71)
	Two-cohort, four-arm, open-label
	59
	PDAC
	Durvalumab, Durvalumab + 
Tremelimumab
	Partial response was only achieved by two patients, and the overall response rate was 5.1%. Median PFS and OS was 1.7 months.


	Yang et al. (72)
	Single-centre retrospective study
	45
	PDAC
	Nivolumab-based therapy
	Patients with spleens 267 mL had significantly shorter median OS (1.9 months) compared to those with smaller spleens (8.2 months).


	Zhou et al. (73)
	Prospective, observational study
	64
	Pancreatic adenocarcinoma
	Sintilimab 200 mg
	The ORR was higher in the observation group than in the control group.


	Zibelman et al. (74)
	Phase I, dose-escalation
	26
	Metastatic solid tumors
	IFN-γ and nivolumab
	The median OS was 7.9 months (95%CI 5.6–15.4). The median PFS was 3.0 months (95%CI 2.0–3.3).


	Mortensen et al. (75)
	RCT
	32
	PC
	Nivolumab, Ipilimumab
	Strong TGF–15-specific immune response at treatment initiation was associated with improved PFS and OS.


	Enzler et al. (76)
	RCT
	36
	PDAC
	CBP501 (16 or 25 mg/m2), cisplatin (60 mg/m2), nivolumab (240 mg)
	Combination treatment of CBP (25)/CDDP/nivo showed promising efficacy with 44.4% 3MPFS, manageable safety profile, and 22.2% ORR in arm 1.


	Weiss et al. (77)
	Phase Ib clinical trial
	17
	Metastatic PDAC
	Gemcitabine, nab-paclitaxel, pembrolizumab
	The median PFS was 9.1 months and OS was 15.0 months following treatment.


	Zhu et al. (78)
	RCT
	170
	PDAC
	SBRT, pembrolizumab (200 mg intravenously once every 
3 weeks), and trametinib (2 mg orally once daily)
	Combination treatment of SBRT + pembrolizumab/trametinib exhibited a higher median OS of 14.9 months while treatment with a combination of SBRT + gemcitabine exhibited a Median OS of 12.8 months.










3.5 Thematic meta-analysis of outcomes



3.5.1 Objective response rate

The objective response rate (ORR) in metastatic pancreatic ductal adenocarcinoma (PDAC) exhibited significant variability across different treatment combinations. As shown in Table 3, the ORR ranged from 0% to 67%, depending on the treatment regimen. Notably, combinations such as Motixafortide + Pembrolizumab + Chemotherapy achieved an ORR of 21.1%, while Avelumab + Binimetinib and Talazoparib + Binimetinib showed no objective responses.


Table 3 | Summary of single-arm trials evaluating immune checkpoint inhibitors in PDAC.
	Treatment Combination
	ORR (95% CI)
	Reference



	Motixafortide + Pembrolizumab + Chemo
	21.1% (8.1–34%)
	Bockorny et al. (30)


	Avelumab + Binimetinib
	0%
	Ahnert et al. (27)


	Talazoparib + Binimetinib
	0%
	Ahnert et al. (27)


	Nivolumab (alone or with Ipilimumab)
	0%
	Callahan et al. (32)


	Gemcitabine + Implicinab
	14%
	Kamath et al. (44)


	Gemcitabine/Nab-paclitaxel (alone)
	25.90%
	Liu et al. (49)


	Atezolizumab + PEGPH20
	6.1% (1.7–14.8%)
	Ko et al. (34)


	Gemcitabine + Nab-paclitaxel
	2.4% (0.1–12.6%)
	Ko et al. (34)


	Nivolumab + Ipilimumab + Cobimetinib
	6.7% (Investigator)
	Callahan et al. (32)


	Cyclophosphamide + CRS-207 + GVAX + Nivolumab
	4%
	Tsujikawa et al. (67)


	Cyclophosphamide + CRS-207 + GVAX (without Nivolumab)
	2%
	Tsujikawa et al. (67)


	Chemotherapy + Nivolumab
	50% (32–68%)
	Padron et al. (59)


	Sotigalimab + Chemotherapy
	33% (19–51%)
	Padron et al. (59)


	Nivolumab + Sotigalimab + Chemotherapy
	31% (17–49%)
	Padron et al. (59)


	Anti-PD-1 + Nivolumab/Ipilimumab + Chemo
	48.40%
	Taieb et al. (66)


	Gemcitabine + Nab-paclitaxel + APX005M (B1/B2)
	67%/33%
	O’Hara et al. (56)







Only six studies met the eligibility criteria for quantitative pooling of ORR data, which required the availability of both event counts and total sample sizes for treatment and control arms. Meta-analysis of these six studies revealed no significant difference in ORR between chemotherapy alone and chemotherapy combined with immune checkpoint inhibitors (ICIs), with an odds ratio (OR) of 1.78 (95% CI: 1.46–2.16). However, high heterogeneity (I2 = 85%) indicated variability across studies, as visualized in Figure 6.

[image: Forest plot displaying odds ratios from six studies. Each study has a red square representing the odds ratio and a horizontal line showing the confidence interval. The overall summary odds ratio is depicted as a black diamond at the bottom, with a value of 1.78 and a confidence interval of [1.46, 2.16]. Heterogeneity statistics are included, indicating substantial variability among studies.]
Figure 6 | Forest plot of pooled odds ratios for objective response rate (ORR) comparing ICI plus chemotherapy versus chemotherapy alone in PDAC.

A pooled analysis of ICB therapies demonstrated a modest ORR improvement of 10% (OR = 1.10; 95% CI: 1.02–1.18), with no heterogeneity (I2 = 0%) across studies, as shown in Figure 7. Conversely, combining ICBs with radiotherapy yielded a pooled OR of 1.35 (95% CI: 0.99–1.83), bordering statistical significance, with substantial heterogeneity (I2 = 96%), as illustrated in Figure 8. The subgroup analyses of ICB monotherapy and ICB combined with radiotherapy were based on only two and three studies, respectively. These limited numbers restrict the generalizability of the findings and warrant cautious interpretation of the pooled effect estimates.

[image: Forest plot showing the results of two studies by Overman et al., 2020 and Sun et al., 2018, comparing objective response rates (ORR). The studies report log odds ratios (logOR) of 0.0790 and 0.1050, respectively, with standard errors. Odds ratios (OR) are 1.08 and 1.11, with 95% confidence intervals of [1.02; 1.24] and [1.05; 1.28]. Combined OR under the random effects model is 1.10 with a confidence interval of [1.02; 1.18]. Weights are 49.2% and 50.8%. Heterogeneity measures are I² = 0%, τ² = 0, p = 0.71.]
Figure 7 | Forest plot showing pooled odds ratio for ORR in patients receiving immune checkpoint blockade monotherapy.

[image: Forest plot showing studies by Xie et al., 2020, Du et al., 2023, Christensen et al., 2024 with log odds ratios and confidence intervals. The random effects model OR is 1.35 with a 95% CI of [0.99, 1.83] and 100% weight. Heterogeneity is high with I-squared of 96%. The plot includes effect sizes and confidence intervals for each study on the Objective Response Rate (ORR) scale.]
Figure 8 | Forest plot showing pooled odds ratio for ORR in patients receiving ICIs combined with radiotherapy.

Among the six studies included in the pooled ORR meta-analysis, three evaluated ICI monotherapy, while the others investigated combination regimens involving chemotherapy or targeted agents. Monotherapy arms consistently reported very low ORRs (typically below 5%), whereas combinations such as Motixafortide + Pembrolizumab + chemotherapy achieved ORRs above 20%. The overall pooled ORR was driven largely by these combination arms, underscoring the limited activity of ICIs as standalone agents in PDAC.




3.5.2 Overall survival

Analysis of overall survival (OS) outcomes across 15 studies demonstrated a significant survival benefit for chemotherapy combined with ICIs, with a pooled hazard ratio (HR) of 0.82 (95% CI: 0.78–0.87), indicating an 18% reduction in the risk of death. The results were consistent across studies, with no heterogeneity (p = 0%), as shown in Figure 9. In contrast, monotherapy with ICIs showed more variable outcomes, with pooled HRs closer to 1 and larger confidence intervals, suggesting limited benefit in unselected PDAC populations Figure 10.

[image: Forest plot showing hazard ratios from multiple studies assessing overall survival. Each study is listed with log hazard ratio, standard error, hazard ratio, confidence intervals, and weight. The summary hazard ratio is 0.82 with a confidence interval of 0.78 to 0.87. Heterogeneity measures are provided: I² equals 0%, tau² equals 0, chi² equals 9.83 with a p-value of 0.77.]
Figure 9 | Forest plot of pooled hazard ratios for overall survival (OS) comparing ICI plus chemotherapy to chemotherapy alone in PDAC.

[image: Forest plot depicting hazard ratios from various studies on a single topic. Studies listed are from 2019 to 2023. Each study shows a hazard ratio with a corresponding 95% confidence interval and study weight. The overall hazard ratio is 0.82 with a 95% confidence interval of 0.76 to 0.88. Heterogeneity shows I squared equals 0 percent and p equals 0.81. A random effects model was used.]
Figure 10 | Forest plot of hazard ratios for OS in patients treated with ICI monotherapy.

However, when ICIs were combined with radiotherapy, the pooled HR was 1.18 (95% CI: 1.04–1.34), reflecting a statistically significant increase in mortality risk, as illustrated in Figure 11. The analysis of OS in PDAC treatments highlights the variability across therapeutic strategies, with individual study outcomes summarized in Tables 4–7.

[image: Forest plot showing hazard ratios for six studies with confidence intervals. Studies include Mortensen et al., Xie et al., Chen et al., Du et al., Christensen et al. The overall random effects model shows a hazard ratio of 1.18 with a ninety-five percent confidence interval of 1.04 to 1.34. Heterogeneity is I squared equals 56 percent.]
Figure 11 | Forest plot of hazard ratios for OS in patients treated with ICIs combined with radiotherapy.


Table 4 | Studies providing direct comparisons between ICI-based therapies and standard care in PDAC - Overall Survival outcomes.
	Study
	Treatment arm
	Control arm
	OS Diff.
	Statistics



	Overman et al. (58)
	Acala + Pembro
	Acala alone
	+0.2m
	–


	Luo et al. (50)
	Chemo + ICIs
	Chemo alone
	+11m
	–


	Ko et al. (34)
	Atezo + PEGPH20
	Gem + Nab-pac
	+0.3m
	–


	Renouf et al. (63)
	Chemo + ICI
	Chemo alone
	+1m
	p = 0.72)


	Cheng et al. (39)
	PD-1 + Chemo
	Chemo alone
	+7m
	HR = 0.345, p < 0.001)





Abbreviations: Acala = Acalabrutinib; Pembro = Pembrolizumab; Atezo = Atezolizumab; Gem = Gemcitabine; Nab-pac = Nab-paclitaxel; Chemo =Chemotherapy; ICIs = Immune checkpoint inhibitors




Table 5 | Overall survival outcomes from single-arm studies of ICI-based therapies in PDAC.
	Study
	Treatment combination
	Median OS (months)



	Bockorny et al. (30)
	Motixafortide + Pembrolizumab + Chemotherapy
	6.6


	Katz et al. (45)
	Pembrolizumab + Chemoradiotherapy
	27.8


	Mahalingam et al. (54)
	Pelareorep + Pembrolizumab + Chemotherapy
	3.1


	Liu et al. (48)
	Nab-paclitaxel + S1 + Sintilimab
	16.8


	Ma et al. (51)
	Various ICIs + Chemotherapy
	12.1


	O’Neill et al. (57)
	Nivolumab monotherapy
	18.0


	Randolph et al. (60)
	Pegilodecakin + FOLFOX
	6.8


	Weiss et al. (77)
	Gemcitabine + Nab-paclitaxel + Pembrolizumab
	15.0








Table 6 | Overall survival outcomes for studies with multiple treatment cohorts.
	Study
	Cohort/Treatment Combination
	Median OS (months)



	O’Hara et al. (56)
	B1: Gemcitabine + Nab-paclitaxel + APX005M
	12.7–20.1


	O’Hara et al. (56)
	B2: Gemcitabine + Nab-paclitaxel + APX005M
	15.9


	Padron et al. (59)
	Nivolumab + Chemotherapy
	16.7


	Padron et al. (59)
	Sotigalimab + Chemotherapy
	11.4


	Padron et al. (59)
	Nivolumab + Sotigalimab + Chemotherapy
	10.1


	Le et al. (46)
	Ipilimumab alone
	3.6


	Le et al. (46)
	Ipilimumab + GVAX
	5.7








Table 7 | Progression-free survival (PFS) outcomes from direct comparison studies.
	Study
	Treatment Arm
	Control Arm
	PFS Diff.
	Stats



	Katz et al. (45)
	Pembro + ChemoRT
	ChemoRT alone
	+4.1m
	–


	Renouf et al. (63)
	Chemo + ICI
	Chemo alone
	+0.1m
	p = 0.91


	Ko et al. (34)
	Atezo + PEGPH20
	Gem + Nab-pac
	-0.8m
	–


	Overman et al. (58)
	Acala + Pembro
	Acala alone
	0m
	–





Abbreviations: Pembro = Pembrolizumab; ChemoRT = Chemoradiotherapy; Atezo = Atezolizumab; Gem = Gemcitabine; Nab-pac = Nab-paclitaxel; Acala = Acalabrutinib






3.5.3 Progression-free survival

The progression-free survival (PFS) outcomes for treatments involving ICIs in PDAC were analyzed across multiple studies. Meta-analysis demonstrated a consistent improvement in PFS, with a pooled HR of 2.25 (95% CI: 2.15–2.36) and low heterogeneity (I2 = 7%), as shown in Figure 12. Individual treatment combinations showed varying degrees of efficacy, with some promising results from novel combinations, as detailed in Tables 8–10.

[image: Forest plot showing a meta-analysis of various studies from 2019 to 2024, listing logHR, SE(logHR), HR, 95% confidence intervals, and weights. The studies have hazard ratios ranging from 1.92 to 2.56, with a combined HR of 2.25. Heterogeneity statistics include I² at 7%, τ² at 0.0008, and p-value at 0.37. The plot illustrates study weights with horizontal lines and a diamond representing the overall effect.]
Figure 12 | Forest plot of hazard ratios for progression-free survival (PFS) in patients treated with ICIs in various combinations.


Table 8 | Progression-free survival (PFS) outcomes from single-arm studies.
	Study
	Treatment Combination
	Median PFS (months)



	Overman et al. (58)
	Acalabrutinib monotherapy
	1.4


	Overman et al. (58)
	Acalabrutinib + Pembrolizumab
	1.4


	Bockorny et al. (30)
	Motixafortide + Pembrolizumab + Chemotherapy
	3.8


	Chen et al. (35)
	SBRT + Nivolumab
	1.7


	Chen et al. (35)
	SBRT + Nivolumab + Ipilimumab
	1.6–2.8


	Ko et al. (34)
	Atezolizumab + PEGPH20
	1.5


	Ko et al. (34)
	Gemcitabine + Nab-paclitaxel
	2.3


	Mahalingam et al. (53)
	Gemcitabine + Pelareorep
	3.4


	Ma et al. (52)
	Various ICIs + Chemotherapy
	4.6


	Weiss et al. (77)
	Gemcitabine + Nab-paclitaxel + Pembrolizumab
	9.1








Table 9 | Progression-free survival (PFS) outcomes for studies with multiple treatment cohorts.
	Study
	Cohort/Treatment Combination
	Median PFS (months)



	O’Hara et al. (56)
	B1: Gemcitabine + Nab-paclitaxel + APX005M
	12.5


	O’Hara et al. (56)
	B2: Gemcitabine + Nab-paclitaxel + APX005M
	10.4


	O’Hara et al. (56)
	C1: Above + Nivolumab
	10.8


	O’Hara et al. (56)
	C2: Above + Nivolumab
	12.4


	Chen et al. (38)
	Ipilimumab + Nivolumab + Tocilizumab
	1.6


	Du et al. (41)
	Tislelizumab + AG
	Not reported








Table 10 | Progression-free survival (PFS) outcomes for patients treated with ICI-based therapies, stratified by study design and treatment combination.
	Cohort
	Treatment combination
	Median PFS (months)



	B1
	Gemcitabine + Nab-paclitaxel + APX005M
	12.5


	B2
	Gemcitabine + Nab-paclitaxel + APX005M
	10.4


	C1
	Above + Nivolumab
	10.8


	C2
	Above + Nivolumab
	12.4







The PFS benefits were predominantly observed in studies using ICI combinations with chemotherapy or radiotherapy. Monotherapy regimens, when analyzed separately, did not show consistent PFS improvements and were generally less effective in delaying progression.






4 Discussion

This study investigated the role of immune checkpoint inhibitors (ICIs) in the treatment of pancreatic ductal adenocarcinoma (PDAC). Despite significant advancements in immunotherapy, the results of this meta-analysis highlight the complex and often mixed outcomes associated with ICIs, both as monotherapy and in combination with other treatments.




4.1 Combination therapy with chemotherapy

The combination of ICIs with chemotherapy demonstrated a significant survival benefit, with a pooled hazard ratio (HR) of 0.82 (95% CI: 0.78–0.87), indicating an 18% reduction in the risk of death. This finding suggests a potential synergistic effect between chemotherapy and ICIs, where chemotherapy may prime the immune system and enhance the efficacy of ICIs. The consistent results across studies, with no heterogeneity (I2 = 0%), further support the robustness of this conclusion.

However, the objective response rate (ORR) analysis revealed only modest improvements, with a 10% increase (OR = 1.10; 95% CI: 1.02–1.18) compared to standard treatments. This suggests that while combination therapy may improve survival, its impact on tumor response remains limited.

This discrepancy may be explained by the immunomodulatory effects of chemotherapy, which can enhance T-cell priming and reduce immunosuppressive cells in the tumor microenvironment without necessarily inducing substantial tumor shrinkage. Moreover, ICIs may contribute to prolonged disease stabilization and immune memory responses that delay progression or recurrence, resulting in longer survival without a corresponding increase in measurable tumor regression. These mechanisms could explain the divergence between ORR and OS outcomes observed in this analysis.




4.2 Combination therapy with radiotherapy

In contrast, the combination of ICIs with radiotherapy yielded less favorable outcomes. The pooled HR of 1.18 (95% CI: 1.04–1.34) indicated a statistically significant increase in mortality risk, with substantial heterogeneity (I2 = 96%) across studies. This adverse effect may be attributed to the complex interplay between radiation-induced inflammation and immune checkpoint blockade, potentially leading to immunerelated adverse events or exacerbation of tumor progression. These findings underscore the need for careful consideration when combining ICIs with radiotherapy in PDAC.




4.3 Progression-free survival

The meta-analysis of progression-free survival (PFS) demonstrated a consistent improvement with a pooled HR of 2.25 (95% CI: 2.15–2.36) and low heterogeneity (I2 = 7%). This suggests that ICIs, particularly in combination with chemotherapy, can delay disease progression. However, the variability in PFS outcomes across individual studies highlights the need for further research to identify the optimal treatment regimens and patient subgroups that may benefit the most.




4.4 Challenges and future directions

The variable efficacy of ICIs in PDAC underscores the challenges posed by the tumor microenvironment, which is characterized by dense stroma and immunosuppressive mechanisms. The low mutational burden and expression of inhibitory immune checkpoints in PDAC further limit the effectiveness of ICIs as monotherapy. While combination approaches, particularly with chemotherapy, show promise, their benefits appear to be limited to specific patient subgroups. Future research should focus on identifying predictive biomarkers to optimize patient selection and exploring novel combination strategies, such as ICIs with targeted therapies or cancer vaccines, to overcome the immunosuppressive nature of PDAC.

Several limitations should be acknowledged. First, many included studies had small sample sizes, which limits the precision of effect estimates and increases susceptibility to bias. Second, there was considerable clinical and methodological heterogeneity across studies, particularly in treatment combinations, outcome definitions, and patient characteristics. Third, only a minority of studies were randomized controlled trials; the majority were early-phase or retrospective, limiting the strength of the evidence. Ongoing clinical trials, such as NCT04536077 and NCT04317040, are currently investigating novel ICI-based combinations and may provide more definitive insights into their role in PDAC. Continued enrollment in these and similar studies will be essential to clarify the therapeutic value of ICIs in this challenging setting.





5 Conclusion

This systematic review and meta-analysis evaluated the efficacy of immune checkpoint inhibitors (ICIs) in the treatment of pancreatic ductal adenocarcinoma (PDAC). The findings highlight both the potential benefits and limitations of immunotherapy in this challenging disease.

The combination of ICIs with chemotherapy demonstrated a significant survival benefit, with an 18% reduction in the risk of death (HR = 0.82; 95% CI: 0.78–0.87) and consistent results across studies. This suggests a synergistic effect between chemotherapy and ICIs, where chemotherapy may enhance the immune response and improve outcomes. However, the modest improvement in objective response rates (OR = 1.10; 95% CI: 1.02–1.18) indicates that the impact of combination therapy on tumor response remains limited.

In contrast, the combination of ICIs with radiotherapy was associated with an increased mortality risk (HR = 1.18; 95% CI: 1.04–1.34), highlighting the potential adverse effects of this approach. The substantial heterogeneity (I2 = 96%) across studies underscores the complexity of combining ICIs with radiotherapy and the need for careful patient selection.

Progression-free survival (PFS) analysis revealed a consistent improvement with ICIs, particularly in combination with chemotherapy (HR = 2.25; 95% CI: 2.15–2.36). However, the variability in PFS outcomes across individual studies suggests that not all patients benefit equally, emphasizing the need for personalized treatment strategies.

Despite these promising findings, the overall impact of ICIs on PDAC remains limited, with no significant improvement in outcomes for most patients. The immunosuppressive tumor microenvironment, low mutational burden, and expression of inhibitory immune checkpoints in PDAC pose significant challenges to the efficacy of immunotherapy. Future research should focus on identifying predictive biomarkers to optimize patient selection and exploring novel combination therapies, such as ICIs with targeted therapies or cancer vaccines, to overcome these barriers.

In summary, while immunotherapy has yet to revolutionize the treatment of PDAC, the occasional reports of durable responses and long-term survival provide hope that, with further refinement, ICIs may play a crucial role in improving outcomes for select patient subgroups. Continued efforts to optimize immunotherapy strategies and integrate them into personalized treatment plans are essential to address the unmet needs of patients with this aggressive and often fatal disease.
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Age 0.778 0.378
<65 44 (31.2) 34 (33.3) 10 (25.6)

265 97 (68.8) 68 (66.7) 29 (74.4)

Gender 0.084 0.771
Male 95 (67.4) 68 (66.7) 27 (69.2)

Female 46 (32.6) 34 (33.3) 12 (30.8)

Smoking history 3.062 0.080
No 60 (42.6) 48 (47.1) 12 (30.8)

Yes 81 (57.4) 54 (52.9) 27 (69.2) 0

ECOG ‘ 3.012 0.083
0-1 85 (60.3) 66 (64.7) 19 (48.7)

>2 56 (39.7) 36 (35.3) 20 (51.3)

Stage 0.031 ‘ 0.860
it 49 (34.8) 35(34.3) ‘ 14 (35.9)

v 92 (65.2) 67 (65.7) 25 (64.1)

‘Tumor location 0.595 0.743
Cervical or upper thoracic 37 (262) 27 (26.5) 10 (25.6)

Middle thoracic 62 (44.0) 43 (42.2) 19 (48.7)

Lower thoracic 42 (29.8) 32 (31.4) 10 (25.6)

Metastatic sites ‘ 0.692 0405
<2 109 (77.3) ‘ 77 (75.5) 32 (82.1)

>2 32 (22.7) 25 (24.5) 7(17.9)

Previous radiotherapy 0.962 0327
No 42 (29.8) 28 (27.5) 14 (35.9)

Yes 99 (70.2) 74 (72.5) 25 (64.1)

Previous surgery ‘ 0.377 0.539
No 92 (65.2) 65 (63.7) 27 (69.2)

Yes 49 (34.8) ‘ 37 (36.3) 12 (30.8)

Treatment lines 0.279 ‘ 0.597
1 104 (73.8) 74 (72.5) 30 (76.9)

>2 37 (26.2) ‘ 28 (27.5) 9 (23.1)

PD-1 inhibition agent 3.465 0.167
Sintilimab 34 (24.1) 27 (26.5) 7 (17.9)

Camrelizumab 101 (71.6) 69 (67.6) 32 (82.1)

Others(Toripalimab Pembrolizumab Penpulimab) 6 (4.3) 6(5.9) 0(0)

Combined with other drugs ‘ 0.153 0.696
No 40 (28.4) 28 (27.5) 12 (30.8)

Yes 101 (71.6) 74 (72.5) 27 (69.2)

Best of response 6.703 ‘ 0.035*
PR 25 (17.7) 21 (20.6) 4(10.3)

SD 79 (56.0) 60 (58.8) 19 (48.7)

PD 37 (262) 21 (20.6) 16 (41.0)

ECOG, Eastern Cooperative Oncology Group; PR, Partial Response; SD, Stable Disease; PD, Progressive Disease. *P < 0.05.
Bold values represent meaningful p-values.





OPS/images/fimmu.2025.1569042/table2.jpg
Correlation coefficient Metastatic sites ECOG Treatment lines IL-6

Metastatic sites = 0.183 0.331 -0.07
ECOG 0.183 - 0.109 0.146
Treatment lines 0.331 0.109 - -0.044
1L-6 -0.07 0.146 -0.044 =

ECOG, Eastern Cooperative Oncology Group.
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Variable Category Univariate Multivariate

HR (95% CI) HR (95% ClI) p-value
Age <65=0;265=1 0.95 (0.60-1.52) 0.842
Gender Male=0; Female=1 0.86 (0.53-1.41) 0.559
Metastatic sites <2=0;22=1 2.08 (1.29-3.36) 0.003* 1.90 (1.12-3.23) 0.017*
ECOG 0-1=0;22=1 2.27 (1.45-3.56) <0.001* 1.95 (1.23-3.10) 0.005*
Treatment lines 1=022=1 1.60 (1.00-2.57) 0.049* 1.20 (0.71-2.02) 0.498
Combined with other drugs No=0; Yes=1 1.03(0.62-1.71) 0.924 0
1L-6 Low=0; High=1 2.80(1.76-4.47) <0.001* 2.83 (1.77-4.52) <0.001*

HR, Hazard Ratio; ECOG, Eastern Cooperative Oncology Group; *P < 0.05.
Bold values represent meaningful p-values.
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Variable Category Univariate Multivariate

HR (95% CI) HR (95% ClI) p-value
Age <65=0;265=1 1.38 (0.76-2.49) 0.287
Gender Male=0; Female=1 0.80 (0.44-1.45) 0.456
Metastatic sites 2=022=1 1.14 (0.62-2.09) 0.670
ECOG 0-1=0;22=1 251 (1.45-4.33) 0.001% 2.32 (1.34-4.04) 0.003*
Treatment lines 1=022=1 1.52 (0.87-2.66) 0.143
Combined with other drugs No=0; Yes=1 0.94 (0.51-1.73) 0.836
1L-6 Low=0; High=1 235 (1.34-4.12) 0.003* 2.13 (1.21-3.75) 0.009*

HR, Hazard Ratio; ECOG, Eastern Cooperative Oncology Group; *P < 0.05.
Bold values represent meaningful p-values.
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From January 2017 to August 2024, 79 consecutive patients with
metastatic MSI-H/dMMR CRC undergoing PE or BF treatment were
retrospectively identified from our medical centers

I R

Reasons for exclusion (n = 21)

-poor baseline data (n = 3)

-other malignant tumors (n = 2)

-prior monoclonal antibody treatment (n = 1)

-previous multiregimen chemotherapy (n = 2)

-radiation therapy (n = 1)

-previous anti-PD-1, PD-L1 or PD-L2 therapy (n = 1)

-intestinal obstruction within 12 months (n = 2)

-active autoimmune diseases that require medication (n = 1)
-respiratory and/or circulatory diseases (7 = 2)

-abnormal coagulation that requires anticoagulant therapy (n = 1)
-discontinuation of PE or BF (n = 1)

-patients who failed to follow the treatment or follow-up plan (n = 2)
-mental disorders (n = 1)

-infectious diseases (n = 1)

Group PE (n = 30) Group BF (n = 28)
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Tumor marker

Symptoms

Localization/

Radiologic

Size (cm) diagnosis

Pathological characteristics

Treatment

Outcome

Takahashi H
1997 (12)

Sasaki H (13)

Liu Y M (14)

Zhou S Y (15)

Gao'§ (16)

Park S Y (2)

Watanabe Y (17)

Hayashi T (18)

Nosaka T (19)

Suzuki E (20)

Nam K H (1)

Kwon 0S (21)

Yeung T (22)

Kang GH (23)

Harino T (24)

Wei D (25)

Daiku K (26)

Wu PH (27)

Nakai T (28)

Demir G (29)

Shimizu § (30)

Yokota H (31)

Yamao K (32)

CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; CA-125, carbohydrate antigen CA-12:

CEA 432ng/ml;
CA19-9 2300U/ml

CA19-9 950U/ml

CA19-9 97.02U/ml

CEA 1675ng/ml;
CA19-9 876.40U/ml

CEA 69ng/ml;
CA19-9-200 Ufml

CA19-9 994.9U/ml
SCC 18.6 ng/ml;
CEA 4 ng/ml

CA19-9-199 U/ml;
SCC 66 ng/ml

CA19-9-58 Ufml;
SCC 7.6 ng/m;
CYFRA245ng/ml;
NSE 63.6ng/ml

CEA 523Ing/ml;
CA19-9 4785.0U/ml

CEA 136ng/ml;
CA199 433.9U/ml

CEA 208 ng/ml;
CA19-9 959 Ufml

CA19-9-130 U/ml.

CEA 7.2 ng/ml;
CA19-9-1600 U/ml

CEA 8.0 ng/ml;
CA19-9 19,196 U/ml

CA-125 6582 ng/ml;
CA19-9 361.6 U/ml;
SCC elevated

CA19-9-417 U/ml

CEA, AFP normal

SCC 425 ng/ml

CEA 5.2 ng/ml;
CA19-9-285 Ufml

CA-125-588 ng/ml;
CEA 163 ng/ml;
CA19-9-459 U/ml;
SCC normal

CEA 6.1 ng/ml;
CA19-9-9290 U/ml;
SCC 5.1 ng/ml;

Fever; Jaundice

Epigastric
discomfort

Abdominal pain

Abdominal
discomfort

Fever

Fever, vomit

Abdominal pain

Fever

Epigastric pain

Fever

Epigastric pain

Fever

Hepatolithiasis

Abdominal pain
Fever

PSC

Intermittent
epigastralgia

Abdominal pain

Abdominal pain

Epigastralgia

Fever
Epigastralgia

PSC history;
fever and

epigastric pain

Medial and anterior

Liver abscess
Segments/Scm

Medial and lateral

Low-density mass
segments/6em

t lobe/7.2cm

Low-density mass

Left lobe Left hepatic duct

Right lobe/Scm Rim enhanced
Right lobe/8cm Rim enhanced
Left lobe/6cm

Low-density mass

Left lobe/5cm Low-density mass

Rim enhanced

Right lobe/10cm

Left lobe/8cm Low-density mass

Left lobe/6.5cm. Rim enhanced

Left lobe/Gem R el
Low-density mass
ke Rim enhanced low-

density mass

Lt lonersen Rim enhanced
Low-density mass

Leftlobe/3cm Hepatolithiasis
Left lobe/7cm Low-density mass

Right liver lobe/4.6cm Low-density mass

Right liver lobe/9.5cm Low-density mass

Left and right liver lobe/ Low-density mass

Right liver lobe/Scm Solid mass

Left liver lobe/4cm Left and right liver lobe/

Rim enhanced

Midde liver osifsipeient

Rim enhanced

Left liver lobe/6. 2cm .
Low-density mass

Lymph node metastasis

Satellite nodes;
Lymph node metastasis

/

No lymph node mefastasis

No lymph node mefastasis

Diaphragmatic and pericardial; Lymph
node metastasis

Celiac lymph nodes metastasis;
Right lung metastasis

No lymph node mefastasis

Lymph node metastasis

No lymph node Metastasis;
Satellte nodules;
Right diaphragm invaded

Enlarged pericardial lymph node

Hepatoduodenal ligament;
No. 8 metastasis

No lymph node mefastasis

Necrosis

No lymph node mefastasis

Diaphragm invasion;
Inferior vena cava invasion

Left liver:ASC
Caudate: HCC

Right trisegmentectomy

Left hepatectomy
Right hepatectomy

Left hepatectomy

Right hepatectomy

Right trisegmentectomy

HAIC
+laparoscopic hepatectomy

Chemotherapy+HAIC

Laparoscopic
hepatectomy +HAIC

Left hepatectomy

Left hepatectomy
+ chemotherapy

Left hepatectomy

Left hepatectomy +
chemotherapy

Laparoscopic hepatectomy

Right hepatectomy

Laparoscopic
right hepatectomy

Partial hepatectomy
+HAIC

Hepatectomy +
chemotherapy

Left hepatectomy with
caudate lobectomy

Not excisable
Radiation+HAIC

Left hepatectomy

3 months

15 months

>10 months

21 months

10 months

>6 months

2 months

14 months

17 months

8
‘months
recurrence

>8 months

>15 months

>11 months

2 years

>4 years

>12 months

>8 years

13 months

2 months

: SCC, squamous cell carcinoma antigen; PSC, primary sclerosing cholangitiss HCC, hepatocellular carcinoma; HAIC, hepatic arterial infusion chemotherapy.
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Kobayashi M (33) % F il Absent:Present: i Intrahepatic metastasis’$ i Lymph node metastasis
1515 Lymph node metastasis:14 Total bilirubin (Surgery)
Abdominal pain 68%, 4 7(operated)

Sasaki H (13) 36 62 2511 Fever 48%, / /

Loss of weight 40%. 22(not operated)

AbsentPresent: Intrahepatic metastases:37.5(3/8)
Telabehl H(12) 8 596, o2 17 4 Lymph node metastasis:88%(7/8) & 4
CA19- vz 1
— " e s AbsentPresent: CAL9-9 cle l‘;)‘d 00%(15/ Intrahepatic metastases 7%(1/15) 7(operated) Lymoh node metastasis
? & 150 Lymph node metastasis 73%(8/15) 3(not operated) TR

CEA elevated 80%(12/15)

Abdomiol pain 75% CA19-9 clevated 47.4%

Yeh CN (9) 10 589 73 Loss of weight 41.7% o i % Associated hepatolithiasis 60%(6/10) 57(operated) !
Fever 25%
Lymphatic involvement 50%(2/4) !
Isa T (34) 4 703 3 Abdominal pain 50% / Mass forming type 75% (3/4) /

Periductal infiltrating typr 25%(1/4)
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